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Thesis Abstract 

Animal personality (i.e., consistent individual behaviour over time/across contexts) is made up of 

distinct trait continuums (e.g., docile-aggressive; docility) that can play an important role in 

shaping the behavioural responses of animals, and therefore, can influence fitness. 

Understanding personality in animal populations can be a useful tool to aid conservation 

decisions. To date, limited research on personality has been carried out in seabirds, especially 

species from the family Alcidae. This family, which includes the razorbill (Alca torda), is 

characterised by a stout body which facilitates diving but results in high energetic costs of flight.  

In comparison to personality, individual consistency in seabird behaviour (e.g., migratory route) 

is well studied, but studies rarely compare across species. If individuals within a population 

behave consistently (e.g., migratory site fidelity), but differences are present among individuals 

(i.e., behavioural diversity), this variation may expose components of populations to varying 

threats (e.g., offshore wind development). Therefore, understanding this behavioural variation 

across and within species will aid in the protection of populations with lower diversity, which are 

more likely to experience population declines.  

The aims of this thesis were to: 

1.  Determine the best method for quantifying the docile-aggressive trait in razorbills (Ch.1). 

2.  Investigate relationships between docility and razorbill behaviour during the breeding 

(Ch.2) and non-breeding (Ch.3) periods. 

4.  Explore behavioural diversity in migratory routes of seabird species that breed in Atlantic 

Canada (Ch.4). 

In Chapter 1, I found that different behavioural tests had varying suitability for identifying docility 

in razorbills. Of the tests, standardized observer ratings were the best test for quantifying docility 

in razorbills and potentially other hard to observe species. In Chapter 2, I found that razorbills 

exhibit consistent behaviour during the breeding period, but this consistency is context 

dependent (i.e., varying prey availability periods) and not related to docility. Additionally, I found 

no relationship between fledging success and docility. In Chapter 3, I found individual consistency 

in razorbill non-breeding behaviours but no relationships between any observed non-breeding 

behaviours and docility. Finally, in Chapter 4, I found varying levels of behavioural diversity both 

within and across seabird families (Alcidae, Laridae and Sulidae). 
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General Introduction 

Animal personality is defined as consistent between-individual differences that are stable across 

contexts and persist through time (Stamps & Groothuis, 2010; Wolf & Weissing, 2012). These 

differences are common (Wolf et al., 2007), present between individuals of the same size, sex 

and age (Bell, 2007; Muller and Muller, 2015) and have been found in numerous animal groups 

throughout the animal kingdom (Sih et al., 2004; Wolf and Weissing, 2012). These animal groups 

include birds, mammals, fish, reptiles, amphibians, arthropods, insects, cephalopods and 

molluscs (Bell et al., 2009). This discovery of widespread animal personality is a result of a 

significant increase in targeted research in the last few decades (Grace and Anderson, 2014). The 

five commonly studied personality traits are activity, sociability, boldness, exploration and 

aggressiveness (Kaiser and Muller, 2021; Merrick and Koprowski, 2017; Réale et al., 2007), and 

these traits lie along continuums such as shy-bold or docile-aggressive. Personality traits also 

form behavioural syndromes of correlated traits, for example, boldness, aggression and 

exploration are commonly related (Bell, 2007; Réale et al., 2009). 

There are two main methods of assessing personality in animals: behavioural coding and 

observer ratings (Carter et al., 2013). Behavioural coding involves observing the frequency, 

duration or latency of discrete, well-defined behaviours and subsequently has limited human bias 

(Kaiser and Müller, 2021; Petelle & Blumstein, 2014). Alternately, observer ratings involve using 

standardised scales to assess a suite of behaviours and are therefore more subjective but less 

time consuming (Kaiser and Müller, 2021; Ebenau et al., 2020). Relationships commonly seen 

between the two methods (Gosling, 2008; Koski, 2011) indicate that simultaneous application 

can be beneficial (Carter et al., 2013). Observer ratings are more common in studies of captive 
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animals because their reliability increases with observer experience of the study animals (e.g., 

Powell & Svoke, 2008; Torgerson-White, 2014). Non-captive animal personality assessment by 

observer ratings has now begun (e.g., Arden et al., 2023; Baker et al., 2016) and there is evidence 

that observers with no prior experience can provide reliable ratings of personality traits in wild 

animals (Petelle & Blumstein, 2014). 

There is growing evidence that personality is a key driver of population dynamics, as individuals 

with varying personalities respond differently to changing environmental conditions, thereby 

influencing their fitness (Dall et al., 2004; Mathot et al, 2012; Smith and Blumstien, 2008). Indeed, 

personality traits appear to be heritable (Carter et al., 2013) and, thus, represent important 

diversity for evolutionary change (Kaiser and Müller, 2021). For example, personality is often 

related to resource acquisition, anti-predator behaviour and reproductive success (Menzies et 

al., 2013; Wolf and Weissing, 2012). Additionally, personality traits may lead to sub-optimal 

behaviour in certain situations (Sih et al., 2004). For example, bold individuals may have a 

competitive advantage over shy conspecifics but may also have a higher risk of predation due to 

lower risk aversion (Wolf and Weissing, 2012). Personality, however, may also cause individuals 

to only use a part of the species’ total niche, which may benefit populations by reducing 

intraspecific competition through resource partitioning (Ceia and Ramos, 2015). 

Personality in Seabirds 

As with other taxonomic groups, personality has been identified in seabirds, primarily as the shy-

bold continuum (e.g., Collins et al., 2019; Harris et al., 2020; Kruger et al., 2019; Patrick et al., 

2017; Traisnel and Pichegru, 2018). Personality traits in seabirds have been related to foraging 
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during the breeding period, migration during the non-breeding period and reproductive 

rates/fitness. In relation to foraging, bolder individuals have generally been classed as specialists 

and shyer individuals as generalists (Harris et al., 2020; Jeffries et al., 2021; Krüger et al., 2019; 

Pereira et al., 2024). In addition, exploitation of food patches is usually associated with the shy 

end of the boldness continuum (Jeffries et al., 2021; Patrick et al., 2017). In comparison, bold 

individuals usually take more risks (Carter et al., 2013). For example, these individuals may forage 

in areas with greater densities of competitors (Patrick & Weimerskirch, 2017). Unlike 

relationships during the breeding season (e.g., foraging behaviour), there has been limited 

investigation into relationships between personality and non-breeding behaviour in seabirds 

(e.g., migration). One study, however, has showed that bolder Cory’s shearwaters (Calonectris 

borealis) migrate away from the breeding colony, while shyer birds remain year-round residents 

around the colony (Gatt et al. 2021). 

Despite the relationships between behaviour and personality in seabirds, few studies have 

investigated the fitness effects of these relationships (Patrick and Weimerskirch, 2014), and 

across those that have there are mixed results. For example, boldness-related differences in 

reproductive success have been observed in some species (Collins et al., 2019; Harris et al., 2020; 

Patrick and Weimerskirch, 2014) but not in others (Krüger et al., 2019; Patrick et al., 2017; van 

de Walle et al., 2024). This lack of a relationship has even remained the case when prey is 

available in varying quantities across years (Krüger et al., 2019) as different traits may be suited 

to different environmental conditions (Jeffries et al., 2021; Traisnel and Pichegru, 2018).  
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Individual Consistency & Among Individual Variation in Seabirds  

Individual consistency across a wide range of behaviours throughout the annual cycle (e.g., 

foraging, migration) is also common in seabirds (Biagiotti Barchiesi et al., 2023; Ceia and Ramos, 

2015; Phillips et al., 2017). Examples related to foraging include consistency in diet and 

movement patterns (e.g., Patrick et al., 2013; Patrick and Weimerskirch 2014; Woo et al., 2008), 

and individual consistency (i.e., site fidelity) has also been found in non-breeding movement and 

distribution patterns (e.g., Fifield et al., 2014; Franklin et al., 2022; Guilford et al., 2011). These 

and other examples of consistent between-individual differences may be related to personality 

due to their high repeatability over time. Consistency in individual behaviour has likely evolved 

due to the relationships between consistency and efficiency (Rebstock et al., 2022). For example, 

individual strategies, that are learned and remembered over the lifetime of an individual (i.e., 

memory; Dall et al., 2005), may increase foraging efficiency and reduce energy expenditure 

(Phillips et al., 2017), with subsequent benefits to fitness.  

Due to individual consistency, most of the behavioural variation within animal populations is 

often explained by differences among individuals rather than within individuals (Araújo et al., 

2011; Bolnick et al., 2011; Dall et al., 2012). Therefore, populations with greater amounts of 

between-individual variation have greater behavioural diversity. Importantly, species and 

populations with lower behavioural diversity are more vulnerable to environmental change (Wolf 

and Weissing, 2012) and subsequently are experiencing population declines (Clavel et al., 2011). 

This vulnerability may be increased when individuals within such populations are highly 

consistent leading to potentially sub-optimal behaviour under changing environmental 

conditions. In contrast, high behavioural diversity may allow a larger number of ecological niches 
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to be exploited (Ceia and Ramos, 2015) and may mitigate the effects of increased environmental 

variability or a local disaster (e.g., oil spill). Identifying species and populations with lower 

behavioural diversity will be valuable for seabird conservation as marine environments become 

more variable due to climate change (Weber et al., 2021) and experience increasing numbers of 

threats (e.g., rapid offshore wind development; Williams et al., 2024). 

Study Species and Location 

Several seabird species that breed in the Canadian North Atlantic will be studied during this 

research. Seabirds are ideal model species for studies of personality as behavioural studies can 

be carried out on land at their breeding colony and distribution and foraging behaviour can be 

tracked at sea. Additionally, seabirds are long-lived, allowing fitness consequences of personality 

to be assessed (Patrick et al., 2017). Furthermore, seabirds tend to have high nest site fidelity 

which facilitates study of individuals across multiple years. Razorbills (Alca torda) will be the 

primary study species (Chapters 1-4), a member of the family Alcidae which is characterized by a 

stout body and high body mass to wing ratio which results in a high energetic cost of flight relative 

to other species (Elliott et al., 2013). Razorbills breed at colonies across the North Atlantic, nesting 

in crevices among boulders. They are central place foragers during breeding, capturing small 

forage fish such as capelin (Mallotus villosus) to provide for a single chick each year (Lavers et al., 

2020). Razorbill chicks fledge after ~21 days following a 35-day incubation period. They weigh 

25% of adult body mass and are cared for by the male at sea until adult mass is achieved and 

flight feathers have developed (Lavers et al., 2020). Razorbills do not breed until they reach three 

to six years of age and can live for up to 40 years. They spend the non-breeding period at sea, 

during which they complete flight and contour feather moult. Different feathers moult at 
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different times of the year and they are flightless whilst replacing primary and secondary wing 

feathers (Dunn et al., 2020). 

The razorbills studied here breed on James Island, on the northeast coast of Newfoundland 

(Figure I). This island is <1 km across, with a grassy interior and a coastal area made up of rocks 

and boulders with roughly 3000 breeding pairs of razorbills (Environment and Climate Change 

Canada unpublished data). Other seabird species investigated in this study (Chapter 4) include 

American herring gull (Larus smithsonianus), Atlantic puffin (Fratercula arctica), glaucous gull 

(Larus hyperboreus), northern gannet (Morus bassanus) and thick-billed murre (Uria lomvia). The 

study populations of these species are found breeding at different colonies across the Canadian 

North Atlantic: Bonaventure Island, Coats Island, Funk Island, Gull Island, James Island and 

Machias Seal Island (Figure I).  

Capelin is the main forage fish in the Northwest Atlantic (Carscadden and Vilhjálmsson, 2002) 

and it dominates the coastal Newfoundland marine ecosystem when it migrates inshore to spawn 

in the summer (Davoren, 2024). This forage fish species plays a key role transferring energy to 

higher trophic levels (Buren et al., 2019) and is relied on by numerous species including seabirds 

such as the razorbill whose chick-rearing period coincides with capelin spawning (Gulka et al., 

2017; Lescure et al., 2023). During the early 1990s, the capelin population crashed and has not 

recovered (Buren et al., 2019). Additionally, the timing of arrival inshore to spawn has recently 

become highly variable (Davoren, 2024). This has likely been caused by changes in seasonal sea 

ice dynamics and zooplankton community abundance and composition (Buren et al., 2014). 
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The objectives of this thesis were to: 

1.  Determine the best method for quantifying the docile-aggressive trait in razorbills (Ch.1). 

2.  Investigate relationships between docility and razorbill behaviour during the breeding 

(Ch.2) and non-breeding (Ch.3) periods. 

4.  Explore behavioural diversity in migratory routes of seabird species that breed in Atlantic 

Canada (Ch.4). 

Significance 

Quantifying personality in species is important because these individual level differences in 

behaviour are a key source of biodiversity within populations and, therefore, affect their stability, 

persistence and resilience (Wolf and Weissing, 2012). Understanding personality in seabirds and 

other marine taxa is important due to the increasing pressures facing the marine environment. 

For example, overfishing is a significant threat, with forage fish now making up a third of global 

catch (Pikitch et al., 2012). Additionally, another major threat is climate change with sea surface 

temperatures predicted to rise 1.4°C by 2070 (Han et al., 2019). This is especially the case in the 

study area as the Northwest Atlantic is experiencing increased rates of warming compared to 

other Atlantic regions (Pershing et al., 2015). Understanding how razorbill populations and 

personality types within them respond to this greater environmental variability is vital. For 

example, more variable prey availability may favour generalists over specialists within the 

population that are less reliant on a particular prey species or location. Therefore, studying 

personality traits in animals can aid in the development of management strategies that protect 

larger contingents of populations (MacKinlay & Shaw, 2023). Indeed, there are a growing number 

of personality studies that inform conservation (e.g., Arden et al., 2023; Collins et al., 2022). 
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Furthermore, identifying species and populations that have low levels of behavioural diversity 

will allow them to be prioritised for conservation measures, as they are more likely to experience 

declines due to environmental change and threats (Clavel et al., 2011).  
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Figure I. The location of the seabird breeding colonies where data were collected for this study, with the species present at each island shown. 
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Abstract 

Personality traits have been identified in many animals but species that are hard to observe in 

the wild present unique challenges. We aimed to determine an appropriate method for 

identifying docility in a crevice-nesting seabird (razorbill, Alca torda) by conducting three tests 

associated with this trait. Two tests used quantitative behavioural coding (crevice extraction, 

restraint), while the other used qualitative observer ratings (routine handling). Chick-rearing 

razorbills (n = 44) in Newfoundland, Canada were tested across two years (2021, 2022), with 16 

tested in both years. Observer ratings during routine handling had the highest repeatability (R = 

0.527, 95% CI: 0.007 - 0.831), compared to quantified scores during extraction (R = 0.157, 95% 

CI: 0 - 0.399) and restraint (R = 0.041, 95% CI: 0 - 0.294) tests. Overall, findings suggest that 

observer ratings may be a good method to quantify personality traits in species that are hard to 

observe in the wild. 

Introduction 

Animal personality is defined as consistent between-individual differences that are stable across 

contexts and persist through time (Stamps & Groothuis, 2010; Wolf & Weissing, 2012). These 

differences are present among individuals of the same size, sex, and age (Bell, 2007; Müller & 

Müller, 2015) and have been found in numerous animal groups throughout the animal kingdom 

(Sih et al., 2004; Wolf et al., 2007; Wolf & Weissing, 2012). The five commonly studied personality 

traits are activity, sociability, boldness, exploration, and aggressiveness (Réale et al., 2007; Sih et 

al., 2004). These traits are continuums with a range of potential expressed behaviours such as 

shy to bold or docile to aggressive. As studying personality traits in animals can aid in the 
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development of management strategies that protect larger contingents of populations 

(MacKinlay & Shaw, 2023), there are a growing number of personality studies that inform 

conservation (e.g., Arden et al., 2023; Collins et al., 2022). 

There are two main methods of assessing personality traits in animals: behavioural coding and 

observer ratings (Carter et al., 2013; Gosling, 2001). Behavioural coding involves observing and 

quantifying the frequency and duration of discrete, well-defined behaviours (Kaiser & Müller, 

2021) and, thus, is an objective method with limited human bias (Petelle & Blumstein, 2014). 

Alternatively, observer ratings involve using standardised scales to assess a suite of behaviours 

(Kaiser & Müller, 2021) and, thus, are more subjective but less time consuming to administer 

(Ebenau et al., 2020). Observer ratings are common in captive studies because the reliability of 

ratings increases with experience with the study animals (e.g., Powell & Svoke, 2008; Torgerson-

White, 2014). The use of observer ratings on non-captive animals, however, has begun (e.g., 

Arden et al., 2023; Baker et al., 2016) and there is evidence that standardised ratings by observers 

with no prior experience with the study individuals can also be an effective way of measuring a 

personality trait in wild animals (Petelle & Blumstein, 2014). To account for the advantages and 

disadvantages of both methods, simultaneous use is recommended (Highfill et al., 2010) and 

scores from the two methods are often correlated when measuring the same personality trait 

(e.g., Gosling, 2008; Koski, 2011). Although studies using both methods are growing in frequency 

(Carter et al., 2013), they are still rare (e.g., Baker et al., 2016). 

As with other taxonomic groups, personality traits have been investigated and identified in 

seabirds. Boldness, the most studied trait across all taxa (Kaiser & Müller, 2021), has been the 

only trait to receive significant attention; however, and only a small proportion of seabird species 
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have been studied (Table 1). In seabirds, responses to novel items (e.g., avoidance, attack) by 

parental birds at nest sites during incubation or chick-rearing are typically used as an appropriate 

test of boldness (e.g., Collins et al., 2019; Harris et al., 2020), although assessment of responses 

to human approach of nest sites has also been used (e.g., Traisnel & Pichegru, 2018, 2019a, 

2019b). For some species, however, these methods are not feasible. Indeed, many seabirds breed 

in dense colonies which promotes work at night to minimize disturbance, leading to issues 

illuminating and observing responses of focal individuals to a stimulus (e.g., novel object, human 

approach). These issues are amplified for species that nest in crevices or burrows, resulting in 

few studies on personality traits in these species (e.g., Gatt et al., 2021) and emphasizing a need 

for alternative approaches to study personality traits. In the adults and young of other taxa, the 

docile-aggressive continuum (hereafter referred to as docility) has been assessed through 

responses to capture and handling (e.g., Petelle et al., 2013; Poissant et al., 2013; Réale et al., 

2000; Trnka et al., 2018), suggesting that this approach may be appropriate to test for personality 

traits in these harder to study species. 

As there is substantial evidence that personality is commonplace throughout the animal kingdom 

(Sih et al., 2004), our objective was to determine an appropriate method for quantifying a 

personality trait in species that are hard to observe naturally in the wild (e.g., burrow/crevice 

nesting, nocturnal or semi-fossorial species). Specifically, we measured the behavioural 

responses of chick-rearing razorbills (Alca torda), a seabird of the family Alcidae, during three 

tests in a similar behavioural context (nest extraction, restraint, routine handling). Razorbills are 

an ideal model species for this study because they nest in crevices, where direct observations are 

not possible, and they nest at high densities (Lavers et al., 2020), making research at night 
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preferable to minimise colony-level disturbance. Additionally, razorbills have high nest site 

fidelity (Lavers et al., 2020), facilitating personality studies on the same individuals across years. 

As all three tests assess responses to capture and handling, the behaviours measured likely relate 

to the docility personality trait (Bonnot et al., 2018; Poissant et al., 2013). A combination of 

behavioural coding and observer ratings was used to examine the effectiveness of each method 

at measuring personality in the wild for this species. If all tests are effective at quantifying 

consistent behavioural differences among individuals, we predict that individual responses will 

be highly repeatable across years. If a test is not appropriate, however, we predict that responses 

will not be repeatable. As this is the first study to investigate individual behavioural differences 

in a seabird species from the family Alcidae and to explore methods for quantifying a personality 

trait in a wild crevice-nesting seabird, this study will inform methods of future personality studies 

on this and other similarly hard to observe species. 

Methods 

Study Species and Study Site 

Similar to other seabirds, razorbills are long-lived (~40 years), sexually monomorphic and have 

delayed sexual maturity (3 - 6 years; Lavers et al., 2020). Razorbills lay a single egg each year that 

both parents incubate for ~35 days and chicks fledge after a short rearing period (16 - 21 days) 

at 30% of adult body mass (~700 g; Lavers et al., 2020). We studied razorbills breeding on James 

Island on the northeast coast of Newfoundland, Canada. This island is < 1 km across, with a grassy 

interior and a coastal area made up of rocks and boulders. Razorbills nest along the coastal area 

in rock crevices that are only large enough for the adult pair and offspring, a behaviour common 
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across their North Atlantic range (Lavers et al., 2020). A total of ~2,700 breeding pairs of razorbills 

nest on the island in high densities (0.69 ± 0.17 nests per m2; Environment and Climate Change 

Canada unpublished data), along with multiple other seabird species. 

Personality Testing 

Chick-rearing razorbills captured in previous years (2017, 2019-2020) for tracking studies were 

targeted for personality testing because rock crevices were individually marked to facilitate 

recapture across years.  Although we targeted previously captured birds, recapture rates were 

lower than expected and, thus, many (40%) had not been previously captured. Of the birds 

previously captured, most had only been captured once for bird-borne tag deployment. As 

razorbills are sexually monomorphic, blood was sampled during routine handling (see below) for 

genetic sex determination (see methods in: Gulka & Davoren, 2019; Lescure et al., 2023). Age of 

focal birds could not be determined, however, because razorbills do not possess age-related 

characteristics (e.g., varying plumage colour). To minimise the probability of nest abandonment, 

all tests were carried out on chick-rearing razorbills (8 July – 4 August 2021, 11 July – 4 August 

2022) at night (0100 - 0400 hours, Newfoundland Daylight Time, NDT) under the illumination of 

red headlamps as the birds appeared to respond less to red relative to white light. To ensure that 

repeatability of responses could be determined if present, the tests were repeated using the 

same procedures on recaptured individuals across two years (Menzies et al., 2013; Petelle & 

Blumstein, 2014; Sánchez-Tójar et al., 2022). As behavioural responses can change with the 

competence and technique of the handler, we ensured all three handlers during this study had 

equivalent levels of animal handling experience. As behavioural responses can also change 

throughout the breeding season in seabirds (e.g., boldness; Collins et al, 2019), the chick body 
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mass of the tested parental bird was measured during testing, and the development stage of 

each chick was characterised as early (50 - 100 g), mid (100 - 150 g) and late (> 151 g). Finally, 

because all observations were carried out on focal individuals in the field, it was not possible to 

record data using a blind design. 

For the first test, we quantitatively measured the response of each parent (i.e., behavioural 

coding) to capture at the nest and removal from the rock crevice (methods adapted from Gatt et 

al., 2021). When possible, birds were extracted from the nest by holding the bird from behind, 

allowing control of the wings to prevent harm. The researcher extracting the bird quantified four 

metrics during extraction, including the presence/absence and frequency of struggling, resisting, 

biting and vocalising (Table 2). Specifically, each of the four metrics were scored as absent (0) or 

present (1), and the biting and struggling metrics were also given a score of 2 if continuous. These 

values were summed across all four metrics to determine an overall test score on a scale of 0-6 

(Table 2). The same researcher carried out all nest extractions throughout the study. As crevice 

complexity might influence the difficulty of extraction and, thus, a bird’s response to extraction, 

each crevice was qualitatively assessed based on four criteria to derive a crevice complexity 

index. The four criteria included crevice height and depth (low, 1; medium; 2, high, 3), the number 

of possible exits, and the area within the crevice (small, 1; large, 2). The value from each criterion 

was summed to determine the complexity index for each crevice. These values were all collected 

by the same two individuals in the first year and values were considered consistent across both 

years due to high nest site fidelity in razorbills. 

For the second test, we measured an individual’s response to routine handling using observer 

ratings. Routine handling occurred immediately after nest extraction and involved the following 
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conducted in the same order: banding with a standard metal band, attachment/removal of 

tracking devices (i.e., geolocators, time-depth recorders) on plastic leg bands, blood/feather 

sampling, and body measurements (i.e., mass, wing chord, tarsus). For full details on this process, 

see Runnells et al. (2024). During handling, observers were instructed not to discuss the bird’s 

behaviour and once the bird was released, each observer stated their rating simultaneously to 

ensure independent assessments. Ratings were on a scale of 1 to 5 and were based on qualitative 

assessments of the combined presence and frequency of a suite of observable behaviours (Table 

2). Extreme values (1 and 5) indicate that all behavioural responses were considered low, or high, 

respectively. Intermediate values (2/3/4) indicate each observer’s judgment after consideration 

of responses to all five behavioural questions. 

For the observer ratings, we attempted to minimise the disadvantages associated with this 

method in a number of ways. First, novice observers (Observer 1, Observer 2) were always 

accompanied by an experienced observer (MJL). The same two observers (MJL, Observer 1) 

conducted ratings in 2021 and 2022, and a third observer was added in 2022 (Observer 2). 

Second, prior to conducting observer ratings in the field, all observers underwent training, which 

involved practicing rating using bird handling videos to gain familiarity with assessing behaviour 

and the rating questionnaire. Third, during initial instruction and throughout testing, it was 

emphasised that all observers were to remain consistent with their own ratings to minimise the 

influence of other observers. Fourth, observers were not provided with the previous scores for 

an individual bird. The numbers of birds tested each year (30 birds/year) plus the one-year 

duration between tests also made it unlikely that observers remembered previous scores for 
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each individual. Finally, all ratings were noted immediately following handling to prevent 

memory recall bias/error.  

For the third test, we quantitatively measured each individual’s response to restraint (i.e. 

behavioural coding) by placing the adult bird in a cotton cloth bag that was tied to ensure a snug 

fit to the body. The bag with the bird was then placed in a small plastic box for 5 min (methods 

adapted from Elliott et al., 2014). During this period, we quantified the amount of struggling and 

heavy breathing as: motionless, no heavy breathing (1), one-two struggles, no heavy breathing 

(2), one-two struggles, heavy breathing (3), and three or more struggles, heavy breathing (4). As 

birds were in a bag, it was not possible to accurately measure breath frequency and, thus, we 

coded the behaviour as presence or absence of heavy breathing. Struggles were defined as 

movements that lasted > 2 s. If the bird reached the maximum score before the end of the test, 

the test was terminated to eliminate unnecessary handling time. As the bag used might influence 

an individual’s response to restraint, the bag used for each test was recorded (three bags were 

used). The same researcher carried out all observations of the restraint test throughout the 

study. 

Data Analysis 

All data processing and statistical analysis were carried out in R version 4.3.0 (R Core Team, 2023). 

For observer ratings, the agreement (or similarity) in ratings among researchers is one of the 

main methodological concerns (Kaiser & Müller, 2021; Petelle & Blumstein, 2014). Although it is 

not necessary for the rating values to be the same across observers, high agreement in ratings 

between observers is necessary for observer ratings to be a robust measure of personality. 
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Therefore, we assessed the agreement of observer ratings between each pair of experienced and 

novice observers in each year using Kendall’s coefficient of concordance (Kendall’s W) in the irr 

package (Gamer et al., 2019). Kendall’s W is a non-parametric rank correlation metric that 

assesses agreement among the ratings of two or more observers (Legendre, 2005), where values 

range between 0 (no agreement) and 1 (complete agreement), with > 0.6 typically considered 

high agreement (Gearhart et al., 2013). Due to high agreement between observers (see below), 

averaged observer ratings for each bird within each year were used in analyses. Averaged 

observer ratings were considered to be a continuous variable as values were no longer integers.  

Within each year, pairwise correlations between scores/ratings of the three tests were assessed 

during exploratory analysis using Spearman’s Rank Correlation tests to investigate whether the 

behavioural responses to each test may represent the same personality trait (i.e., docility) or a 

behavioural syndrome (i.e., correlated traits such as aggression and boldness; Bell, 2007). We 

also used a mixed Principal Component Analysis (PCA) using the FAMD function in the 

FactoMineR package (Le et al., 2008) on our restraint and extraction scores (ordinal data, 

integers) and averaged observer ratings (continuous non-integers) to reduce all test 

scores/ratings within each year into a single continuous variable (PC1), as is typical in studies with 

multiple tests or multiple observed behaviours within tests (e.g., Baker et al., 2016; Martinig et 

al., 2022). PC1 is hereafter referred to as the ‘response index’. 

To determine whether an individual's behaviour during each test was repeatable, we calculated 

adjusted repeatability (R). Adjusted repeatability is a population level measure that determines 

how much of the variation in the dataset is due to within-individual variation (Bell et al., 2009) 

by dividing the variance among individuals by the sum of the variance among individuals and the 
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residual within-individual variance (Biro & Stamps, 2015). To calculate adjusted repeatability, we 

carried out generalized linear mixed models (GLMM) on observer ratings and the response index 

(Gaussian data) and cumulative link mixed models (CLMM) on extraction and restraint scores 

(ordinal data). The rpt (rptR package; Stoffel et al., 2017) and clmm (ordinal package; Christensen, 

2023) functions were used to carry out GLMMs and CLMMs, respectively. Adjusted repeatability 

is calculated directly by the rpt function along with associated 95% confidence intervals 

(parametric bootstrapping, n=1000) and a p value (Stoffel et al., 2017). Alternatively, adjusted 

repeatability was calculated manually from the CLMM output and confidence intervals (95%) 

were generated using the r.con function in the psych package (Revelle, 2024). All personality-

tested individuals, including those that were tested only once, were included in the analysis to 

increase precision of the among-individual variation (Nakagawa & Schielzeth, 2010). The fixed 

factors included in all repeatability analyses were chick development stage, year, and sex of the 

tested parent, along with one additional fixed factor for each response variable, which was 

crevice complexity for the extraction score model, bag ID for the restraint score model and 

observer pair ID for the observer rating model. Although age could not be added as a factor, we 

tried to control for age in the experimental design by only testing mature adults that were 

currently rearing chicks. Model assumptions were verified when appropriate by plotting residuals 

against fitted values and against each predictor in the model (Zuur & Ieno, 2016). 

Ethical note  

This research was conducted in accordance with the Canadian Council for Animal Care (Protocol 

F20-017/1/2) and under Canadian Master Banding Permit (10873). All efforts were taken to 

reduce animal use, minimise the handling time for each individual, and limit disturbance to the 
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wider seabird colony. Additionally, the individuals used were part of a long-term study where 

several overlapping scientific objectives were met. 

Results 

In total, personality tests were conducted on 44 unique individuals in two breeding seasons 

(2021, 2022), with 30 assessments in each year. We tested 30 individuals in 2021, with the goal 

of testing as many of these individuals again during 2022 to facilitate repeatability analyses across 

years. However, it was only possible to recapture 16 of the original 30 from 2021. Therefore, 14 

more individuals were added to maintain a sample size of 30 individuals per year for measures 

of between-individual variation. Observer ratings were conducted during all 60 assessments, 

while 59 and 58 restraint and extraction scores were conducted, respectively. Conducting all 

three tests took on average 17 mins 52 s (± 3 mins 56 s) per bird. 

There was high agreement (Kendall’s W = 0.70 – 0.83) in observer ratings between 

experienced/novice observer pairs in both 2021 and 2022 (Figure 1), with complete agreement 

between observers for 38% of the birds tested, and similar levels of complete agreement across 

all 5 rating levels (11 - 34%). Additionally, high agreement remained consistent throughout each 

study year, as indicated by limited differences during initial and late testing (Figure 1). Overall, 

these highly consistent rating values across observers suggest that observer ratings are a robust 

metric to assess individual differences.  

During exploratory analysis, we investigated whether the behavioural responses to each test may 

represent the same personality trait (i.e., docility) or a behavioural syndrome. We found that 

pairwise correlations during 2021 of personality test scores/ratings were positive and significant 
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between observer ratings and restraint scores (Figure 2C) and extraction scores (Figure 2E), but 

not between extraction and restraint scores (Figure 2A). During 2022, scores/ratings were not 

significantly correlated (Figure 2B, 2D, 2F). During 2021, the response index (PC1) explained 23% 

of the variation in the dataset and was highly correlated with the three original test scores/ratings 

(extraction scores = 0.720, observer ratings = 0.780, restraint scores = 0.780). By contrast, the 

response index (PC1) in 2022 explained 21% of the variation in the dataset and had weaker 

correlations with the three original test scores/ratings (extraction scores = 0.630, observer ratings 

= 0.630, restraint scores = 0.580). 

The GLMMs and CLMMs revealed that the fixed effects did not have a significant effect on the 

test scores, ratings or response index (Table 3). Adjusted repeatability varied among test 

scores/ratings and the response index (Figure 3). Repeatability of the observer ratings over the 

two-year period was significant and high (R = 0.527, 95% CI: 0.007-0.831, p = 0.011), as indicated 

by a greater number of individuals with consistent differences (i.e. parallel lines in Figure 3C). 

Repeatability of the response index was also high and significant (R = 0.519, 95% CI: 0.025-0.769, 

p = 0.019). By contrast, adjusted repeatability was lower for restraint scores (R = 0.041, 95% CI: 

0-0.294) and extraction scores (R = 0.157, 95% CI: 0-0.399), which was also indicated by fewer 

individuals with consistent differences between individuals (Figure 3A, 3B). Model validation 

indicated no concerns. 

Discussion 

Our findings show that after controlling for fixed effects (e.g., chick development stage, year, and 

sex), consistent individual differences in behaviours associated with a personality trait (docility) 
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are present in razorbills, adding to the growing evidence that personality traits are common 

throughout the animal kingdom (Sih et al., 2004; Wolf et al., 2007; Wolf & Weissing, 2012). The 

differences in repeatability among our three tests, however, suggest that not all tests were 

appropriate (e.g., not compatible with the study species, not effectively standardised) for 

quantifying a personality trait in razorbills. Observer ratings were highly consistent between 

observers and produced more repeatable results than the other two tests. These findings suggest 

that standardised, independent observer ratings during routine handling is an appropriate 

method to assess personality for this species, and possibly other hard to observe species. 

Although the repeatability of the response index (PC1) was also high, it may not be an appropriate 

metric of personality as it incorporates test scores with limited to no repeatability. Indeed, even 

though combining multiple tests can be an informative method of personality trait assessment, 

especially when incorporating both consistency across time and across contexts (Sih et al., 2012; 

Wolf et al., 2007), all tests must be repeatable and assess the same trait for this to be effective.  

Presence of Personality 

Key requirements for the identification of a personality trait were met in our study. First, we 

found observable differences in behaviour among individuals, and second, these differences 

were consistent over time (i.e., highly repeatable). Indeed, repeatability values from our observer 

ratings (R = 0.527, 95% CI: 0.007 - 0.831) were greater than the average animal repeatability 

reported in the literature (R = 0.37; Bell et al., 2009) and comparable with those found in other 

seabird studies that investigated personality (e.g., boldness: 0.37 - 0.68; Collins et al., 2019; Harris 

et al., 2020; Patrick et al., 2013, 2017). It is also notable that our high repeatability was found 

with a one-year duration between tests because repeatability has been reported to decrease 
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with greater duration between tests (e.g., great tits, Parus major; Dingemanse et al., 2002), due 

to greater opportunity for developmental change (Bell et al., 2009). Although our study did not 

assess behaviour across contexts, this requirement may not be achievable in all studies, due to 

practical constraints (e.g., time, equipment, species ecology), as was likely the case in many 

previous seabird personality studies (Table 1). In these cases, consistency across time may be 

sufficient to confirm the presence of a personality trait (Kaiser & Müller, 2021). Overall, our 

findings support numerous studies that have confirmed avian personality (Bell et al., 2009) in 

both field and captive settings (Pogány et al., 2018) across all five main personality traits (van 

Oers & Naguib, 2013). Additionally, our findings support more recent studies confirming the 

presence of personality traits in seabirds (Table 1) as well as the prevalence of individual 

behavioural consistency in this taxonomic group (Ceia & Ramos, 2015). 

It is important to consider which personality traits our observer ratings are measuring. In other 

taxa (e.g., mammals), an individual’s response to capture and handling has been used to measure 

docility (docile – aggressive continuum; Petelle et al., 2013; Poissant et al., 2013), with higher 

frequencies of struggling-type behaviours associated with lower docility (Réale et al., 2000). 

Similar to our study, other studies using capture and handling methods to assess personality traits 

have also frequently used the relative judgement of experienced animal handlers to score docility 

(i.e., observer ratings; Bonnot et al., 2018; Martin & Réale, 2008; Petelle et al., 2013). Docility has 

been shown to form a behavioural syndrome with boldness (Bell, 2007; Réale et al., 2009) and 

docility and boldness are also related to an animal’s stress response (Bonnot et al., 2018; Carere 

et al., 2010; Ellis et al., 2006). Therefore, the repeatable behavioural differences in razorbills in 

this study are likely strongly related to docility whilst also being potentially influenced by the 
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boldness of an individual. Overall, our study suggests that personality is present in razorbills, as 

the repeatable behaviours observed can be linked to personality traits. 

Personality Assessment Methods 

The low repeatability of behavioural responses to the extraction and restraint tests and the lack 

of correlations between test scores during one year (2022) may be due to factors limiting our 

ability to standardise the administration of these tests. Indeed, standardised assessment is vital 

(Martinig et al., 2022; Sánchez-Tójar et al., 2022) and assessing personality can be complicated 

by factors during testing that are difficult to control (Burns, 2008). Repeatability estimates can be 

influenced by interactions between individuals and their environment (e.g., food availability, 

temperature; Martin & Réale, 2008; Nussey et al., 2007), with even small environmental changes 

having the potential to influence behavioural expression (Niemelä et al., 2019). In our study, each 

nest crevice presented its own unique extraction scenario due to varying crevice complexity and 

the initial orientation of the bird, which likely combined to influence the extraction score. Indeed, 

Gatt et al. (2021) standardised their personality tests during nest extraction of another burrow-

nesting species (Cory’s shearwater, Calonectris borealis) by only removing birds facing the burrow 

entrance, which was the primary orientation encountered. Although many razorbills were 

encountered oriented away from the crevice entrance and were extracted from behind, others 

were oriented differently which precluded standardising extraction orientation. For the restraint 

test, it was difficult to standardise how snug the cloth bag was during testing regardless of 

whether the same bag was used. If these confounding factors could be addressed consistently 

across all study individuals (e.g., bags designed for the study species with a quick secure closure 
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mechanism), then restraint and extraction tests may be more appropriate personality tests in 

this and other burrow/crevice-nesting species.  

In contrast to the extraction and restraint scores, observer ratings were highly repeatable in 

razorbills, likely because we addressed the main limitations of this method. Specifically, all 

observers were trained prior to personality testing and then produced independent ratings of 

individual birds using a standardised process focusing on simple, observable behaviours. Training 

addressed the concern that observers may interpret behaviours differently (Uher & Visalberghi, 

2016), with the high agreement in ratings between observers suggesting this was not an issue. 

Despite our observers having limited experience with the study species/individuals and two of 

the three having no prior experience conducting observer ratings, the high agreement between 

observers supports the application of observer ratings to wild animals (Petelle & Blumstein, 

2014). Although, observer ratings can be biased if sex and age are known (Uher & Visalberghi, 

2016), these biases were eliminated because our study species (razorbill) is sexually 

monomorphic and does not possess age-related characteristics (e.g., varying plumage colour).  

When sex and age are known, it will be important to account for these biases in the study design 

and statistical analyses. With these factors considered, observer ratings appeared to be an 

appropriate and effective method of personality assessment for this species and a method of 

high potential for other hard to observe species. One caveat, however, is that observer ratings 

are likely most accurate for individuals at the extreme ends of the personality trait continuum 

being assessed (Torgerson-White, 2014), although this was not the case in our study.  
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Conclusion 

In conclusion, there is support for personality being present in razorbills when considering the 

responses to capture and handling are likely linked to docility, as observed in other taxa (Petelle 

et al., 2013; Poissant et al., 2013). Although our methods differ from those used in other seabird 

personality studies, which impacts our ability to directly compare repeatability values with these 

studies (Sánchez-Tójar et al., 2022), observation limitations with our crevice-nesting study 

species required us to identify a different appropriate method. Overall, standardised, 

independent observer ratings were found to be the best of the three tests for quantifying 

repeatable behavioural responses in this crevice-nesting seabird, highlighting the potential value 

of observer ratings when studying personality in other cryptic wild animals. Indeed, if researchers 

are handling wild animals for other scientific objectives, observer ratings may provide a low-cost, 

time-efficient method to test for personality (Ebenau et al., 2020) with highly repeatable results 

after carefully addressing and controlling for the potential pitfalls of this method. Furthermore, 

stress on study animals can be minimized as ratings do not require separate tests and can be 

carried out in conjunction with routine handling (e.g., banding, body measurements), which also 

may facilitate larger sample sizes. Our results also highlight the benefit of an initial multi-test 

approach to assessing personality traits in animals, allowing the determination of an appropriate 

test. As personality traits can both directly and indirectly influence fitness, due to their 

correlation with movement and foraging decisions (Collins et al., 2019; Santicchia et al., 2018; 

Smith & Blumstein, 2008), identifying personality and between-individual differences within a 

species is vital to understand species-specific tolerances to increasing anthropogenic threats 
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(Krüger et al., 2019). Therefore, routinely using observer ratings as an effective personality 

assessment method in wild animals may contribute towards the conservation of many species. 
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Table 1. Behavioural assessments that have been conducted on breeding seabirds, indicating the study 

species, assessment type and target personality trait, if applicable. 

Species Trait Test Reference 

African penguin  
(Spheniscus demersus) 

boldness human approach Traisnel and Pichegru, 2018 

boldness human approach Traisnel and Pichegru, 2019a 

boldness human approach Traisnel and Pichegru, 2019b 

black-browed albatross 
(Thalassarche melanophris) 

boldness novel item Patrick and Weimerskirch, 2014 

boldness novel item Morandini and Ferrer, 2019 

black-legged kittiwake        
(Rissa tridactyla) 

 restraint test Elliot et al., 2014 

boldness novel item Collins et al., 2019 

boldness novel item Harris et al., 2020 

Cory’s shearwater             
(Calonectris borealis) 

boldness novel item Kruger et al., 2019 

exploration novel environment Gatt et al., 2021 

boldness nest extraction 

Nazca booby (Sula granti) 

aggression human approach Grace and Anderson, 2014 

boldness novel item 

sociality sociality test 

thick-billed murre (Uria lomvia)  restraint test Elliot et al., 2014 

wandering albatross           
(Diomedea exulans) 

boldness human approach Patrick et al., 2013 

boldness human approach Patrick et al., 2014 
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Table 2. Behaviours considered during crevice extraction and observer ratings that contributed to the 

corresponding personality score/rating. For the extraction test, responses were scored as: no (0), yes (1) 

and yes - continuous (2). These were then summed to give a value from 0-6. For observer ratings, a 

value between 1 and 5 was subjectively rated by considering all five behaviours simultaneously. 

Behaviour Response 

Extraction Test 

Did the bird struggle in the initial three seconds once 
captured? 

no yes  

Did the bird resist extraction from the nest by continuing to 
struggle?  

no yes continuous 

Did the bird bite, or attempt to bite, at any point during 
extraction from the nest? 

no yes continuous 

Did the bird vocalise at any point during extraction from the 
nest? 

no yes  

Observer Ratings 

Did the bird bite the handler? no  yes 

If so, how many times? once a few many 

Did the bird try to escape being handled? no  yes 

If so, how many times? once a few many 

Did the bird vocalise during handling? no  yes 

If so, how many times? once a few many 

How difficult was it to take measurements (e.g., weights and 
lengths) from the bird? 

low moderate hard 

How difficult was it to take samples (e.g., blood and 
feathers) from the bird? 

low moderate hard 

 

 

 



54 
 

Table 3. Statistical test results for the fixed effects included in each adjusted repeatability model for 

each of the four response variables: extraction score, restraint score (CLMM models: df, χ² and p), 

observer rating and response index (GLMM models: df, F and p). ‘Additional’ refers to the other fixed 

effect added to the model for each response variable: crevice complexity (extraction score), bag ID 

(restraint score), and observer pair ID (observer rating). 
  Extraction Restraint Observer Response index 

Effect df χ² p df χ² p df F p df F p 

Sex 2.0 0.827 0.661 2.0 1.344 0.511 41.1 0.448 0.642 41.1 0.302 0.741 

Year 1.0 0.003 0.956 1.0 2.090 0.148 26.9 0.269 0.608 25.7 0.000 0.983 

Chick stage 3.0 5.735 0.125 3.0 2.751 0.432 43.9 0.995 0.404 48.0 0.930 0.434 

Additional 1.0 0.127 0.721 3.0 1.649 0.648 38.6 0.688 0.565       
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Figure 1. Observer ratings for each razorbill given by each observer (black (MJL)/orange (Observer 1/Observer 2)) from the three observer pairs 

across the two years (2021 and 2022). Note the x axis is ordered chronologically, where the first bird tested by both observers in each year is ‘1’. 

Kendall’s W values for each observer pair are also shown. 
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Figure 2. Correlations between the extraction and restraint test scores in 2021/2022 (A, B), the restraint test scores and observer ratings in 

2021/2022 (C, D) and the observer ratings and extraction test scores in 2021/2022 (E, F). The Spearman’s rho and p-values are indicated for each 

pairwise correlation. 
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Figure 3. Test scores/ratings and the response index in 2021 and 2022 for each bird tested in both years (n=16 for observer ratings and response 

index, n=15 for extraction and restraint tests), with each line representing a different individual. A, B, C and D show restraint, extraction, 

observer, and response index scores/ratings, respectively. In each plot, some individuals are highlighted (black line) to visualise the greater 

number of consistent differences between individuals in observer ratings and the response index relative to other test scores. 
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Link between Chapters 1 & 2 

In Chapter 1, I conducted three different behavioural tests to determine the best method for quantifying 

personality in razorbills, a crevice nesting seabird species of the family Alcidae. Of these tests, 

standardized observer ratings were the best individual test for quantifying the aggressive-docile trait in 

this seabird species, and potentially other species that are hard to observe naturally (e.g., nocturnal). In 

Chapter 2, I aimed to use these measures of personality (observer ratings) to place individual razorbills on 

the aggressive-docile continuum, and then relate their docility to behaviour during the breeding season 

(e.g., foraging distance and location) and fledging success.  
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Chapter 2: Individual consistency in foraging behaviour is influenced by prey 

availability in a breeding seabird. 
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Abstract 

Individual behavioural consistency has been identified throughout the animal kingdom and is 

commonly observed in foraging behaviour. Foraging consistency has been linked to several 

extrinsic (e.g., prey availability) and intrinsic factors (e.g., age, sex), including animal personality, 

and can influence fitness. We investigated consistency in the foraging behaviour of a pursuit-

diving seabird (razorbill, Alca torda) under varying prey availability (2019-2020, 2023), and 

whether foraging behaviour (2023) or fledging success (2020-2023) are related to animal 

personality. During 2019-2023, we measured repeatability (R) of foraging trip characteristics (i.e., 

number of dives, foraging effort index) and average dive depth per foraging trip of chick-rearing 

razorbills (bird-borne tracking devices; 2019-2020, 2023), along with personality (docile-

aggressive; observer ratings; 2021-2023), fledging success (nest monitoring; 2020-2023) and prey 

availability (forage fish biomass; 2019-2023) in coastal Newfoundland, Canada. Individual 

consistency in razorbills varied with prey availability. Razorbill foraging locations were only 

spatially consistent under high prey availability, while dive depth (R = 0.12 - 0.74) and foraging 

trip characteristics were not repeatable (R = 0.00 - 0.25) regardless of prey context. Personality 

was not related to foraging behaviour metrics in one year (2023) or fledging success across years, 

despite annually varying prey availability. Overall, these results highlight the importance of 

accounting for varying prey availability when investigating consistency in foraging behaviour, and 

that individuals with differing personality may have similar reproductive success across varying 

prey conditions. 
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Introduction 

Most of the behavioural variation within an animal population is often explained by differences 

among individuals rather than within individuals (Araújo et al., 2011; Bolnick et al., 2011; Dall et 

al., 2012). Variation among individuals may be linked to factors such as age, sex and physiology 

(Araújo et al., 2011), but this variation can remain once these factors have been accounted for 

(Bolnick et al., 2003). The remaining variation may be related to personality, which is common 

across the animal kingdom (Sih et al., 2004; Wolf et al., 2007; Wolf & Weissing, 2012). Animal 

personalities are expressed as consistent differences between individuals that persist through 

time and are constant across contexts (Stamps & Groothuis, 2010). The five frequently studied 

personality traits are boldness, sociability, activity, aggressiveness, and exploration (Réale et al., 

2007). These traits are continuums with a wide range of expressed behaviours (e.g., docile – 

aggressive, shy – bold) and form behavioural syndromes of correlated traits (e.g., boldness and 

aggression, Réale et al., 2009). Behavioural syndromes allow researchers to indirectly investigate 

how behaviour (e.g., foraging) is related to one trait (e.g., boldness) by investigating a correlated 

trait (e.g., aggression, Patrick et al., 2017).  

In seabirds, there is increasing evidence that individual consistency is common (Biagiotti Barchiesi 

et al., 2023) and can persist over long periods (Patrick & Weimerskirch, 2014; Ramírez et al., 

2016). For example, seabirds commonly show consistency in foraging location (e.g., Harris et al., 

2020a; Patrick & Weimerskirch, 2014; Wakefield et al., 2015), dive behaviour (Woo et al., 2008) 

and diet (e.g., Ceia & Ramos, 2015; Connan et al., 2017; Zango et al., 2019). In some studies, 

foraging behaviour differences among breeding seabirds have been related to boldness, a 

personality trait, with shyer individuals typically being classified as generalists and bolder 
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individuals as specialists (Harris et al., 2020a; Jeffries et al., 2021; Krüger et al., 2019; Pereira et 

al., 2024). Along with being more generalist, shyer seabirds may exploit food patches for longer 

than bolder individuals (Jeffries et al., 2021; Patrick et al., 2017) and take fewer risks than bolder 

individuals (Carter et al., 2013), such as foraging under lower competitor densities (i.e., further 

from the breeding colony; Harris et al., 2020a; Kruger et al., 2019; Patrick & Weimerskirch, 2017).  

Personality-related differences may influence fitness, due to impacts on resource acquisition 

(Menzies et al., 2013; Pereira et al., 2024). While some seabird studies have not found an effect 

of personality on fitness (Krüger et al., 2019; Van de Walle et al., 2024), others found a positive 

relationship between boldness and reproductive output (Collins et al., 2019; Pereira et al., 2024). 

Bolder, more aggressive individuals may benefit from a specialist strategy and have increased 

fitness under good foraging conditions (i.e., high prey availability), due to the positive 

relationships between specialisation, foraging efficiency and reproductive success (Rebstock et 

al., 2022; Van Den Bosch et al., 2019). In comparison, shyer, more docile individuals may benefit 

from the greater flexibility of a generalist strategy under poor foraging conditions (Jeffries et al., 

2021; Krüger et al., 2019). Additionally, bolder animals are predicted to invest more in their 

present breeding attempt due to their higher risk prone tendencies (Dammhahn & Almeling, 

2012), while shyer individuals may take less risks and be more willing to abandon a breeding 

attempt when conditions change (Cole & Quinn, 2014). 

During breeding in coastal Newfoundland, seabirds rely on capelin (Mallotus villosus), a key 

forage fish in the Northwest Atlantic (Carscadden & Vilhjálmsson, 2002), as prey (Gulka et al., 

2019; Jenkins & Davoren, 2021; Lescure et al., 2023). The razorbill (Alca torda), a member of the 

family Alcidae (hereafter ‘alcid’), has been shown to alter their foraging behaviour and diet under 
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varying capelin biomass among years (Davoren, 2024; Gulka et al., 2019; Lescure et al., 2023). 

Razorbills raise one chick per year over a short period (16-21 days) to fledge at 30% of adult body 

mass (Lavers et al., 2020) and the energetically demanding chick-rearing period typically 

coincides with the inshore arrival of spawning capelin (Carscadden et al., 2002; Davoren, 2024). 

The Newfoundland capelin population crashed in the early 1990s, however, and has not 

recovered (Buren et al., 2019), which has been associated with highly variable capelin biomass 

both within and among years (Davoren, 2024; Davoren et al., 2025). As personality was recently 

described in razorbills (aggressive-docile continuum, hereafter ‘docility’; Legard and Davoren, 

2025; Chapter 1), razorbills in this system are a good model species to investigate the 

relationships between personality and individual consistency under dynamic prey conditions. 

Indeed, relationships between individual consistency in foraging behaviour, fledging success, 

personality and prey availability have not been studied in alcids.  

The first objective of this study was to investigate the consistency in foraging behaviour (i.e., 

foraging location, foraging effort, number of dives, dive depth) of chick-rearing razorbills under 

varying prey contexts (high/low availability), both within years (before/after capelin spawning) 

and among years. The second objective was to investigate whether foraging behaviour was 

related to animal personality and whether consistency in foraging location was related to animal 

personality on a subset of data (2023). We also examined whether fledging success was related 

to animal personality. To achieve these objectives, we combined foraging behaviour of chick-

rearing razorbills (bird-borne tracking devices; 2019-2020, 2023) with personality assessments 

(observer ratings; 2021-2023), fledging success (nest monitoring; 2020-2023) and prey biomass 

estimates (spawning capelin surveys; 2019-2023) on the northeast coast of Newfoundland, 
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Canada. We hypothesized that razorbills exhibit consistent individual behaviour (i.e. high 

repeatability) and that the level of spatial consistency will be related to docility. Due to the 

positive correlations between boldness and aggression (Sih et al., 2004), we predicted that 

aggressive individuals will be more consistent in their foraging locations and make shorter trips 

(i.e., distance and duration) compared to docile individuals. We also predicted that in years of 

lower capelin biomass, docile individuals will have higher fledging success as they exhibit more 

generalist behaviour than aggressive individuals and, therefore, are more able to exploit different 

types of prey. 

Methods 

We investigated foraging behaviour and fledging success of razorbills rearing chicks on James 

Island, a small rocky island roughly 1 km across on the northeast coast of Newfoundland, Canada 

(Figure 1). Approximately 2750 pairs of razorbills breed on this island between May and August 

(Environment and Climate Change Canada unpublished data), along with several other seabird 

species. 

Prey Availability 

A fine-scale (~15 km) hydroacoustic survey (Figure 1) was conducted approximately weekly over 

a cluster of annually persistent capelin spawning sites to quantify capelin biomass from mid-July 

to mid-August in each study year. See Davoren et al. (2025) for a full description of the survey 

methods. In brief, capelin biomass (gm−2) was quantified for each 100 m during each survey using 

a surface-towed echosounding system (70 kHz transducer), which were then averaged to 

determine the mean capelin biomass per survey. The survey with the peak biomass for each year 
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was identified, allowing inter-annual comparisons of capelin biomass in the study area. These 

surveys have been conducted annually since 2009 (Davoren, 2024; Davoren et al., 2025), allowing 

each study year to be compared to the long-term average (mean ± SD, 0.14 ± 0.06 gm-2). Each 

year was classified as high (> 0.20 gm-2), average (0.09 - 0.19 gm-2) or low (< 0.09 gm-2) for capelin 

biomass. Equipment difficulties during 2021 resulted in a lack of capelin biomass estimates and, 

thus, peak capelin biomass was imputed using a Principal Components Analysis (PCA) 

incorporating many annual capelin metrics (e.g., biomass, length, mass, date of first spawning) in 

JMP 16 Pro (Page et al., 2018). Additionally, each year was also split into two capelin availability 

periods: before (lower availability) and after (higher availability) the first day of spawning. This 

was achieved by regularly monitoring known capelin spawning sites (intertidal: 2 d; subtidal: 3-6 

d) for the presence of fertilised capelin eggs adhered to the substrate, following Crook et al. 

(2017). 

Foraging Behaviour 

Tracking devices were deployed on chick rearing razorbills during July and August in 2019, 2020 

and 2023 (Table 1). Like other alcid species, razorbills lack sexual dimorphism, outward age-

related characteristics, and have limited physiological differences between mature individuals 

(Lavers et al., 2020) and, thus, age and sex were initially unknown for all tagged birds. Across 

these years, only three razorbills were tagged in more than one year and, thus, most tagged 

individuals differed across years and capelin availability periods within years. GPS tags were 

deployed during all three years, while additional time-depth recorder (TDR) tags were deployed 

in 2020 and tags deployed in 2023 were combination GPS-TDR tags (Table 1). Chick-rearing birds 

were captured at the nest during the night (0100 - 0400 hours, Newfoundland Daylight Time, 
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NDT) to minimise colony disturbance and the risk of nest abandonment. GPS and GPS-TDR tags 

were attached to the scapula feathers using TESA® tape and cable ties, while TDR tags deployed 

in 2020 were attached to plastic leg bands with cable ties. All tag and attachment materials had 

a combined weight of < 20 g, and when considering potential tag effects (Vandenabeele et al., 

2012), this is less than 3% of the body mass of adult razorbills captured at James Island (701 ± 52 

g). GPS tags recorded a location (latitude and longitude) every 10 min and TDR tags recorded 

pressure and temperature every 5/6 s (2023/2020) when wet. While Catlog GPS tags had to be 

retrieved for data download during 2019 and 2020, data were remotely downloaded to a base 

station (AstraEa 2.4GHz 18dBi microstrip antenna) in 2023, which was set up within 75 m of nest 

sites with tagged birds. For full details on 2019/2020 deployments see Lescure et al. (2023). 

Foraging trips were defined as the bird having travelled > 250 m from the nest site for longer than 

10 min. The 250 m buffer was chosen because alcids, such as razorbills, are known to land on the 

water close to the colony after returning from and before leaving on foraging trips (Burger, 1997). 

Additionally, trips without at least one foraging dive (see definition below) were removed as they 

were unlikely to be trips for foraging (Linnebjerg et al., 2013). For each foraging trip, the following 

characteristics were calculated using the tripSplit and tripSummary functions in the R package 

track2KBA (Beal et al., 2021): total duration (h), maximum distance from the nest (km), and total 

distance travelled (km). A PCA was carried out (FactoMineR package; Le et al., 2008) to reduce 

these three highly correlated (r2 = 0.821 - 0.978, p values: < 0.001) foraging trip characteristics 

across all years into a single variable (PC1). PC1 is hereafter referred to as ‘foraging effort’ 

because flight costs are high for alcids (Elliott et al., 2013) and, therefore, trips of greater duration 

and distance likely have higher energetic cost. Dive characteristics (i.e., dive depth, duration) 
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were also quantified from TDRs in 2020 and 2023 using the R package diveMove (Luque, 2007). 

Foraging dives were defined as dives > 1.5 m and > 5 s (Lescure et al., 2023). For each foraging 

trip, the average dive depth, along with the number of dives were quantified for analyses. 

Average dive duration per trip was not included in analyses because dive depth and dive duration 

were highly correlated (2020, N = 13175, r2 = 0.795, p = < 0.001; 2023, N = 5477, r2 = 0.824, p = < 

0.001). 

Personality 

All razorbills that were captured between 2021 and 2023 (for tag deployment/retrieval), 

including many birds previously tagged in 2019 and 2020, underwent personality assessment, 

following Legard and Davoren (2025; Chapter 1). In brief, observer ratings of docility were 

completed by two or three observers, whereby each observer independently rated each bird 

based on the presence/absence of a range of observable behaviours (i.e., biting, vocalising, 

struggling, resisting) during routine handling (i.e., tag deployment, morphometric 

measurements, feather sampling). In 2023, most tagged individuals (18 out of 20 birds) were 

assessed twice (at tag deployment and retrieval). Although not all tagged birds were assessed for 

personality twice, observer ratings were consistent across observers and repeatable across 

personality assessments for individuals that were assessed more than once (Legard and Davoren, 

2025; Chapter 1). Ratings for each individual were averaged across observers after each 

personality assessment, then averaged across assessments in the same year, if applicable, and 

finally across assessments in different years, to generate a single docility score for each individual.  
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Fledging Success  

To quantify fledging success, nests with personality assessed birds were checked at night (0100 

– 0400 hours, Newfoundland Daylight Time, NDT) every 2-5 days during 2020-2022, when three 

to four 5-10 day trips were made to the colony and every 2 days during 2023 when researchers 

remained on the colony throughout late incubation and chick-rearing (~6 weeks). Birds were 

personality assessed for other research projects (Legard and Davoren, 2025; Chapter 1), resulting 

in 18, 38, 43 and 61 nests being monitored during the four respective years (2020-2023), with 

some of the same nests monitored across years. During a nest check, we recorded whether the 

nest had an egg, a chick or was empty. If a chick was present, the stage of feather development 

was recorded (early: downy feathers; middle: flight feather eruption; late: downy feathers lost) 

and chicks were opportunistically weighed when time permitted using a Pesola scale (300 g). 

These nest monitoring data were integrated with the published range of the chick-rearing period 

(16-21 days), daily average weight gain of chicks (10 g/d) and average fledging weight (210-215 

g; Lavers et al., 2020) to estimate whether empty nests indicated successful or unsuccessful 

fledging. An empty nest was considered ‘successful’ if it met all the following criteria at the last 

sighting: the chick was in a later feather development stage, the chick was above the published 

minimum chick-rearing duration (16+ days since estimated or observed hatch), and the chick was 

above published average fledge weight (>190 g). If a nest only met 1-2 of these criteria, it was 

considered ‘probably successful’. An empty nest was considered ‘unsuccessful’ if it met one or 

more of the following criteria: the chick was not observed in a later feather development stage, 

chick-rearing duration was shorter than the published minimum, the chick did not reach the 

published average fledge weight, or the chick was found dead in nest. Nests were classified as 
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‘unknown’ when there was insufficient information to make a classification (e.g., if the nest was 

only monitored during early chick rearing and not revisited). This resulted in four categories 

describing the probability of fledging success for each personality-assessed nest: successful (2), 

probably successful (1), not successful (0) and unknown. Nests with an unknown status were 

omitted from analyses. 

Statistical Analysis  

All data processing and statistical analyses were carried out in R version 4.3.0 (R Core Team, 

2023). As intra- and inter-annual variation in capelin biomass influences razorbill foraging 

behaviour and location (Lescure et al., 2023) and individuals were not tracked across prey 

contexts (i.e. prey availability periods within years, varying capelin biomass across years), we 

could not distinguish if high among-individual variation resulted from differences across tagged 

individuals or from individuals shifting their foraging behaviour across contexts. Therefore, 

consistency of razorbill foraging behaviour (i.e., repeatability) was examined separately for each 

prey availability period within each year.  

To assess the relationships between personality and behaviour, a subset of tagged and 

personality-assessed birds (n=20) during 2023 were used. During 2023, emphasis was placed on 

obtaining multiple trips per individual through longer term tag deployments as higher repeated 

measures within individuals is more beneficial when investigating individual consistency than a 

greater number of tagged individuals (Wolak et al., 2012). Due to this emphasis, 2023 was the 

only year with a sufficient sample size of personality-assessed individuals tracked on multiple 
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foraging trips. During analyses, model assumptions were confirmed in all cases following 

protocols outlined in Zuur & Ieno (2016). 

Spatial consistency in foraging locations was quantified as Earth Mover’s Distance (EMD) values 

using the emd function in the R package move (Kranstauber et al., 2021). EMD values are 

calculated by comparing the proximity between two different spatial distributions (Franklin et al., 

2022; Kranstauber et al., 2021) and provide a value of dissimilarity (in km), unlike spatial overlap 

indices which provide the same value for proximity and dissimilarity when two distributions do 

not overlap (Kranstauber et al., 2017). Greater variation between two distributions results in 

higher EMD values (Franklin et al., 2022). An EMD value was calculated for each possible foraging 

track combination within and between individuals within each capelin availability period in each 

year. Geographical coordinates were used as the input and the Haversine function was applied 

to account for distributions that stretch over large distances to address the spherical surface of 

the Earth (Franklin et al., 2022; Kranstauber et al., 2017). Generalised linear models (GLM) were 

then used to compare EMD values (response variables) between individuals versus within 

individuals in each capelin availability period in each year to determine if individuals were 

spatially consistent (i.e., significantly lower within- versus between-individual EMD values). All 

EMD values were continuous and normally distributed except for the period after capelin 

spawning in 2019 and 2023, which were right-skewed and, thus, models were run with the 

Gaussian and Gamma error families, respectively.  

To determine whether more docile versus more aggressive birds varied in their spatial 

consistency, a generalized linear mixed model (GLMM) was run on the subset of personality-

assessed birds from 2023. Within-individual EMD values (Gaussian distribution) were used as the 
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response variable, with docility score (continuous) as a fixed effect and individual as a random 

factor.  

To quantify consistency of foraging trip and dive characteristics, adjusted repeatability was 

calculated using GLMMs for foraging effort (i.e., PC1), the number of dives per trip and average 

dive depth per trip (response variables) within each capelin availability period in each year using 

the rpt function in the rptR package (Stoffel et al., 2017). Repeatability (R) values vary from 0-1, 

with 0 indicating low and 1 indicating high repeatability (i.e. high consistency). Repeatability is 

calculated by dividing the variance among individuals by the sum of the variance among 

individuals and the residual within-individual variance (Bell et al., 2009). All tagged individuals, 

including those that were tracked for one foraging trip, were included in the analysis to increase 

the precision of the calculated between-individual variation (Nakagawa & Schielzeth, 2010). 

Adjusted repeatability allows fixed factors to be accounted for in the analysis (Biro & Stamps, 

2015). The fixed factors included in all analyses were day of the year (ordinal date) and time of 

day (day/overnight), as some trips occurred only during daylight (‘day’), while others started 

during daylight but continued through the night and ended the following morning (‘overnight’). 

Sex was also included in 2019 and 2020 models but was not available for 2023 and, thus, was not 

included in the models for this year. Personality (docility score: continuous) was also added as a 

fixed factor for 2023 analyses to determine the relationships between personality and foraging 

behaviour. Analyses were completed with a Gaussian distribution for foraging effort and average 

dive depth per trip, while a Poisson distribution was used for the number of dives per trip (count 

data). Parametric bootstrapping (n=1000) was used in all models to quantify 95% confidence 

intervals.  
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To determine whether personality influenced fledging success in each year, we ran cumulative 

link models (CLMs, ordinal package; Christensen, 2023) for each year separately with fledge 

success as the response variable (ordinal) and docility score (continuous) as the fixed factor. This 

allowed us to determine whether personality influenced fledge success within each year and 

results were qualitatively compared across years of varying capelin biomass. A cumulative link 

mixed model (CLMM) with all years combined, an interaction between year and personality and 

individual as a random factor was not possible because not all nests had a known outcome in 

each year, resulting in an unbalanced design. 

Ethical Note 

This research was conducted under a Canadian Master Banding Permit (No. 10873) and in 

accordance with the Canadian Council for Animal Care (Protocols F16-017, F20-017). All efforts 

were made to limit animal use, reduce the handling times, and prevent disturbance to the seabird 

colony. Additionally, the individuals used were part of a long-term study where multiple 

overlapping scientific objectives were achieved from research activities. The authors declare no 

conflict of interest. 

Results 

Each tag was deployed for 1-11 days across the three years, resulting in 261 foraging trips across 

all tagged individuals: 72 trips in 2019, 37 trips in 2020 and 152 trips in 2023 (Table 1). During 

2020 and 2023, 13175 and 5477 foraging dives were recorded, respectively. The foraging effort 

variable (PC1) explained 92% of the variation in the foraging trip characteristics and was highly 

positively correlated with the three original foraging trip characteristics (total trip duration = 



73 
 

0.923, maximum trip distance = 0.974, total trip distance = 0.982). There were a range of docility 

scores across all tagged birds, tagged birds in 2023 and nests with a known fledge success (Figure 

S1). The date of first spawning and peak capelin biomass varied across years. During 2019, 

spawning started on July 22 and peak biomass was 0.098 gm-2 (‘average biomass’), while in 2020 

spawning started on July 29 and peak biomass was 0.005 gm-2 (‘low biomass’). During 2021 

spawning started on July 17 and peak biomass was estimated to be 0.121 gm-2 (‘average 

biomass’), while during 2022 and 2023 spawning started on July 11 and 12, respectively, and peak 

biomass was 0.228 gm-2 and 0.215 gm-2 (‘high biomass’), respectively. During 2023, early 

spawning resulted in birds being tagged only after capelin began spawning. 

Consistency, Repeatability and Personality 

When examining spatial consistency within capelin availability periods during each year, within-

individual EMD values were significantly lower than between-individual values after capelin 

began spawning during 2019, along with a similar tendency during 2023 (Figure 2A, Table 2), 

suggesting that razorbills were more spatially consistent in their foraging trips once spawning 

capelin arrived inshore (Figure 3). By contrast, within- and between-individual EMD values did 

not differ before spawning in 2019 or during either capelin availability period in 2020 (Figure 2A, 

Table 2), illustrating much lower spatial consistency (Figure 3). Finally, there was no relationship 

between docility and within-individual EMD values within one prey availability period (i.e., after 

capelin spawning during 2023; t = -0.992, p = 0.335; Figure 2B). 

Foraging effort was not repeatable within capelin availability periods in any year (Table 3). While 

sex did not influence foraging effort, overnight trips had significantly higher effort than day trips 
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in all capelin availability periods except before capelin spawned in 2019 (Table 3). Additionally, 

foraging effort increased throughout the period after capelin began spawning in 2023 (Table 3). 

The number of dives per foraging trip was not repeatable within capelin availability periods in 

any year, whereas overnight trips had significantly higher numbers of dives than day trips in 2020 

and 2023 (Table 3). Finally, average dive depth per trip had high but not significant repeatability 

in both capelin availability periods during 2020 and comparatively lower and still not significant 

repeatability in 2023 (Table 3). 

During 2023, repeatability of foraging effort, number of dives per trip and dive depth remained 

low when personality was considered, and personality did not significantly influence any of these 

characteristics (Table 3). Foraging effort was significantly influenced by date, increasing with the 

days after capelin spawning, and by time of day, being higher in overnight relative to day trips 

(Table 3, Figure 4). Additionally, there were more dives during overnight relative to day trips 

(Table 3, Figure 4). 

Fledging Success 

Personality did not influence fledging success in any year (2020: z = 0.121, p = 0.904; 2021: z = -

1.270, p = 0.204; 2022: z = 1.947, p = 0.052; 2023: z = 0.766, p = 0.443, Figure 5), but there was a 

trend towards higher success in more docile individuals in 2022. 

Discussion 

Our results show that chick-rearing razorbills can be consistent in their foraging behaviour in 

different prey availability periods (i.e., before or after spawning spawning) within years. The 

degree of consistency, however, varied across these periods, which partially aligned with our 
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prediction. Indeed, spatial consistency in foraging locations was only observed after capelin 

began spawning in the study area in years where capelin biomass was near or above the long-

term average (2019, 2023). By contrast, foraging effort and number of dives per trip were not 

repeatable within any prey context and were more influenced by time of day and date of the trip 

during chick rearing. Contrary to our prediction, personality within the 2023 subset did not relate 

to spatial consistency, nor were any foraging metrics influenced by personality. Overall, these 

results partially align with studies showing consistency in seabird behaviour (Biagiotti Barchiesi 

et al., 2023) but contrast with those showing that seabird foraging behaviour metrics are related 

to personality (e.g., Harris et al., 2020a; Krüger et al., 2019; Pereira et al., 2024). Finally, also 

opposing our prediction, limited differences in fledge success along the docile-aggressive 

continuum suggest that all trait types may have similar degrees of success under varying prey 

conditions.  

Individual consistency 

Razorbill spatial consistency was dependent on the prey context, with the highest levels of 

consistency in foraging location when capelin was spawning nearby the colony and likely in 

sufficient abundance to become the dominant prey type (2019 and 2023; Davoren, 2024). This 

spatial consistency is not surprising given the spawning behaviour of capelin in the study area 

(Davoren et al., 2006). Although the capelin population collapsed in the 1990s, capelin becomes 

locally abundant at inshore spawning sites (Davoren et al., 2025), which are known to be spatially 

persistent across years (Davoren, 2013) if key environmental features (i.e., suitable sediment 

grain size, temperature) are annually consistent (Crook et al., 2017; Penton & Davoren, 2012). 

Indeed, capelin is briefly (2-3 weeks) highly abundant relative to the other prey species (e.g., sand 
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lance) at these spawning sites in coastal areas (Davoren et al., 2025), which results in large multi-

species predator aggregations that include breeding and non-breeding seabirds plus large 

predatory fish (i.e., Atlantic cod, Gadus morhua) and humpback whales (Megaptera 

novaeangliae, Davoren, 2013). In support, spatial consistency was low in 2020 when capelin 

biomass was the lowest on record in the last decade and capelin did not spawn at these annually 

persistent spawning sites (Davoren, 2024). 

Although the repeatability of average razorbill dive depth was not significant and varied across 

years and capelin availability periods within years (Table 3), high repeatability values were found 

(R > 0.6 in 2020), suggesting a level of individual consistency. Indeed, there was high and 

significant repeatability of dive depth of individual dives across all prey contexts and years (Figure 

S2, Table S1). Therefore, a lower number of repeated measures per individual by using average 

dive depth per trip may have impacted our ability to estimate repeatability (Wolak et al., 2012). 

Consistent differences in dive depth among individual may be explained by the positive 

relationship between specialisation and foraging efficiency (Rebstock et al., 2022). For example, 

learning and remembering individual for catching prey over the lifetime of an individual (i.e., 

memory; Dall et al., 2005), may potentially increase foraging efficiency and reduce energy 

expenditure (Phillips et al., 2017). Indeed, long-term individual prey capture techniques have 

previously been observed in other marine predators (common minke whale, Balaenoptera 

acutorostrata, Hoelzel et al., 1989; bottlenose dolphins, Tursiops spp., Sargeant et al., 2005). 

Furthermore, consistency in individual dive depths has been observed in seabirds (Phillips et al., 

2017), along with another alcid species (thick-billed murre, Uria lomvia, Woo et al., 2008), and 

the latter study speculated that variation was caused by individual differences.  
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Personality  

In comparison to other seabird studies (e.g., Harris et al., 2020a; Krüger et al., 2019), we did not 

find relationships between foraging behaviour and personality in the one year this was 

investigated (2023). Our ability to detect an influence of personality on razorbill foraging 

behaviour, however, may have been impacted by limitations with our study design. A higher 

number of repeat tracks and tracking individuals across contexts might have provided a greater 

opportunity to observe differences among individuals related to personality. For example, we 

were unable to determine if individuals maintained different foraging behaviour across prey 

contexts (i.e., across years and across pre- and post-spawning periods within years), which would 

be likely if influenced by personality.  

The influence of date on razorbill foraging behaviour may have reduced our ability to detect 

varying foraging behaviour with personality. More docile birds were tracked close to the 

spawning initiation date, while more aggressive birds were tracked later in this capelin availability 

period (Figure 4). As inshore capelin biomass and predictably located spawning aggregations both 

decrease with days from the date of first spawning (Davoren et al., 2025), both of these prey 

changes could have reduced our ability to detect varying foraging behaviour with personality. In 

support, date had a significant negative effect on foraging effort in 2023 after capelin began 

spawning, which has been found in other seabird studies on the northeast Newfoundland coast 

(common murre, Uria aalge, Gulka et al., 2019; razorbills, Lescure et al., 2023). 

The high influence of time of day on razorbill foraging behaviour may have further reduced our 

ability to detect varying foraging behaviour with personality. Individuals along the docile-
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aggressive continuum conducted similar proportions of day and overnight trips, which differed 

significantly in all foraging trip characteristics (Figure S3). Overnight trips had more dives and 

were longer in both total duration and total distance, which resulted in greater foraging effort 

(Figure S3). Bimodal foraging trip duration (short and long trips) has been observed previously in 

razorbills (Benvenuti et al., 2001) and several other alcid species (Evans et al., 2013; Fayet et al., 

2021; Symons & Diamond, 2022; Welcker et al., 2009). The increased effort of longer trips may 

be offset by reaching more profitable prey aggregations farther from the colony (Welcker et al., 

2009), or an increase in foraging efficiency. For example, dives in overnight (long) trips were 

typically clustered before sunset and at sunrise in this study. Dives in the evening may allow 

feeding for self-maintenance, providing time to fully digest food and secrete waste, thereby 

reducing flight costs back to the colony (Gabrielsen, 1996). By contrast, dives when light levels 

become sufficient for visual foraging during the morning (i.e., greater than 90% of dives were 

during twilight or daylight) may be an efficient time for catching prey for chick-provisioning. 

Indeed, both capelin and sand lance undergo regular diel movement patterns (Davoren et al., 

2006; Morrison & Davoren, 2024), with capelin spending the night at the surface but move into 

deeper water during the day (Davoren et al., 2006), while sand lance burrow in the sediment 

during the night but exit during dawn when they are most vulnerable to capture (Morrison & 

Davoren, 2024). Dawn and dusk may therefore provide an opportunity to efficiently catch both 

species either at the surface or as they transition between habitats.  

Similar to some other studies (e.g., Harris et al., 2020a), sex did not influence any of our observed 

foraging behaviours. Relationships between foraging behaviour, personality and sex, however, 

have been observed in other seabird species. For example, in African penguins (Spheniscus 
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demersus), bolder females are more flexible in their foraging behaviour (i.e., more sinuous tracks) 

than bolder males (Traisnel and Pichegru, 2019a; 2019b). Similarly, in wandering albatross 

(Diomedea exulans), bolder females prioritised travel during foraging (i.e., explorative), while 

shyer females prioritised searching (i.e., exploitation), but there was no difference along the shy-

bold continuum in males (Patrick et al., 2017; Gillies et al., 2023). In wandering albatross, 

however, this sex-related difference may be explained by higher wing loading (mass per unit wing 

area) in males compared to females (Shaffer et al., 2001), that may influence flight decisions in 

males and reduce the observable effect of personality (Gillies et al., 2023). 

Fledging success 

In this study, there is little evidence for an effect of personality on fledging success over the four 

years (2020-2023) despite annual variation in capelin availability. This aligns with the results from 

other studies on seabirds that have not always found a link between personality and reproductive 

success (e.g., Krüger et al., 2019). We found that more docile individuals had a trend towards 

higher fledging success in one of the four years, which contradicts previous studies that have 

found the opposite relationship, with higher success in bolder, more aggressive individuals 

(Collins et al., 2019; Harris et al., 2020b). These studies that linked boldness to reproductive 

success are, however, relatively short in duration (1-2 years) compared to the lifespan of the 

study species (> 10 years), while in longer studies, such as ours (4 years), and Van de Walle et al. 

(2024; 12 years), there are weaker or no associations between personality and reproductive 

success. Our findings may support the concept that for the observed behavioural variation to 

persist across animal populations, a mechanism (e.g., fluctuating selection) must exist to 

maintain it (Gosling, 2001). Therefore, longer studies are potentially more likely to show 
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variations in the relationship between personality and fitness. Indeed, consistent behaviour 

resulting from personality may lead to trade-offs as a rewarding behaviour in one context may 

be costly in another (Sih et al., 2004), and these trade-offs may play a key role in maintaining 

behavioural variation (Stamps, 2007; Wolf et al., 2007). In seabirds, bolder individuals (i.e., 

specialists) may be vulnerable under poorer environmental conditions that favour shyer 

individuals (i.e., generalists; Jeffries et al., 2021). For example, chick growth of bold parents was 

observed to be slower in low prey years compared to shy parents in African penguins (Spheniscus 

demersus; Traisnel & Pichegru, 2018). This was not observed in our study, however, as there was 

no difference in fledging success and success did not vary with personality in the year with the 

lowest capelin biomass on record (Davoren, 2024), but the sample size for this year is the lowest 

in our study. In summary, fluctuating selection based on yearly inter-annual variations in 

environmental pressures may maintain the behavioural variation seen in seabirds (Dingemanse 

et al., 2004; Patrick & Weimerskirch, 2014), and longer studies may be required to understand 

variation in relationship between personality and fitness (e.g., Van de Walle et al., 2024).  

When interpreting our findings on razorbill fledging success, other important points should be 

considered. For example, the docility of only one parent was known, but relationships between 

the personality composition of a breeding pair and reproductive behaviour have been shown 

(McCully et al., 2022). Therefore, the lack of a significant effect of personality on fledging success 

in this study could be explained by the male and female having differing personalities, with the 

costs of one trait type potentially being buffered by the benefits of the opposite trait in the 

partner. Additionally, the age of individuals in this study was unknown, but reproductive success 

is known to change with age in a long-lived species as foraging efficiency has been shown to 
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increase with experience (Votier et al., 2017). Finally, we only measured fledging success, or the 

success of nests that produced a chick. Although we did not find an immediate relationship 

between fledging success and personality, there could be impacts on offspring quality or 

recruitment, as well as hatching success or the probability of breeding (e.g., Van de Walle et al., 

2024), all of which could influence lifetime reproductive success. As long-lived species tend to 

follow a conservative life history strategy, favouring survival over reproductive output in any 

given year (Gaillard et al., 1998), breeding may be discontinued at any stage under extreme prey 

scarcity if continued breeding may impact future reproductive potential (Hamel et al., 2018). 

Abandoning breeding attempts may be more likely in shyer individuals as these individuals are 

more risk averse (Carter et al., 2013; Cole & Quinn, 2014). Conversely, bolder individuals that 

invest heavily in the current breeding attempt (Dammhahn & Almeling, 2012) may skip the next 

breeding season to recover, as seen in wandering albatross (Diomedea exulans, Van de Walle et 

al., 2024). Therefore, when considering the long-term relationships between personality and 

fitness, it is important to monitor both whether individuals attempted to breed, as well as the 

success of the breeding attempt from the start of incubation.  

Conclusion 

In conclusion, chick-rearing razorbills exhibit behavioural consistency, but this consistency is 

influenced by the availability of spawning capelin, the main forage fish prey species in the area, 

with little to no influence of personality (i.e., docility) or sex. Studying individual foraging 

consistency is important because it may result in individuals using only a small portion of the 

population-level foraging niche (Bolnick et al., 2003), which can result in individuals segregating 

horizontally in space (Barger et al., 2016; Wakefield et al., 2015), vertically in depth (Shoji et al., 
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2015) or in diet (Linnebjerg et al., 2013; Phillips et al., 2017), thereby leading to reduced 

intraspecific competition. Individual consistency may also be a key mechanism for increasing 

foraging efficiency in razorbills during the energetically demanding chick-rearing period, 

especially as consistency has been observed to increase foraging efficiency in other seabirds 

(Rebstock et al., 2022; Van Den Bosch et al., 2019). With increasing changes in marine ecosystems 

that result in multiple simultaneous threats (Dias et al., 2019), it is becoming critical to 

understand a species’ ability to behaviourally respond to these changes (Audet & Lefebvre, 2017). 

Studying personality traits can help to understand constraints to these responses and, thus, 

develop strategies to protect larger proportions of populations (MacKinlay & Shaw, 2023). For 

example, seabird populations have been predicted to become less diverse with a greater 

proportion of shyer individuals as they likely have higher success in more variable and poorer 

conditions (Jeffries et al., 2021). This study, however, suggests that both docile and aggressive 

birds may have similar fledging success. Our findings also indicate that prey abundance and 

behaviour should be considered when investigating seabird behavioural consistency (Harris et 

al., 2020a), because these metrics change the foraging context for seabirds and, thus, may 

influence whether individual consistency is detected. 
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Table 1. Summary of tags deployed on chick rearing razorbills from James Island, Newfoundland, during 

2019, 2020 and 2023 both before and after capelin spawning in July and August. 

 2019 2020 2023 

 Before After Before After Before 

Individuals 
tracked 

4 14 12 8 20 

Total trips 19 53 19 18 152 

Trips per 
individual 

2 - 4 1 - 11 1 - 3 1 - 6 3 - 18 

Tags 
deployed/data 
retrieved 

10/4 20/14 19/12 17/8 20/20 

Tracking days 
per individual 

2-4 1-11 1-3 1-6 2-11 

Range of 
deployment 
dates 

17 – 23 Jul 26 Jul – 9 Aug 13 – 21 Jul 27 Jul – 15 Aug 17 Jul – 1 Aug 

Tag model Catlog Gen 2 Catlog Gen 2 + Lotek LAT 1800 
Ecotone           
URIA-300 

Tag weight (g) 13 13 + 6 (TDR) 15 
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Table 2. Results of generalised linear models (GLMs) examining the spatial consistency of chick-rearing 

razorbill foraging trips by comparing between- and within-individual Earth Mover’s Distance (EMD 

values) in each capelin availability period (before/after spawning) during 2019, 2020, and 2023. Periods 

with significantly lower EMD values within-individuals compared to between-individuals (i.e. spatially 

consistent) are highlighted in bold. 

Year Period Estimate ± SE t value p value 

2019 

Intercept 18.322 ± 1.904 9.624 <0.001 

Before 4.824 ± 4.257 1.133 0.263 

Intercept 0.149 ± 0.003 56.766 <0.001 

After 0.066 ± 0.012 5.305 <0.001 

2020 

Intercept 39.080 ± 1.618 24.16 <0.001 

Before 2.126 ± 6.437 0.33 0.742 

Intercept 58.516 ± 3.230 18.005 <0.001 

After -11.547 ± 8.719  -1.324 0.187 

2023 
Intercept 0.130 ± 0.001 109.750 <0.001 

After 0.009 ± 0.005 1.809 0.071 
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Table 3. Repeatability values (R) for each razorbill foraging trip and dive characteristic in each capelin availability period (before/after spawning) 

in each year. Bootstrapped 95% confidence intervals and p values are shown along with t, df and p values for each fixed effect. Significant R 

values and fixed effects are shown in bold. 

 

Adjusted Repeatability 

Fixed Factors 

Sex Time of day Date Personality 

Year Trip Period R 95% CI p Est ± SE t df p Est ± SE t df p Est ± SE t df p Est ± SE t df p 

2019 

 

 

'Effort' 

Before 0.000 0.000 - 0.964 0.500 -1.933 ± 5.103 -0.379 5.0 0.720 9.694 ± 4.319 2.244 5.0 0.075 -3.422 ± 2.554 -1.340 4.8 0.240     

After 0.043 0.000 - 0.368 1.000 3.115 ± 1.458 2.136 7.3 0.069 5.521 ± 1.285 4.298 4.8 <0.001 1.041 ± 1.527 0.682 1.5 0.506     

2020 

 

 

 

 

 

 

'Effort' 

Before 0.252 0.000 - 0.858 0.403 -9.843 ± 1.062 -0.093 1.2 0.928 4.097 ± 9.086 4.509 1.4 <0.001 -4.911 ± 2.875 -1.708 8.6 0.124     

After 0.008 0.000 - 0.740 0.500 -1.729 ± 1.229 -1.407 4.8 0.221 4.649 ± 1.145 4.059 1.3 0.002 -1.332 ± 9.027 -1.469 4.7 0.206     

No. of dives 

Before 0.000 0.000 - 0.914 1.000 2.810 ± 1.399 0.201 1.4 0.844 3.006 ± 1.269 2.368 1.4 0.033 3.364 ± 3.558 0.095 1.4 0.926     

After 0.000 0.000 - 0.598 1.000 -1.396 ± 1.396 -1.000 3.4 0.383 4.010 ± 1.136 3.531 9.0 0.006 -2.971 ± 1.033 -0.288 3.4 0.791     

Dive depth 

Before 0.743 0.000 - 0.969 0.074 -2.395 ± 3.488 -0.694 1.0 0.503 3.010 ± 2.189 1.375 8.5 0.205 -1.585 ± 9.454 -0.168 1.4 0.869     

After 0.623 0.198 - 0.925 0.352 4.614 ± 2.770 0.167 3.2 0.877 3.599 ± 1.295 2.779 7.5 0.026 1.076 ± 2.010 0.054 3.9 0.960     

2023 

 

 

 

'Effort' After 0.025 0.000 - 0.142 0.474     1.135 ± 6.139 18.485 1.4 <0.001 4.119 ± 7.222 5.703 1.8 <0.001 2.845 ± 5.648 0.050 1.9 0.960 

No. of dives After 0.051 0.000 - 0.145 0.102     4.076 ± 6.383 6.386 1.5 <0.001 1.482 ± 8.320 1.782 2.0 0.090 6.432 ± 6.535 0.098 1.7 0.923 

Dive depth After 0.124 0.000 - 0.315 0.157     8.950 ± 9.697 0.923 1.4 0.358 1.510 ± 1.448 1.043 2.5 0.307 2.136 ± 1.167 1.830 1.6 0.086 
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Table S1. Repeatability values (R) for razorbill individual dive depths in 2020 (before/after capelin 

spawning), and in 2023. Bootstrapped 95% confidence intervals and p values are also shown. Significant 

R values are shown in bold. 

 Year Group R 95% CI p 

Dive depth 
2020 

Before 0.307 0.103 - 0.468 <0.001 

After 0.598 0.198 - 0.793 <0.001 

2023 After 0.136 0.064 - 0.216 <0.001 
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Figure 1. The location of the study breeding colony, James Island (orange star), part of the Wadham Islands archipelago, on the northeast coast 

of Newfoundland, Canada. The map also shows the location of the hydroacoustic survey area (orange box) to measure capelin biomass (see 

Davoren et al. 2025 for details). 
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Figure 2. Earth mover’s distance (EMD) values for between (B) and within-individual (W) differences in foraging track locations of chick-rearing 

razorbills on the northeast Newfoundland coast during each capelin availability period (before/after spawning) in each year (A). Note the 

difference in y-axis scale in 2020, illustrating varying spatial consistency across years. Also note that during 2023, birds were tagged only after 

capelin spawning began. Predicted EMD values from a generalised linear model (GLM) are shown as error bars with 95% confidence intervals. 

Within individual earth mover’s distance (EMD) values along the docile-aggressive continuum within 2023 (B). 
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Figure 3. Razorbill foraging tracks 

during chick-rearing in 2019, 2020 

and 2023, showing two individuals 

(yellow and blue) with the most 

foraging trips in each prey 

availability period (before/after 

spawning) in each year to 

illustrate within- and between-

individual variation. GPS locations 

for all other tracked birds in each 

period are shown in grey. The 

breeding colony (James Island) is 

shown by an orange star. Note the 

difference in scale (km) between 

2020 and the other years. 
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Figure 4. Foraging effort (A) and number of dives (B) per trip throughout 2023 with the time of day of the trip shown by squares (overnight) and 

circles (day). Points are shaded along the docile-aggressive continuum, with darker and lighter shading showing individual birds at the docile and 

aggressive ends of the continuum, respectively. 
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Figure 5. Razorbill fledge success (successful = 2, probably successful = 1, unsuccessful = 0) along the docile-aggressive continuum in 2020 (n=8), 

2021 (n=28), 2022 (n=38) and 2023 (n=42). 
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Figure S1. Distribution of docility scores within: (A) GPS (global positioning system) tagged razorbills in 2023, (B) GPS tagged razorbills across all 

years (2019-2020, 2023) and (C) razorbills with known fledge success in at least one year (2020-2023). 
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Figure S2. The dive depths of each tagged razorbill collected with time-depth recorders (TDRs) in 2020 (A) and 2023 (B). The vertical line in A 

divides the birds into those tagged before capelin spawned in 2020 (left) and those that were tagged after capelin spawned (right). Predicted 

depth values for each individual from a generalised linear model (GLM) are shown as error bars with 95% confidence intervals. 
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Figure S3. Razorbill foraging trip duration (A), total distance (B), ‘foraging effort’ (C), and number of dives (D) for day and overnight (night) trips 

in 2023. Statistical results (t, df and p) from t-tests comparing the trip types are shown above.
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Link between Chapters 2 & 3 

In Chapter 2, I found no relationships between personality (aggressive-docile continuum, using observer 

ratings developed in Chapter 1) and razorbill behaviour (e.g., foraging distance, location) or fledging 

success during the breeding season. Instead, razorbill behaviour was dependent on the prey context (i.e., 

high or low capelin availability). For example, razorbills were spatially consistent in their foraging locations 

when capelin was present in the study area to spawn and the dominant prey type (i.e., years where peak 

capelin biomass was at least equal to the decadal average). In Chapter 3, I aimed to relate the aggressive-

docile continuum (observer ratings) to razorbill behaviour during the non-breeding season (e.g., migratory 

location, foraging dive depth), an understudied period of the annual cycle of seabirds. 
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Chapter 3: The behaviour of individual razorbills (Alca torda) during the non-

breeding season is consistent but not related to personality. 
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Abstract 

Within-individual consistency and between-individual variation in migratory (e.g., timing and 

location) and foraging (e.g., dive depth or trophic level) behaviour have been observed in many 

species, including seabirds. Migratory differences among individuals within species have been 

linked to factors, such as age, sex and animal personality, and may have fitness consequences. 

Therefore, we aimed to investigate individual consistency in migratory behaviour (i.e. location, 

distance), foraging dive depth and dietary metrics for razorbills (Alca torda) during non-breeding 

seasons across years and whether these behaviours were related to personality. Between 2017-

2023, we deployed light-level geolocator (GLS) and combination geolocator time-depth recorder 

(GLS/TDR) tags on personality-tested razorbills (docile-aggressive continuum) during chick-

rearing in coastal Newfoundland, Canada and collected feathers (head, belly, secondary) to 

quantify stable isotope ratios of nitrogen (δ15N) as a proxy of trophic level. Razorbills displayed 

higher between-individual relative to within-individual variation (i.e., high repeatability, R) in 

their overwintering locations, the distances travelled north (R = 0.592) and south (R = 0.564) from 

the colony, average daily dive depth (R = 0.108), and δ15N values (R = 0.128). These behaviours, 

however, were not related to personality. Overall, the small but consistent differences in 

migratory location and foraging behaviour suggest that environmental conditions causing 

negative fitness consequences may be experienced by certain subsets of the population, thereby 

minimizing the impacts of localized threats at the population-level. Although relationships 

between personality and behaviour were not observed, we suggest future studies investigate 

personality to understand the between-individual variation shown in a growing number of 

studies. 
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Introduction 

Migration, or seasonal movements between breeding and non-breeding areas (Newton, 2008), 

likely evolves in animals in response to resource availability, which varies over temporal and 

spatial scales (McNamara & Dall, 2010). Indeed, migration is likely to evolve if reproduction is 

more successful in one location, but winter survival is higher at a different location (Lack, 1954; 

Stearns, 1992). Within species, site fidelity of individuals to non-breeding locations is common 

across animal taxa (mammals: Bradshaw et al., 2004; reptiles: Broderick et al., 2007; birds: 

Phillips et al., 2005) and may evolve to increase familiarity with the resources available in the 

local environment (McNamara & Dall, 2010; Newton, 2008).  

Animal non-breeding periods are comparatively less well studied than breeding periods (Bell et 

al., 2009), and this is especially the case in seabirds (Dunn et al., 2019). In seabirds, the non-

breeding season is typically a period of migration with many species travelling large distances 

from the breeding grounds to reach non-breeding areas (Nelson, 2002). Although seabird species 

may vary in their migratory distance (Fort et al., 2013), they often follow consistent routes, 

possibly reflecting environmental processes that concentrate prey (e.g., oceanic upwellings; Fort 

et al., 2012). Studying seabird migration is challenging due to the large distances involved (e.g., 

across oceanic basins; Webster & Marra, 2005) but technological advancements, such as the 

reduction in size of tracking devices, have reduced the reliance on visual observations of 

identification bands (Franklin et al., 2022a), thereby facilitating the study of migratory patterns 

without the biases associated with coastal resights (Fort et al., 2012).   
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There is increasing evidence that many seabird species exhibit consistent individual differences 

in migratory behaviour (e.g., location, timing; Biagiotti Barchiesi et al., 2023; Ceia & Ramos, 2015; 

Franklin et al., 2022b; Phillips et al., 2017). These individual differences in behaviour can be 

related to factors such as sex, age or physiology (Araújo et al., 2011). Indeed, differences in 

migratory distance or location within a species, known as ‘differential migration’, are known to 

result from different age groups or sexes segregating in time or space, possibly to reduce 

competition or facilitate earlier arrival to the breeding colony (Cristol et al., 1999). Individual 

differences, however, persist within sexes and age classes (Bolnick et al., 2003; Carneiro et al., 

2017) and may be linked to animal personality (Wolf & Weissing, 2012). Animal personality is 

defined as consistent variation among individuals that persists both temporally and across 

contexts (Stamps & Groothuis, 2010). Five main personality traits are regularly studied (Réale et 

al., 2007), each with a wide range of potential behaviours that vary along continuums (e.g., docile 

– aggressive, shy – bold). Individual traits can correlate with others to form behavioural 

syndromes (e.g., boldness and aggression, Réale et al., 2009) and have been linked to exploratory 

and foraging behaviour (Wolf & Weissing, 2012). In general, bolder individuals typically take more 

risks (Montiglio et al., 2018) and are more repeatable in their behaviour (i.e., specialists) 

compared to shyer individuals (i.e., generalists; Gibelli & Dubois, 2017). Therefore, personality 

can both influence and place limitations on individual behaviours (Dall et al., 2004; Mathot et al., 

2012), such as migration (Gatt et al., 2021). 

Consistent individual differences in seabird behaviour during breeding (e.g., foraging distance 

and location) have been related to personality (Harris et al., 2020; Krüger et al., 2019; Pereira et 

al., 2024). Indeed, shyer individuals have been shown to forage further from the breeding colony, 
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potentially in a less competitive environment (Harris et al., 2020; Kruger et al., 2019; Patrick & 

Weimerskirch, 2017). Few studies, however, have linked personality and non-breeding 

behaviours, including migration distance and location. This may stem from few studies 

intentionally collecting repeat migration tracks, resulting in low sample sizes (Franklin et al., 

2022a; McFarlane Tranquilla et al., 2014). As personality influences seabird movement in the 

breeding season (e.g., Harris et al., 2020), it is also a possible driver of migration differences 

within species due to the relationships between traits such as boldness and exploration (Merrick 

& Koprowski, 2017). Indeed, Gatt et al. (2021) found that bolder Cory’s shearwater (Calonectris 

borealis) were migrants compared to shyer birds which were year-round residents near the 

breeding colony. Although personality was not investigated in the other seabird studies that 

showed high within-individual consistency, consistent differences in migratory behaviour across 

individuals (e.g., Anderson et al., 2020) suggest underlying personality differences may be 

responsible.  

In addition to migratory consistency in seabirds, individual consistency has also been observed in 

behaviours related to foraging such as dive depth, prey type or trophic level (Phillips et al., 2017). 

Like animal tracking, there have also been advancements in techniques available to study 

consistency in metrics related to diet (e.g., stable isotope analysis; Kernaléguen et al., 2015). In 

marine systems, stable isotope ratios in consumer tissues reflect those in their prey with some 

modification (Phillips et al., 2009) and stable isotope analysis (SIA) is now increasingly used to 

investigate consistency in trophic level or foraging habitat (Carneiro et al., 2017). In particular, 

nitrogen stable isotope ratios are related to differences in trophic level, with higher nitrogen 

stable isotope ratios (δ15N) indicating feeding at a higher trophic level (Bearhop et al., 2000). As 
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different tissues integrate stable isotope ratios from diet over varying timescales (Bearhop et al., 

2002), each tissue type reflects diet from a different period of the annual cycle. For example, 

feathers reflect diet when the feather is grown as keratin is inert once synthesised (Ceia & Ramos, 

2015). Therefore, the similarity in stable isotope ratios from the same tissue type that are formed 

during different periods (e.g., feathers) can be used as a proxy of individual dietary consistency 

(Wakefield et al., 2015). It is important to note, however, that because stable isotope ratios vary 

spatially and temporally (Moreno et al., 2016), these baseline shifts must be accounted for 

(Araújo et al., 2011). 

Razorbills (Alca torda) are a member of the Family Alcidae (hereafter ‘alcids’) and are found 

across the North Atlantic (Lavers et al., 2020). Alcids are characterized by a stout body and high 

body mass to wing ratio which facilitates wing-propelled pursuit diving but results in a high 

energetic cost of flight relative to other bird species (Elliott et al., 2013). Like other alcids, 

razorbills are long-lived (up to 40 yr), take several years to reach sexual maturity (4-5 yr), have 

limited physiological differences among mature individuals and lack outward age- or sex-related 

characteristics (Lavers et al., 2020). Both sexes share parental care during chick rearing but once 

chicks fledge at ~30% of adult body mass, the male cares for the single chick at sea for 1-2 months 

(Gaston & Jones, 1998). Razorbills spend the non-breeding period (September to April) at sea, 

during which they moult (Lavers et al., 2020). Different feather types moult at different times of 

the year (flight feathers: autumn; contour feathers: autumn/winter/spring; Glew et al., 2019; 

Lavers et al., 2020), and they are flightless whilst replacing primary and secondary flight feathers 

(Dunn et al., 2020). Consistent individual differences in migration were reported in three closely 

related alcid species: Atlantic puffin (Fratercula arctica; Guilford et al., 2011), common murre 
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(Uria aalge) and thick-billed murre (Uria lomvia; McFarlane Tranquilla et al., 2014). Personality 

was also recently identified in razorbills (aggressive-docile continuum, hereafter ‘docility’; Legard 

and Davoren, 2025; Chapter 1), therefore, razorbills may be a good model species to investigate 

links between personality and migratory behaviour.  

The first objective of this study was to investigate individual behavioural consistency in razorbills 

during the non-breeding season. The second objective was to determine whether behaviours 

(i.e., migration location and distance, foraging dive depth, trophic level) are influenced by 

personality. To do this, assessments of personality (observer ratings; 2021-2023) along the 

docile-aggressive continuum were performed on chick-rearing razorbills on the northeast coast 

of Newfoundland, Canada, and non-breeding migration and dive depth (bird-borne devices; 

2017-2018, 2019-2024) were combined with stable isotope ratios of nitrogen from three 

different feather types (2017, 2019-2024) representing different parts of the non-breeding 

season. We hypothesized that razorbills exhibit consistent individual behaviour, and that this 

behaviour is related to docility. We predicted that razorbills would have higher between-

individual relative to within-individual variation (i.e., high repeatability) for all observed 

behaviours. Due to correlations among aggression, boldness and exploration (Sih et al., 2004), 

we predicted that aggressive individuals will migrate greater distances from the breeding colony 

and be more consistent in use of non-breeding locations than docile individuals. Additionally, due 

to the possible competitive advantage of bolder individuals, we predicted aggressive individuals 

would forage at a higher trophic level. This study is the first to investigate the relationships 

between individual consistency in behaviour during the non-breeding season combined with 

personality in a species from the family Alcidae and among the first in seabirds in general. 
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Methods 

We captured chick-rearing razorbills for tag deployment/retrieval during July-August 2017, 2019-

2024 on James Island on the northeast coast of Newfoundland, Canada (Figure 1), home to 

~2,750 breeding pairs (Environment and Climate Change Canada unpublished data). Between 

2021 and 2023, all razorbills captured for tag deployment/retrieval, including birds tagged in 

previous years (2017, 2019, 2020), underwent personality assessments, following Legard and 

Davoren (2025; Chapter 1). In brief, observer ratings were conducted to assess personality along 

the docile-aggressive continuum by two or three observers, with each observer independently 

rating each bird on a scale from 1 to 5 during routine handling (e.g., tag deployment, feather 

sampling; see below) across a range of observable behaviours (e.g., biting, vocalising). Ratings 

were averaged across observers, and then across years, to create one docility-aggressive score 

for each individual. Ratings were consistent across years in individuals that were assessed in more 

than one year (Legard and Davoren, 2025; Chapter 1). 

Data and Sample Collection 

Archival, light-weight Global Location Sensor (GLS) tags, GLS-Time-Depth Recorder (TDR) tags or 

TDR tags were deployed on chick-rearing razorbills during 2017 and between 2019-2022 (Table 

1). Four different tag types were used: Biotrack MK3006 (GLS), Migrate Technology Intigeo C330 

(GLS), Lotek Lat1800 (TDR) and Lotek Lat2800 (GLS-TDR, see details in Table 1). All tag types were 

attached to a plastic band and deployed on the left tarsus of the bird. The tag and plastic band 

had a combined weight of 4.0 – 7.0 g, which is less than 1% of the body mass of adult razorbills 

captured at James Island (701 ± 52 g), when considering potential tag effects (Vandenabeele et 
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al., 2012). Tags were retrieved during subsequent breeding seasons (2018, 2020-2024; retrieval 

rate = 51%, Table 1, Table 2). Tag deployments and retrievals took place at night (01:00 - 04:00) 

to minimise colony disturbance and nest abandonment.  

All tags had immersion (wet/dry) and temperature sensors, while TDR tags also had pressure 

sensors (depth) and GLS also had light sensors. The four tag types recorded data at different 

intervals. Migrate Technology GLS tags (C330) recorded light (continuous scale, full daylight 

curve) every 5 min, a wet/dry value every 30 s (proportion of wet to dry recorded every 10 min), 

and temperature when the tag was wet continuously for 20 min (minimum, maximum and mean 

temperature recorded for every 8 h). GLS Biotrack tags (MK3006) recorded light (binary, yes/no 

light) every 10 min, a wet/dry value every 3 s (proportion of wet to dry recorded every 10 min), 

and temperature when the tag was wet continuously for 20 min, 40 min, and 4 h. Lotek TDR 

(Lat1800) tags recorded pressure, immersion and temperature every 6 s (5 retrieved tags) or 10 

s (2 retrieved tags), while Lotek GLS-TDR tags (Lat2800) recorded all parameters every 10 s (light: 

continuous scale, full daylight curve). Due to varying recordings intervals and memory, battery 

life varied among tag types, but all recorded at least one full non-breeding period. 

Three feather types were collected from each razorbill (head, belly, secondaries) upon tag 

deployment and retrieval (Table 2). Three to five head and belly feathers were plucked by hand 

and the tip (~ 2 cm2) of the first secondary feather was collected for stable isotope analysis (SIA). 
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Data and Sample Processing 

Daily location estimates 

To calibrate the GLS tags, we followed Runnells et al. (2024). In brief, a small number (n=10) of 

previously deployed C330 tags were attached to plastic common murre decoys and placed in the 

ocean close to James Island for 3-7 d. Solar angles were calculated using the GeoLight package 

(Lisovski & Hahn, 2013), generating values ranging from -2.98° to -5.63° (-4.54° ± 0.82°). 

The departure/arrival dates from/to the colony for each tagged bird were estimated and used to 

subset the raw light data to the non-breeding period. For GLS (Migrate Technology) and GLS-TDR 

(Lotek) tags, the arrival date was defined as the first day with lower light levels (i.e., below a set 

threshold) during daylight hours, indicating that the bird was in the shaded rock crevice (i.e., had 

begun nesting). The departure date was similarly defined as the last day in the autumn with lower 

light levels during the day. This was not possible for GLS (Biotrack) tags as light data were 

collected in a binary fashion (yes/no light). Therefore, immersion data were used to estimate 

arrival/departure dates for these tags, where the first and last days where the tag was 

continuously dry for 6 hours was used to indicate presence on the breeding colony. 

Geolocator data processing followed frequently used methods (e.g., Runnells et al., 2024). 

Twilights (sunrise and sunset) were determined from raw light data using the preprocesslight 

function from the package TWGeos (Lisovski et al., 2016). An additional preliminary step was 

required prior to this for GLS-TDR (Lotek) tags as these tags did not automatically adjust for time 

drift throughout the deployment period (see Supplementary Materials). Different light thresholds 

were required for each tag type as they measured light on different scales (see Supplementary 
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Material). Processed twilight data were then used to estimate movement tracks using the R 

package probGLS (Merkel, 2021) that produces two location estimates per day, one for each 

twilight event (sunrise and sunset; see details in Merkel et al., 2016). In brief, this process 

involved generating 2000 possible locations for each twilight event based on the timing of the 

estimated twilights, the potential uncertainty around these times and a random solar angle from 

the input range (-3° to -6°). Each of these 2000 locations was then weighted based on sea surface 

temperature (SST) and sea ice cover, along with razorbill flight speeds. Specifically, location 

estimates were constrained by satellite-derived SST and ice cover data (downloaded from the 

National Oceanic and Atmospheric Administration; NOAA). Locations with an SST > 2°C from the 

tag-recorded temperature or with 100% ice cover were considered unreasonable. This difference 

of 2°C for SST was selected following preliminary exploration of movement tracks, where a 

difference of 3°C produced tracks with unreasonable distances between consecutive twilight 

events (>1500 km). Flight speeds of razorbills were estimated following (Buckingham et al., 2022), 

which was informed by flight speeds of several bird species (Pennycuick, 1987) and further 

constrained by a study on razorbills (Thaxter et al., 2010). The algorithm then used a biased 

random walk with forward particle sampling to randomly select one location for each twilight 

event based on assigned weights, repeating the process from one twilight event to the next and 

generating one movement track for the tag deployment. This step was repeated to get 100 

movement tracks for each tag deployment and the geographic median track was output as the 

final movement track. For full details on preliminary steps leading up to the use of probGLS, and 

the required input parameters, see Supplementary Material (Table S1). 
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Dive behaviour  

Foraging dive characteristics (i.e., dive depth, duration) were quantified from TDRs using the R 

package diveMove (Luque, 2007). Foraging dives were defined as dives >1.5 m (Lescure et al., 

2023). Because of the large number of dives recorded per tag (69337 ± 16673), dives were 

subsampled for each individual by constraining to only include the non-breeding period (October 

1 to March 31) and then calculating the mean daily dive depth during this this period. This 

resulted in ~180 data points per individual. Dive duration was not included in analyses because 

dive duration and depth were highly correlated (N = 1594733, r2 = 0.660, p = < 0.001).  

Feather stable isotope analysis  

Feathers were washed twice in 0.25 M Sodium Hydroxide (NaOH) solution to remove dirt 

(Bearhop et al., 2002), rinsed in deionized water twice and then dried. All samples were then 

shipped to the Chemical Tracers Lab (University of Windsor, ONT, Canada) where stable isotope 

ratios of nitrogen (δ15N) were quantified using an Elemental Analyzer – Isotope Ratio Mass 

Spectrometer (Thermo Delta V). For full details on this process, see Carvalho et al. (2022) and 

Runnells et al. (2024). The nitrogen stable isotope ratios of feathers are reported in standard δ 

notation (units: parts per mil, ‰) relative to ratios of the universal standard (atmospheric N2; 

Bond & Jones 2009). Instrument accuracy, based on certified values of USGS 40 (n = 60) analysed 

throughout runs, showed a difference from the certified value of 0.08‰ for δ15N. Precision was 

determined as ≤0.48‰ for δ15N using the standard deviation of repeat analyses of 4 standards: 

USGS 40, NIST1577c, tilapia muscle and urea (all n = 60).  
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Data Analysis 

All data processing and statistical analysis were carried out in R version 4.3.0 (R Core Team, 2023). 

During analyses, model assumptions were confirmed in all cases following protocols outlined in 

Zuur & Ieno (2016). 

Non-breeding spatial consistency within and among individuals was quantified as Earth Mover’s 

Distance (EMD) values using the emd function in the R package move (Kranstauber et al., 2021). 

This metric provides a dissimilarity value of the average distance between two spatial 

distributions (km) even when they do not overlap (Franklin et al., 2022b; Kranstauber et al., 

2017). EMD values are continuous, where two identical distributions have a value of zero and 

values increase as the difference between distributions increases (Franklin et al., 2022b). The 

Haversine function was applied to account for distributions that stretch over large distances 

(spherical surface of the Earth) and geographical coordinates were used as the input (Franklin et 

al., 2022b; Kranstauber et al., 2017). EMD values were calculated for all possible between-

individual and within-individual migration track combinations, based on one daily location 

estimate (morning twilight). To compare the level of within-individual consistency to between-

individual differences of all tagged birds, individuals with movement tracks but had not been 

personality tested were also included (n=4). 

The maximum dispersal distance from the colony for each individual’s track was quantified as the 

distance between the breeding colony and the maximum north and south latitudes (± 200 km 

due to known GLS error, Merkel et al., 2016). Distance was calculated based on latitude as this 
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was the main direction travelled by razorbills during non-breeding, with minimal movement east 

into the Atlantic Ocean and west due to land (Runnells et al., 2024).     

To quantify consistency in space use, we compared the within- versus between-individual EMD 

values (response variable) using a general linear model (GLM). If within individual EMD values 

were significantly lower than between individuals, this indicated greater spatial similarity within 

individuals than among individuals (i.e. higher individual consistency). As the EMD values were 

non-negative, continuous and normally distributed, a gaussian error family and identity link was 

used. To compare within- and between-individual differences, the predict function was used to 

generate a predicted value and 95% confidence intervals for each from the output of the GLM.  

An additional generalised linear mixed model (GLMM) was also used to determine the influence 

of personality (i.e., docility score) and sex on within-individual EMD values, a proxy of spatial 

consistency. Individual was included as a random factor and the model was run with a gaussian 

distribution and identity as the link function. 

To quantify the consistency of non-spatial behavioural metrics and assess the influence of 

personality on behaviour, adjusted repeatability was calculated using GLMMs. The maximum 

distance travelled north and south, average daily dive depth and δ15N values were the response 

variables. These GLMMs were completed using the rpt function in the rptR package (Stoffel et al., 

2017). Repeatability (R) is calculated by dividing the variance among individuals by the sum of 

the variance among individuals and the residual within-individual variance (Bell et al., 2009), 

where R varies between 0 (low) and 1 (high). Adjusted repeatability allows fixed factors to be 

included in the analysis (Biro & Stamps, 2015) and is, therefore, recommended as it is important 

that biologically relevant factors that explain between individual differences are incorporated 
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(Carneiro et al., 2017). The fixed factors included in analyses of distances travelled north/south 

and δ15N were personality (i.e., docility score), sex and year (defined as distinct non-breeding 

periods) and were personality (i.e., docility score), sex and month for average dive depth. Month 

was included in this analysis as data exploration showed variable average dive depth across 

months during the non-breeding period (Figure S1). Additionally, feather type was included as a 

fixed factor for the repeatability analysis of δ15N values, as data exploration also showed variation 

in δ15N among feather types (Figure S2). All analyses were completed with a Gaussian distribution 

and parametric bootstrapping (n=1000) was used in all models to quantify 95% confidence 

intervals. 

Ethical Note 

This research was conducted under a Canadian Master Banding Permit (10873) and in agreement 

with the Canadian Council for Animal Care (Protocols F16-017, F20-017). All attempts were made 

to minimise animal use, limit the handling duration for each individual (15 min 8 sec ± 4 min 35 

sec), and avoid disturbance to the seabird colony. Additionally, the individuals used were part of 

a long-term study population where multiple converging scientific objectives were achieved from 

all research (e.g., Runnells et al., 2024). 

Results 

GLS tagged razorbills from James Island (Table 1) spent the non-breeding period on the east 

coasts of Canada and the USA and particularly spent time in the Labrador Sea, Gulf of St Lawrence 

and the Gulf of Maine (Figure 1). During the non-breeding period, TDR tagged razorbills (Table 1) 

had an average dive depth of 14.6 ± 9.3 m.  



121 
 

When examining spatial consistency across non-breeding periods, within-individual EMD values 

(324 ± 134 km) were significantly lower than between-individual values (408 ± 202 km; df = 990, 

t = -3.695, p = <0.001; Figure 2, Figure 3), showing that razorbills consistently used similar areas 

across consecutive non-breeding periods. Within-individual EMD values, a proxy of spatial 

consistency, however, did not vary with personality along the docile-aggressive continuum (df = 

8.7, F = 0.552, p = 0.477) or between sexes (df = 10.7, F = 0.489, p = 0.626). Additionally, there 

was no relationship between individual consistency and the number of years between two 

tracked migrations (the number of years between two tracks from the same individual was up to 

5 years; N = 19, r2 = 0.368, p = 0.121).   

Razorbills were significantly repeatable in the maximum distance they travelled north (970 ± 582 

km) and south (1187 ± 299 km) from the breeding colony (Table 3). While there was no effect of 

year on the distance travelled north or south, and sex on the distance travelled south, there was 

a significant effect of sex on the distance travelled north, with females (1186 ± 482 km) travelling 

farther north than males (597 ± 381 km; Table 3, Figure S3). Personality did not influence either 

the distance travelled north or south (Table 3). 

There was also low but significant repeatability in daily average dive depths (12.2 ± 7.6, min = 1.8 

max = 39.1 m) of razorbills (Figure 4, Table 3). Personality and sex did not influence daily average 

dive depth (Table 3). Daily average dive depth was significantly affected by month throughout 

the non-breeding season (Table 3), with shallower dives in midwinter (11.0 ± 7.0 m; November, 

December, January) compared to the months following and prior to the breeding season (13.9 ± 

7.1 m; October, February, March; Figure S1). 
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Similar to dive depth, δ15N values from feather samples had low but significant repeatability 

across all birds (Figure 5). While there was no effect of personality or sex on δ15N values, values 

varied significantly across feather types (Table 3), with significantly lower δ15N values in head 

feathers compared to belly and secondary feathers (Figure S2). 

Discussion 

In line with our prediction, our results show that individual razorbills are consistent in their 

behaviour during the non-breeding season. Consistency within individuals is shown by the spatial 

consistency of overwintering locations and the repeatability in average daily dive depth, δ15N 

values and the distances travelled north and south from the breeding colony. Overall, these 

results align with studies showing consistency in seabird behaviour (Biagiotti Barchiesi et al., 

2023; Ceia & Ramos, 2015; Phillips et al., 2017) and relate closely to a study showing razorbills 

can be consistent in their behaviour during the breeding season (Legard et al. in press; Chapter 

2). In contrast to our prediction, however, we did not find relationships between any non-

breeding behaviours and docility. These results contrast with the one study showing relationships 

between personality and seabird migratory behaviour during the non-breeding season in Cory’s 

shearwater (Gatt et al., 2021). 

Personality 

Although personality in seabirds has been linked with reproductive success, foraging behaviour 

and distribution (Collins et al., 2019; Gatt et al., 2021; Harris et al., 2020; Krüger et al., 2019; 

Patrick & Weimerskirch, 2014), we found no relationship between docility and any of the 

observed non-breeding behaviours in this study. Indeed, the only behaviour that was influenced 
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by an intrinsic factor (i.e., sex) was the distance travelled north, while there was no influence of 

sex or docility for all other behaviours investigated. This suggests that the small but consistent 

differences in migratory location and foraging behaviour (e.g., dive depth and trophic level) in 

razorbills are related to other unmeasured factors (e.g., age, physiology). Indeed, foraging 

behaviour and efficiency may vary among age classes within species (Phillips et al., 2017) and 

physiological differences may impact foraging technique or ability (Bolnick et al., 2003). It is also 

possible that personality influenced behaviours not investigated here (e.g., migratory timing, 

frequency of breeding attempts). Interestingly, relationships were also not found between 

personality and foraging behaviours during the breeding season in razorbills, with a greater effect 

of local forage fish prey availability than any other factor (Legard et al. in press; Chapter 2).  

Individual Consistency 

Razorbills displayed high levels of spatial consistency in their overwintering migrations and high 

repeatability in the distance travelled north and south from the breeding colony. These findings 

match numerous studies that have found high levels of site fidelity in migratory location in 

seabirds (e.g., Delord et al., 2019; Grist et al., 2014; Ramírez et al., 2016). Seabird site fidelity 

likely results from knowledge gained prior to maturity (Guilford et al., 2011; Péron & Grémillet, 

2013). For instance, individuals may learn predictable prey locations, with oceanographic 

features (e.g., ocean fronts, shelf and ice edges, coastal upwellings) and seasonal temperature 

and salinity gradients resulting in predictable prey on multiple temporal and spatial scales 

(Phillips et al., 2017; Wakefield et al., 2009). In support, it is common to find greater consistency 

in species that are found in areas with higher resource predictability (Phillips et al., 2005). 

Abundant prey are known to occur at locations razorbills consistently returned to during non-
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breeding. For example, high prey densities can be found in the Labrador Sea during the autumn 

(Figure 1: A; Davoren et al., 2002). Additionally, sand lance (Ammodytes spp.), a highly profitable 

prey type for seabirds, are found in the Gulf of Maine during the winter (Figure 1: B; Staudinger 

et al., 2020), where they are also known to be major dietary component for razorbills, common 

murre and Atlantic puffins during the summer (Scopel et al., 2019). Individual consistency might 

be higher in alcids relative to other seabirds as they are flightless during flight feather moult 

(Lavers et al., 2020), therefore, constraining movement within specific profitable moulting areas 

(Frederiksen et al., 2012). In support, the consistent use of non-breeding locations has been 

reported for other alcid species (e.g., common and thick-billed murre; McFarlane Tranquilla et 

al., 2014). Although individuals may be less consistent if individuals are tracked over longer 

periods due to changing prey availability over time (Berthold et al., 2004; Carneiro et al., 2017), 

individual consistency of razorbills were similarly high across two or three tracked migrations and 

when tracked migrations were not across consecutive non-breeding periods (e.g., up to five years 

apart). As this study used GLS tags that have relatively high spatial inaccuracy (± 150 km Halpin 

et al., 2021; Lisovski et al., 2020); compared to other tag types (e.g., global positioning system 

tags; GPS), the level of spatial consistency may be underestimated (Franklin et al., 2022a). For 

example, a bird overwintering in the same location in two successive years may be estimated to 

be up to 300 km apart in any direction due to the error associated with GLS location estimates, 

while this error would be significantly lower for GPS tags (< 50 m).  

Along with the high repeatability in distances travelled north and south, females travelled further 

north than males. Northward travel occurred immediately following the breeding season and, 

thus, may be related to males being unable to travel large distances while they care for their 
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flightless chick (Gaston & Jones, 1998). By contrast, most females moved north into the Labrador 

Sea, a known profitable prey area (Davoren et al., 2002), possibly to replenish energy expended 

during the breeding period. This resulted in temporary differential migration, but there was no 

spatial segregation between the sexes following this period. Sexual segregation during migration, 

including in monomorphic species (e.g., sooty shearwater; Puffinus griseus; Hedd et al., 2014), is 

widespread in seabirds and occurs over a wide range of spatial and temporal scales (Catry et al., 

2005). Differential migration can result from the availability of multiple profitable wintering areas 

or divergent mobility constraints, as was likely the case for male razorbills in this study. This 

differential migration may have the added benefit of reducing intra-specific competition through 

niche partitioning of the sexes (Miller et al., 2018; Oppel et al., 2015; Phillips et al., 2004), 

benefiting chick growth and survival rates in razorbills. 

Razorbills also exhibited low but significant repeatability in both average daily dive depth (R = 

0.108) and trophic level (δ15N; R = 0.128). These results are suggestive of consistent differences 

among individuals in diet and foraging behaviour (i.e., individual specialisation), which have been 

observed in 80% of tested seabird species, across many taxa including alcids (Ceia & Ramos, 

2015). Indeed, many studies using stomach content and stable isotope analyses have shown 

consistent individual differences in habitat use, prey type, or trophic level (Phillips et al., 2017). 

Specialisation is predicted to provide a selective advantage due to increased foraging efficiency 

from higher proficiency at locating and handling certain prey types (Phillips et al., 2017; Rebstock 

et al., 2022; Van Den Bosch et al., 2019; Weimerskirch, 2007). Although the location of foraging 

dives was not known and bathymetry may constrain dive depth in shallower areas, consistent 

dive depth may also represent habitat-related foraging preferences.  
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There were temporal factors that influenced within-individual differences in dive depth (i.e., 

month; Figure S1) and trophic level (i.e., feather type; Figure S2) throughout the non-breeding 

period. Importantly, the significant repeatability in these response variables shows that individual 

differences remained consistent throughout the non-breeding period despite this variation, 

which we accounted for by incorporating temporal fixed factors when calculating adjusted 

repeatability. Within-individual variation is expected, as individual foraging consistency can vary 

over time (e.g., across years; Ceia et al., 2014; within years; Harris et al., 2013) and some 

specialisations are relatively short lived (Wakefield et al., 2015). Additionally, repeatability of 

foraging behaviour likely declines over longer timescales due to changes in prey availability (Woo 

et al., 2008). The reduction in average daily dive depth during the winter months (Figure S1) may 

be explained by lower light levels in the winter resulting in lower light penetration into the water 

column. Similarly, changes in δ15N values may be explained as stable isotope ratios change 

spatially due to a variety of factors (depth, nutrient source, primary productivity; Moreno et al., 

2016). Given the large distances travelled by razorbills, spatial and temporal baseline shifts can 

confound direct comparisons of the trophic level of tissues grown in different regions at different 

times if not corrected (Araújo et al., 2011; Moreno et al., 2016).   

Conclusion 

Overall, razorbills exhibit both spatial and foraging behavioural consistency during the non-

breeding season. Understanding this between-individual variation is important as some subsets 

of populations may be more vulnerable to environmental change than others (Dingemanse & 

Wolf, 2013). As razorbills occupy different non-breeding locations with potentially varying 

environmental characteristics, negative effects on survival or reproductive success in the 
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following breeding season may occur only in part of a population (Baak et al., 2021; Jeffries et al., 

2021; Wolf & Weissing, 2012). Alternatively, within-species spatial segregation, along with 

differences in diet and foraging behaviour, may reduce intraspecific competition and result in 

higher reproductive success for the entire population (Barger et al., 2016; de Grissac et al., 2016; 

Linnebjerg et al., 2013; Phillips et al., 2017; Shoji et al., 2015; Wakefield et al., 2015). This 

segregation may also increase the resilience of a species to anthropogenic risks by limiting the 

impact of a localised threat (Clavel et al., 2011). For example, specific localised threats to 

razorbills include the regulated harvest of murres in coastal Newfoundland (Newfoundland turr 

hunt; Montevecchi et al., 2007), during which razorbills can be misidentified as murres (Lavers et 

al., 2009), and the vulnerability to oil spills in the Gulf of Maine due to the high density of oil 

related shipping in the area. Overall, understanding population and individual level differences 

can be beneficial for conservation (Baak et al., 2021), such as informing the locations of marine 

protected areas (Davies et al., 2021; Hanson et al., 2020; Hindell et al., 2020) that can contribute 

to the persistence of species (Beal et al., 2023). Finally, although relationships between 

personality and behaviour were not observed in this study, investigating personality traits 

alongside individual consistency can be another tool to help design conservation strategies that 

protect larger proportions of populations (MacKinlay & Shaw, 2023). 
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Table 1. Summary of bird borne tags deployed on chick rearing razorbills from James Island, 

Newfoundland (2017 and 2019-2022). 

  Tag Type 

  Biotrack MK3006 
Migrate Technology 
Ltd C330 

Lotek Lat1800 Lotek Lat2800 

Years 
deployed 

2017 2019-2022 2019 2021-2022 

No. tags 
deployed 

12 45 21 30 

No. tags 
retrieved (%) 

4 (33%) 28 (62%) 7 (33%) 16 (53%) 

Tag weight (g) 4.00 ± 0.20 4.48 ± 0.19 6.00 ± 0.20 6.51 ± 0.20 
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Table 2. Summary of sample sizes, with the number of individuals with multiple years of data for each 

data type. 

  Number of individuals with data from: 

  1 year 2 years 3 years 4 years 5 years 

Non-breeding migration (GLS) 16 10 4 / / 

Diet (feather SIA) / 17 11 2 3 

Foraging behaviour (TDR) 16 5 / / / 
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Table 3. Repeatability (R) values for distance travelled north and south, average dive depth and δ15N in razorbills. The 95% confidence intervals 

for repeatability are presented and t, df and p values for each fixed effect are reported. Significant R values and fixed effects are shown in bold. 

   Fixed Factors 

 Adjusted Repeatability Personality Sex Year/Month Feather 

  R 95% CI p F df p F df p F df p F df p 

Distance 
north 

0.592 0.154 - 0.837 0.020 0.269 19.3 0.610 6.055 17.6 0.010 2.461 20.8 0.132       

Distance 
south 

0.595 0.151 - 0.830 0.011 0.223 18.5 0.881 0.160 16.7 0.853 3.691 20.1 0.069       

Dive 
depth 

0.108 0.005 - 0.181 <0.001 0.149 15.2 0.705 1.947 15.2 0.179 18.552 4254.8 <0.001       

δ15N 0.128 0.024 - 0.245 0.002 0.894 28.9 0.352 0.006 29.5 0.995 4.789 256.6 0.030 44.973 232.2 <0.001 
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Table S1. Table showing all the input parameters for probGLS (https://rdrr.io/github/benjamin-

merkel/probGLS/) used in this study, and a description of the methodology and/or options for the input. 

Variations between the three tag types used (C330, MK3006 and Lat2800) are also shown. More details 

available in supplementary text for some elements (*). 

Input parameter: 
Input (C330 & 

MK3006 / Lat2800) 

Input description by tag type: 

C330 & MK3006 Lat2800 

trn * light data 
Twilights processed in 
TWGeos from raw light 
data. 

Twilights processed in TWGeos from raw light data 
subset to lowest light value in each 5 min period. 
Following manual time drift adjustment. 

sensor * SST data Raw SST data. 
SST estimation from raw temperature data using R code 
from seabiRds package (Patterson, 2023). Average 
calculated for 8-hour periods. 

act 
immersion 
data 

Raw immersion data. 
Proportion of wet to dry generated for 5 min periods 
(value out of 30) from raw immersion data. 

tagging.date tag specific Date of tag deployment. 

retrieval.date tag specific Date of tag retrieval. 

loess.quartile  NULL If not ‘NULL’ then the GeoLight loessFilter function is used before running iterations. 

tagging.location -53.78, 49.58 Longitude and latitude of tag deployment (decimal degrees). 

particle.number 2000 Number of possible locations generated for each twilight event. 

iteration.number 100 Number of tracks generated to calculate the geographic median track from.  

sunrise.sd 
2.49, 0.94, 0 

Twilight error structure for open habitat species such as seabirds: shape/scale/delay 
values defining uncertainty for each twilight event, following a log normal distribution. sunset.sd 

range.solar * -6, -3 
Solar angle range deemed appropriate for deployment on this species in this location 
following calculation of solar angles in GeoLight from a calibration period.  

boundary.box -85, -1, 25, 70 
The area within which the movement track occurs, locations are not produced outside 
of this box. Decimal degree coordinates. 

speed.dry * 16, 0.2, 17 Three values, expected, associated standard deviation and maximum speeds in m/s-1 
for when the tag is wet (on water) or dry (flying). speed.wet * 1, 1.3, 5 

sst.sd * 
calculated per 
individual / 
0.2 

A value for the standard deviation around the tag measured SST. Typically found in tag 
manual (e.g., Lotek Lat2800 tags ± 0.2°C) 

max.sst.diff * 2 
The range around the tag recorded SST that the algorithm can place a location based 
on the supplementary satellite recorded SST data. 

east.west.comp F If ‘T’ then apply Biotrack east west movement compensation applied.  

landmask T If ‘T’ then no locations possible on land.  

ice.conc.cutoff 1 The percentage of sea ice cover a bird is assumed not to be associated with (1=100%). 

tol 0.08 

Used to define equinox periods by setting the tolerance on the sine of the solar 
declination. When the solar declination is close to zero (at the equinoxes) latitude 
estimates are less accurate. Where the sine of the solar declination is less than set 
‘tol’, the latitude estimates are returned as NA. 

distance.method 'ellipsoid' How distances between locations are calculated, ‘spherical’ or ‘ellipsoid’.  

wetdry.resolution 30 / 10 Frequency of wet/dry recordings by the tag in seconds.  

NOAA.OI.location - Computer location of required environmental data.  
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Figure 1. The location of the study breeding colony, James Island (black star), on the northeast coast of Newfoundland, Canada. The Labrador 

Sea (A) and Gulf of Maine (B) are indicated. 
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Figure 2. Earth mover’s distance (EMD) values for between and within-individual differences in migratory track locations of non-breeding 

razorbills in the northwest Atlantic. Predicted EMD values from a generalised linear model (GLM) are shown as error bars with 95% confidence 

intervals. 
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Figure 3. Razorbill migratory tracks during non-breeding. Examples of between-individual differences (A, B, C, D) with each bird shown in a 

different colour (blue and orange). Examples of within-individual differences (E, F, G, H) with each year shown in a different colour (blue, orange 

and green). EMD values (km) are indicated for each comparison or set of comparisons. 
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Figure 4. The daily average dive depth of each tagged razorbill collected with time-depth recorders (TDRs). Predicted depth values for each 

individual from a generalised linear model (GLM) are shown as error bars with 95% confidence intervals. 
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Figure 5. Stable isotope ratios of nitrogen (δ15N) for razorbill head, belly and secondary feathers. All individuals are shown in light grey and 

examples of consistent between individual differences in δ15N value are shown in box A (2017), box B (2019) and box C (2023), with each 

individual shown in a different colour. Note, these are not the same individuals across all three boxes.  
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Figure S1. Average daily dive depth for all Time-Depth Recorder (TDR) tagged razorbills in each non-breeding month (October, November, 

December, January February, March).  
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Figure S2. Razorbill δ15N values from all sampled individuals across all years for the three different feather types (head, belly and secondary).  
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Figure S3. Distances (km) travelled north (A) and south (B) from the breeding colony by male and female tagged (Global Location Sensor; GLS) 

razorbills. 
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Chapter 3 - Supplementary Materials 

Additional Details on probGLS Processing 

One of the first parameters required by probGLS is to set a range of possible twilight solar angles 

that are appropriate for the whole duration of the deployment of the tags. The twilight solar 

angle is the angle below the horizon that the sun has to be to trigger a twilight event in the tag. 

This angle can be influenced by several factors including shading (vegetation, topography etc.) of 

the tag or geographical location. For example, a low solar angle (< -5°) would be typical of an 

environment with shading, while a high solar angle (> -5°) would be common in an environment 

with little shading. Many GLS processing manuals and protocols suggest either a two week 

‘rooftop’ calibration or a calibration on the bird while it is still at the deployment site (both known 

locations) to then calculate an appropriate solar angle for the probGLS algorithm (Halpin et al., 

2021; Lisovski et al., 2020). Instead, for this study, a small number (n=10) of previously deployed 

C330 GLS tags were attached to plastic common murre (Uria aalge) decoys and placed in the 

ocean close to James Island for 3-7 days. This imitated the location of the tag beneath a bird 

when floating on the water, a common behaviour during the non-breeding period, and was 

therefore believed to be a more appropriate representation of solar angle throughout the non-

breeding period. Solar angles were calculated from these deployments using the GeoLight 

package (Lisovski and Hahn, 2013) generating values between-2.98° to -5.63° (-4.54° ± 0.82°) 

leading to a selection of -3° to -6° as the solar angle range in the probGLS algorithm.  

ProbGLS also requires values for expected and maximum possible speeds (plus associated 

standard deviation) for when the tag is dry (bird presumed to be flying) and wet (bird on the 
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water). Wet speeds were determined following identification of ocean current speeds for the 

North Atlantic and taken from the GLS processing manual produced by Lisovski et al (2020). The 

dry flight speeds used follow the methods of Buckingham et al, (2022), which was informed by a 

study on razorbills by Thaxter et al (2010) and another study by Pennycuick (1987) on the flight 

of several bird species. 

The accuracy of probGLS location estimates is increased by the addition of SST data (Merkel et 

al., 2016). For C330 and MK3006 tags the raw SST data collected by the tag was used but as the 

sampling interval for Lat2800 tags was much more frequent (every 10 s) the temperature data 

recorded incorporates a lot of additional noise. For example, the temperature while diving at sea 

is recorded (often colder than SST) and leg tucking behaviour also influences the temperature 

recorded (warmer than SST and can reach up to 38°C). Therefore, R code from the seabiRds 

package (Patterson, 2023) was used to create an SST estimate for each 10 second interval. This R 

code uses other information collected by the tag (wet/dry sensor, depth data etc.) to help inform 

the SST estimate and remove the noise. This SST estimation method was validated following 

examination of SST data from two C330 tags and data from Lat1800 tags that were deployed 

concurrently on the same bird. These Lat1800 tags recorded the same data types (minus light 

data) at the same interval as the Lat2800 tags and were also processed using the seabiRds code 

to compare to the temperature profile from the C330 tag. These SST profiles throughout the tag 

deployment were found to be similar and therefore justified this method for Lat2800 tags.  

Also concerning temperature, probGLS needs to be informed of the range around the tag- 

recorded SST that the algorithm can place a location based on supplementary satellite-recorded 

SST data. For example, if this value is set at 3°C and the tag temperature recording is 12° then the 
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algorithm can select locations with satellite SST values of 9 to 15°C. A value of 2°C was selected 

for the processing of final tracks. This was selected following preliminary running of movement 

tracks where a value of 3°C produced tracks with unreasonable jumps in location between 

twilight events (>1500km). This was reduced to 2°C to constrain the algorithm and prevent these 

jumps while still allowing some freedom to produce a range of possible locations for each twilight 

and prevent SST from overriding the light data as the driving force behind location selection. 

As the nature of the light sensors differed between tag types a different threshold value indicating 

sunset and sunrise was required for each: 0.9 (following log transformation), 135 and 2 for C330, 

Lat2800 and MK3006 tags, respectively. Additionally, as geolocation requires accurate twilight 

times, it is important light data are accompanied by accurate time information. C330 and MK3006 

tags carried out automatic post-deployment time drift adjustments to account for any time drift 

in the clock of the tag during the deployment period. For Lat2800 tags, this had to be completed 

manually and was achieved using a linear adjustment (similar to the methods used by the other 

tag types) that assumed consistent time drift throughout the tag deployment. To do this, the 

difference between the time on the tag and the time on the computer when the tag was stopped 

for data download was noted. These two time points were put into a linear model with both time 

series starting at the known tag start time. The relationship between these two-time series 

(slope) was then used to inform the R function predict and adjust all known tag times accordingly. 

This resulted in times towards the end of the deployment being adjusted more than those at the 

beginning and therefore aligning with the assumption that the drift was consistent. Of the sixteen 

Lat2800 tags retrieved, 5 had time drift too large to be corrected accurately (> 8 hours, suggestion 

of inconsistent time drift), and, thus, had to be discarded from analysis. The remaining eleven 
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were adjusted for use in analysis. Of these, 7 had unknown levels of drift, as the tag died before 

data download and prevented the identification of the difference between tag and computer 

time. The time drift of these 7 tags was estimated at 2 hrs (1 tag) or appeared minimal (<1 hour, 

6 tags) following examination of light data in relation to known sunset/sunrise times at the study 

colony. The final 4 tags had low levels of known time drift (<1 hour). 

Finally, before generating each movement track in probGLS the raw light data were subset based 

on the best estimate of the departure/arrival dates from/to the colony. For C330 and Lat2800 

tags these estimates were calculated using the raw light data as it is possible to see nest 

attendance during the breeding season as dips in the light data during daylight hours. These lower 

light levels are not present at equivalent times during the day in the non-breeding period. 

Following data examination using histograms, a bimodal distribution in log transformed light data 

was observed with a peak at lower light levels indicating nest attendance and then a larger peak 

at high light levels indicating daylight hours. Due to the nature of razorbill rock crevice nests, 

shading is not always complete resulting in lower light levels above the twilight threshold of 0.9. 

Following examination of all razorbill data, a threshold light level of 3 was selected to indicate 

nest attendance when light dropped below this value. Daylight hours (08:00 – 19:00) were then 

examined starting on May 1 to identify the first date of nest attendance (arrival) and starting on 

June 15 to determine the last day of nest attendance (departure). Due to the nature of the light 

data collected by MK3006 tags (binary, yes or no light), these estimates were calculated using 

immersion data instead as it is possible to see colony attendance during the breeding season as 

continuous periods where the tag is dry. These long dry periods do not occur during the non-

breeding period. Following data examination of all 4 tags of this type, a period of 6 hours 
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continuously dry was chosen to indicate colony attendance, as dry periods of this length do not 

occur outside the breeding season. The first such period after May 1 was designated the arrival 

date and the last after June 15 was determined to be the departure date. Departure dates for all 

razorbills ranged between July 12 and September 14 (average: August 17 ± 18 days) while the 

range of arrival dates was May 1 to June 1 (average: May 10 ± 8 days). 
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Link between Chapters 3 & 4 

In Chapter 3, I found razorbills to be individually consistent in their behaviour (i.e. migratory location and 

distance, foraging dive depth and trophic level) during the non-breeding season. However, none of these 

behaviours were related to the aggressive-docile continuum, with only the distance travelled north from 

the colony influenced by an intrinsic factor (i.e., sex). In Chapter 4, I aimed to link individual migratory 

consistency with population-level migratory behavioural diversity across six seabird species, representing 

three seabird families (Alcidae, Laridae and Sulidae) breeding in the Atlantic Canada. Species with low or 

high behavioural diversity may be vulnerable or more resilient to environmental change, respectively. 

Therefore, it is important to identify these species to aid conservation and management decisions.  
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Chapter 4: Diversity in non-breeding distribution differs across seabird species in 

the northwest Atlantic. 
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Abstract 

Species-specific behavioural diversity (i.e., differences among individuals that are consistent 

across time) can influence population dynamics, with lower diversity resulting in a higher 

probability of population declines. In seabirds, non-breeding locations and migratory routes can 

be highly consistent within individuals but can vary among individuals within a species. We aimed 

to determine the level of behavioural diversity within several seabird species that breed in 

Atlantic Canada and overwinter in the northwest Atlantic. To do this, we collated non-breeding 

bird-borne tracking data from GPS and geolocator GLS tags from six species (Atlantic puffin, 

razorbill, northern gannet, thick-billed murre, glaucous gull and herring gull) representing three 

seabird families (Alcidae, Laridae and Sulidae) with a focus on datasets that had repeat non-

breeding tracks within individuals. We used Earth Movers Distance (EMD) to compare non-

breeding distributions within and among individuals in a colony/species. All species showed high 

levels of individual consistency in non-breeding locations. Behavioural diversity, observed as 

bimodal distributions of between-individual EMD values (i.e., distinct migratory routes), varied 

across and within colonies and species, with northern gannets and glaucous gulls showing the 

greatest diversity. Findings suggest that the lower behavioural diversity of species from the family 

Alcidae (puffins, razorbill, murres) make them more vulnerable to environmental change and 

anthropogenic threats (e.g., offshore wind farms). Identifying species and populations with lower 

behavioural diversity is valuable for seabird conservation and management due to their lower 

response diversity and greater likelihood to suffer from mass mortality related to a single local 

event (e.g., oil spill). 
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Introduction 

Increasingly variable environmental conditions due to anthropogenic related disturbances (e.g., 

climate change) are resulting in population declines across the animal kingdom, with declines 

often being greater in specialist species (Clavel et al., 2011). Indeed, the behavioural diversity 

within a species (i.e., differences among individuals) can influence population dynamics, with 

greater diversity potentially resulting in increased stability (Sydeman et al., 2015) and lower 

diversity resulting in a higher probability of population change under variable environmental 

conditions (Gilroy et al., 2016; Wolf & Weissing, 2012). This higher vulnerability may increase if 

the individuals within a species are highly consistent (i.e., not behaviourally flexible), leading to 

potentially sub-optimal behaviour when environmental conditions (e.g., prey availability) 

change. Therefore, an understanding of the behavioural diversity both among and within 

populations will aid in understanding their ability to tolerate future environmental variation 

(Nussey et al., 2007).  

Variation in migratory behaviour (e.g., differential migration) among individuals within a species 

or population (Dias et al., 2011; Gutowsky et al., 2020; Spencer et al., 2016) is an important 

example of behavioural diversity. Migration (i.e., movements between breeding and non-

breeding areas that occur seasonally; Newton, 2008) is an adaptive trait that has evolved to 

maximize fitness under temporal and spatial variation in resource availability (McNamara & Dall, 

2010). Therefore, migration occurs when winter survival is higher at one location, but 

reproduction is more successful at another location (Lack, 1954; Stearns, 1992). Diversity in 

migration locations may occur when there are multiple profitable wintering areas that can be 

reached by a population (Davis et al., 2016). Within species, individual site fidelity can increase 
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familiarity with the conditions at a wintering area (e.g., resource availability; Fifield et al., 2014; 

McNamara & Dall, 2010; Newton, 2008) and is common across animal taxa (Bradshaw et al., 

2004; Broderick et al., 2007; Phillips et al., 2017). The survival rates of sub-groups within a 

population may differ if individuals consistently migrate to different wintering locations, where 

they experience varying environmental conditions (Newton, 2004) and are exposed to different 

types and levels of anthropogenic change or threats (Baak et al., 2021b). Therefore, 

understanding the migratory locations of distinct sub-groups of a population is important to 

understand the risk and vulnerability of populations experiencing environmental change (Phillips 

et al., 2017; Wolf & Weissing, 2012). Indeed, tracking data frequently inform conservation and 

management decisions (Davies et al., 2021; Hays et al., 2019; Hindell et al., 2020). The non-

breeding period, however, remains an understudied component of the annual cycle of animals 

(Bell et al., 2009) and this is particularly the case in seabirds (Dunn et al., 2019). 

During the non-breeding period, many seabird species travel large distances to wintering areas 

(Daunt et al., 2014; Nelson, 2002), but species vary in migratory patterns (e.g., distance and 

location; Fort et al., 2013). For instance, some seabird species or populations exhibit variation in 

migratory routes and overwinter in several distinct locations (e.g., Fayet et al., 2016; Fifield et al., 

2014; Gatt et al., 2021). Many seabird species also show individually consistent differences in 

migratory behaviour (e.g., timing, location; Baak et al., 2021b; Franklin et al., 2022). Technological 

advancements (e.g., smaller tracking devices) have reduced the challenges associated with 

studying migration across a wide range of seabird species (e.g., reduced tag effects in smaller 

species) and avoid biases of visual methods, such as at sea surveys or coastal band resights 

(Engler et al., 2017; Fort et al., 2012). During the non-breeding period, seabirds face a large range 
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of threats (Gilroy et al., 2016) and many of these have significant spatial heterogeneity (Phillips 

et al., 2017), including offshore wind farms (Peschko et al., 2020), oil pollution (Montevecchi et 

al., 2011), fisheries (Thiers et al., 2014) and artificial lighting at night (Rodríguez et al., 2017). 

Seabirds from the family Alcidae (hereafter ‘alcid’) are characterised by a high body mass to wing 

area ratio which enhances their diving capability but results in a high energetic cost of flight 

relative to other seabird families (Elliott et al., 2013). During the non-breeding period, alcid 

species in north America typically overwinter south of their breeding range (Baran et al., 2022; 

Patterson et al., 2021; Runnells et al., 2024). In contrast to alcids, members of the family Laridae 

(hereafter ‘larid’) are considered flight generalists using several flight modes (e.g., flapping, 

soaring, etc.) which result in reduced energetic restrictions (Hedenström, 2008). Additionally, 

many species are omnivorous generalists that consume many types of food (Pierotti & Annett, 

1991; van Donk et al., 2017) and, thus, are found in a variety of habitats including terrestrial, 

marine and freshwater (Baak et al., 2021b). Subsequently, larids exhibit a diverse range of 

migratory strategies (e.g., migratory, resident; Baak et al., 2021a; Baak et al., 2021b; Weiser & 

Gilchrist, 2020; Weseloh et al., 2024). The seabird family Sulidae (hereafter ‘sulid’) is capable of 

strong, direct flight with minimal impact of high winds on energy expenditure (Mowbray, 2020), 

and northern hemisphere populations migrate south towards the equator during the non-

breeding period (Fifield et al., 2014; Mowbray, 2020).  

The primary objective of this study was to investigate diversity in non-breeding migratory 

behaviour (e.g., distance and location) among and within alcid, larid and sulid species breeding 

in Atlantic Canada using archived datasets (Table 1, Figure 1). The secondary objective was to 

investigate whether this diversity is persistent across years due to individual consistency in 
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migratory routes. Therefore, the study populations included those having archived datasets with 

individuals that had been tracked for more than one year, allowing us to quantify both individual 

consistency and behavioural diversity, and how these metrics vary within and among species. We 

hypothesized that behavioural diversity in migratory location and distance vary among seabird 

families due to varying energetic costs of flight, but that all species will exhibit individual 

consistency. We predicted that larids and sulids (i.e., lower flight costs) will exhibit greater 

between-individual variation in migration location and distance than alcids (i.e., higher flight 

costs). As many previous studies on seabird migration have focused on single species (Brown et 

al., 2021), with few comparisons across species (Montevecchi et al., 2012; Ronconi et al., 2022), 

identifying species and populations with lower behavioural diversity will indicate groups of 

individuals that may be less resilient to environmental change (Clavel et al., 2011) and at greater 

risk from localised threats (e.g., offshore wind farms; Garthe et al., 2023; Peschko et al., 2020). 

Methods 

Seabirds typically show high nest site fidelity, allowing the deployment/retrieval of bird-borne 

archival tags and the tracking of individuals across multiple years. For this study, archived non-

breeding tracking data were compiled from six species that breed across six different colonies in 

Atlantic Canada: Atlantic puffins (Fratercula arctica, hereafter ‘puffin’) and razorbills (Alca torda) 

from both James Island (JI) and Machias Seal Island (MSI), thick-billed murres (Uria lomvia, 

hereafter ‘murre’) and glaucous gulls (Larus hyperboreus) from Coats Island (CI), American 

herring gulls (Larus smithsonianus; hereafter ‘herring gull’) from Gull Island (GI), and northern 

gannets (Morus bassanus; hereafter ‘gannet’) from Bonaventure Island (BI) and Funk Island (FI; 
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Table 1, Figure 1). These species represent three seabird families; alcids: puffins, razorbills and 

murres; larids: glaucous and herring gulls; sulids: gannets.  

Tracking data were collected using bird-borne global location sensor (GLS) and global positioning 

system (GPS) tags set to record data to either estimate locations (i.e., light; GLS) or directly collect 

locations (GPS). Full details on the deployment and retrieval methods for each species can be 

found in the references listed in Table 1. Processing of each tag and data type required its own 

methodology due to species behaviour or the parameters recorded by the tag (Table 1). GLS data 

required processing to establish location estimates. In brief, this involved using the ambient light 

data recorded by the tag to estimate geographical locations (± 200 km): latitude from day length 

and longitude from the timing of solar noon (Lisovski et al., 2020). These location estimates were 

then refined with the input of additional information when possible (e.g., sea surface 

temperature, species-specific flight speeds) using GLS processing methods: probGLS (Merkel et 

al., 2016) and MULTITRACE for Windows (Jensen Software Systems, Laboe, Germany). Although 

different GLS processing methods were used across species (see references listed in Table 1), the 

same methods were used within species to ensure track comparability among and within 

individuals. In comparison to GLS data, GPS data were quality checked but required minimal pre-

processing because geographical locations are collected directly. 

Statistical Analysis 

All statistical analyses were carried out in R version 4.3.0 (R Core Team, 2023). For each species 

and colony within species (i.e., gannets, puffins, razorbills), between and within-individual 

differences in overwintering migration tracks were quantified as Earth Mover’s Distance (EMD) 
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values (km) using the emd function in the R package move (Kranstauber et al., 2021). EMD 

calculates the spatial proximity of two distributions, with each location in the first distribution 

measured to the closest location in the second, thus generating an average minimum distance 

(km) between the two distributions (Franklin et al., 2022; Kranstauber et al., 2017). EMD values 

resulting from pairwise comparisons of tracks within birds and between birds are on a continuous 

scale, with values increasing from zero (i.e., two identical distributions) with growing dissimilarity 

(Franklin et al., 2022). Geographical coordinates were used as the input and the Haversine 

function was applied to account for distributions that stretch over large distances to account for 

the spherical surface of the Earth (Franklin et al., 2022; Kranstauber et al., 2017). Different tags 

and processing methods provided varying numbers of location estimates each day. For example, 

GLS data and processing typically produces two locations per day (one for each twilight), while 

GPS tracks can have many locations per day depending on programming settings. Therefore, all 

movement tracks were subsampled to the first recorded location on each day throughout 

deployment to standardise comparisons across species. Following subsampling, an EMD value 

was then calculated for all possible between and within-individual track pairs for each 

species/colony. Across all species, the maximum distance travelled from the colony in each 

direction (north, south, east, west) was also quantified for each individual track (± 200 km for GLS 

tags, Merkel et al., 2016). 

To quantify behavioural diversity for each species/colony, we examined the distribution of 

between-individual EMD values. This was achieved using Hartigan’s dip test (Hartigan & Hartigan, 

1985) using the R package diptest (Maechler, 2024). We used the resulting p value to classify 

distributions as having higher behavioural diversity (significantly bimodal, p = < 0.05), moderate 
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behavioural diversity (moderately bimodal, p = 0.05 – 0.10) and lower behavioural diversity 

(unimodal/normally distributed, p = > 0.10; Freeman & Dale, 2013). To quantify the differences 

in magnitude of between-individual EMD values among families and between species/colonies, 

Kruskall-Wallis tests were carried out in combination with posthoc Dunn’s tests. 

Within species/colonies, the between- and within-individual EMD values were compared using 

generalised linear models (GLM) to determine whether migratory routes of individuals were 

spatially consistent across consecutive years (i.e., significantly higher between-individual 

compared to within-individual EMD values). All EMD values were non-negative and continuous, 

but distributions varied. Therefore, gaussian (razorbills, puffins, FI gannets, glaucous and herring 

gulls) and gamma (BI gannets, murres) error families with the identity link function were used. 

After data exploration showed bimodal distributions of EMD values in glaucous gulls and gannets 

from FI, we added migration direction (i.e. east or west) as another fixed factor to account for 

this distribution of EMD values. Finally, the predict function was used to generate a predicted 

value and 95% confidence intervals for between- and within-individual EMD values for each 

species/colony from the outputs of the GLMs. During analyses, model assumptions were 

confirmed in all cases following protocols outlined in (Zuur & Ieno, 2016). 

Ethical Note 

Efforts were made to reduce animal use, minimise the handling duration for each individual, and 

prevent disturbance to the seabird colonies. Additionally, all data collected has contributed to 

multiple scientific projects and objectives (Anderson et al., 2020; Baak et al., 2021b; Baran et al., 

2022; Fifield et al., 2014; Patterson et al., 2021; Runnells et al., 2024). On James Island, the 
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research was conducted under a Canadian Master Banding Permit (10873) and in agreement with 

the Canadian Council for Animal Care (Protocols F16-017, F20-017). Work on Machias Seal Island 

was approved by the Animal Care Committee at the University of New Brunswick (UNBF AUP No. 

17005 and 18004; UNBSJ AUP no. 2017-2S-05, 2018-3I-01, and 2019-2S-04), the Canadian 

Wildlife Service (Permit No. ST2728 and MBS3001) and carried out under a Canadian Master 

Banding permit (10480). Access was granted to Gull Island in the Witless Bay Islands Ecological 

Reserve by the Newfoundland and Labrador Department of Parks and Natural Areas, had 

approval from Environment and Climate Change Canada Animal Care permits (EC-PN-08-026, 

15GR01), and was carried out under a Canadian Banding Permit (10559G). Access to Funk Island 

was provided by the Newfoundland and Labrador Department of Parks and Natural Areas, and 

to Bonaventure Island by Parcs Quebec, and to both Islands by the Canadian Wildlife Service. 

Work at these islands was approved by the Animal Care Committee at Memorial University and 

carried out under a Canadian Master Banding Permit (10332). At Coats Island research was 

undertaken with approval of the Animal Care Committee at McGill University (2015-7599) the 

Canadian Wildlife Service (Permit No. NUN-01) and carried out under a Canadian Master Banding 

Permit (10892). 

Results 

The distribution of between-individual EMD values suggests differing levels of behavioural 

diversity among and within seabird families. All alcid populations had low behavioural diversity 

(dip test p values: MSI puffins = 0.452 and JI puffins = 0.141, MSI razorbills = 0.601 and JI razorbills 

= 0.992, and murres = 0.990; Figure 2). Puffins from JI, however, had the lowest p value relative 
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to the other alcid populations, as indicated by subtly different migratory routes among tracked 

individuals (Figure 2) and high variation in distances travelled north, south and east (Figure 3d; 

Figure 4). In larids, herring gulls also had lower behavioural diversity (p = 0.736; Figure 2), 

especially in comparison to glaucous gulls that had higher behavioural diversity, indicated by a 

significant bimodal distribution (p = <0.001; Figure 2) and a distinct east or west migratory route 

from CI (Figure 3f; Figure 4). Within gannets, the BI population had lower behavioural diversity 

(p = 0.997) but the FI population had higher behavioural diversity (p = <0.001; Figure 2), as 

indicated by two distinct migratory routes and variation in the distance travelled south and east 

(Figure 3e; Figure 4). 

Between-individual EMD values differed significantly among seabird families (H = 141.589, df = 

2, p = < 0.001; Figure 3a, 3b, 3c). Between-individual EMD values were lower in alcids (46 - 1881 

km) compared to larids (63 - 4895 km; z = -3.608, df = 2, p = <0.001) and sulids (69 - 5683 km; z = 

-11.682, df = 2, p = <0.001), indicating greater between-individual variation in these two families, 

but there was no difference between larids and sulids (z = -1.418; df = 2, p = 0.156). There was 

also variation in migratory behaviour within seabird families and species. In alcids, between-

individual EMD values of puffins (280 ± 128 km) and razorbills (309 ± 176 km) from MSI were 

lower than JI puffins (817 ± 430 km) and razorbills (488 ± 202 km; Table 2; Figure 2). Overall, JI 

puffins had the highest average between-individual EMD values of the five alcid populations 

investigated (Table 2, Figure 2). Within larids, between-individual EMD values of glaucous gulls 

(2171 ± 1869 km) were both higher and had a greater range than herring gulls (516 ± 295 km). 

Within gannets, between-individual EMD values of birds from FI (1807 ± 1679 km) were higher 

and had a greater range relative to birds from BI (693 ± 421 km; Table 2; Figure 2). 
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When examining individual spatial consistency of migratory tracks within each species/colony, 

within-individual EMD values were significantly lower than between-individual EMD values in 

glaucous gulls, herring gulls, gannets and murres (Table 3, Figure 5), showing individual 

consistency in these species. Within-individual EMD values were also significantly lower than 

between-individual values in puffins and razorbills from JI (i.e., individual consistency); however, 

between- and within-individual EMD values did not differ significantly for these two species from 

MSI (Table 3, Figure 5). 

Discussion 

Our results partially align with our prediction that larids and sulids exhibit greater between-

individual variation in migratory routes than alcids. Although the highest levels of behavioural 

diversity were observed in larids (i.e., glaucous gulls) and sulids (FI gannets), low behavioural 

diversity was also observed within these seabird families (i.e., herring gulls and BI gannets). 

Additionally, our results partly align with our prediction that all species display individual 

consistency. Indeed, individual consistency in overwintering locations was observed in seven of 

the nine populations studied, with only MSI puffins and razorbills lacking evidence of individual 

consistency. This lack of consistency, however, may be related to low sample sizes of individuals 

with repeat tracks in these populations relative to the other populations studied (Table 1). 

Overall, behavioural diversity in migratory routes varied among and within species and the 

differences in migratory routes were generally consistent within individuals, suggesting that 

some species (e.g., alcids) are more vulnerable to anthropogenic threats.  
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Behavioural Diversity 

The species or populations with lower behavioural diversity identified in this study (alcids, BI 

gannets and herring gulls) are potentially at greater risk from regional or localised threats, while 

those with higher diversity (FI gannets and glaucous gulls) may be more resistant to change. To 

illustrate, if only part of a population over-winters in a location that is affected by regional 

changes in conditions (e.g., marine heatwaves; Wyatt et al., 2022) or the introduction of a new 

threat (e.g., an oil spill; Montevecchi et al., 2011), then only this part of the population will be 

affected rather than the entire population and, thus, the population is more likely to persist into 

the future. This is an important issue as marine environments are currently changing rapidly due 

to climate change (Steele et al., 2019; Weber et al., 2021). Indeed, marine heat waves are 

expected to increase in frequency (Wyatt et al., 2022) and some regions are warming faster than 

others (e.g., the Arctic; Rantanen et al., 2022). Furthermore, anthropogenic activities such as the 

rapid development of offshore wind infrastructure, also pose many threats to marine animals 

including seabirds (Williams et al., 2024).  

The two gannet populations exhibited differing levels of behavioural diversity, showing that 

differences in behavioural variation exist within species. Among tagged gannets from FI, some 

had a trans-Atlantic strategy, while the remainder overwintered on the east coast of North 

America, an over-wintering location used by all tagged gannets from BI (Figure 3b, 3e). Gannets 

from other colonies also have distinct overwintering areas, such as those at Bass Rock (Kubetzki 

et al., 2009) and Skrúður (Garthe et al., 2016) in Scotland and Iceland, respectively. The BI 

gannets, therefore, are at greater risk of localised anthropogenic threats that occur along the 

east coast of North America. Indeed, the Deepwater Horizon oil spill during 2010 in the Gulf of 
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Mexico was a significant mortality event for gannets (Haney et al., 2014; Montevecchi et al., 

2011). By contrast, gannets from FI may be buffered against such mortality events, as the birds 

that travel to northwest Africa would not have encountered the spill. It is important to note, 

however, that diversity in overwintering areas does not ensure the protection of a population 

against all threats. For example, gannets usually overwinter near the mouths of major river 

systems (Fifield et al., 2014) that are frequently the source of contaminants (Rattner & McGowan, 

2007).  

Like gannets from FI, high diversity in migratory routes was also observed in glaucous gulls from 

CI (Figure 3f), which contrasted with the low diversity in herring gulls from GI. Most of the tagged 

glaucous gulls migrated to the Labrador Sea, likely due to its high productivity (Davoren et al., 

2002), but one travelled to the Sea of Okhotsk, another productive marine region (Mundo et al., 

2024). This Atlantic-Pacific migratory spit has also been observed in another larid species 

(Sabine’s gull, Xema sabini; Davis et al., 2016). As a result of this diversity, it is likely that this 

glaucous gull population will be more resistant to change than the herring gull’s from GI that 

overwinter only on the northeast coast of North America. Indeed, although glaucous gulls visiting 

the Sea of Okhotsk will be at risk from regional productivity changes due to altering sea ice 

dynamics or from offshore oil and gas infrastructure around Sakhalin Island (Mundo et al., 2024), 

individuals overwintering in the Labrador Sea would avoid these threats.  

In contrast to larids and sulids, behavioural diversity in alcids was consistently low across all 

species and populations, potentially making this seabird family more susceptible to 

environmental change and anthropogenic threats. Indeed, the murres investigated in this study 

overwintered in the highly productive Labrador Sea (Davoren et al., 2002), but all individuals used 
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this area and this lack of diversity may be an issue as warming ocean temperatures result in 

northern range shifts that will lead to reduced daylight foraging time (Patterson et al., 2021). 

Additionally, low behavioural diversity was observed in puffins and razorbills from MSI, with most 

birds overwintering in the Gulf of Maine. This is the southern edge of the range for both these 

species (Lavers et al., 2020; Lowther et al., 2020), potentially constraining their distribution and 

explaining why these two populations have the lowest between-individual EMD values among 

the alcid species studied (Table 2; Figure 2). Furthermore, the southernly distribution of these 

populations means they are most likely to experience temperature related impacts (Hazen et al., 

2013). In contrast, alcid populations breeding further north typically travel further from their 

colonies than those breeding at more southern colonies (Fayet et al., 2017), and this is the case 

for murres from CI along with puffins and razorbills from JI, with these puffins in particular 

exhibiting the highest diversity of the alcid populations studied (Figure 2).  

There was overlap in the migratory routes of razorbills and puffins from both JI and MSI, with 

individuals from all four populations using the Gulf of Maine during non-breeding. Importantly, 

the Gulf of Maine is one of the fastest warming ocean regions (Pershing et al., 2015) and is 

experiencing changes in zooplankton and fish species composition (Pershing et al., 2021). 

Therefore, populations containing individuals that use the Gulf of Maine are at greater risk from 

these changes to food web dynamics, especially populations that predominantly use the Gulf of 

Maine (i.e., razorbills and puffins from MSI). The puffin population from JI, however, is less as risk 

from this regional warming in the Gulf of Maine as individuals also used waters in the mid-Atlantic 

and the Labrador Sea (Figure 3d). It is also important to consider that even when species or 

populations have overlap in migratory routes, there can still be variation in the level of spatial 
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overlap with threats. For example, two murre species (thick-billed and common, Uria aalge) from 

Canadian colonies have high non-breeding range overlap, but common murres have greater 

spatial overlap with hydrocarbon infrastructure (e.g., extraction and shipping; McFarlane 

Tranquilla et al., 2014).  

Individual Consistency 

All species and populations, except razorbills and puffins populations from MSI, displayed 

individual spatial consistency in their overwintering migratory routes. These results align with the 

many studies that have shown site fidelity in the overwintering locations of seabirds (Ceia & 

Ramos, 2015; Phillips et al., 2017), including other populations of puffins (Guilford et al., 2011), 

gannets (Grecian et al., 2019) and herring gulls (Clark et al., 2016). This site fidelity may result 

from experiential learning before individuals reach maturity (i.e., the exploration-refinement 

hypothesis; Guilford et al., 2011). Indeed, juvenile seabirds display more explorative behaviour 

during the non-breeding period in comparison to adult birds (e.g., longer migrations, sinuous 

pathways; Péron & Grémillet, 2013; Ponti et al., 2024). Additionally, returning to the same 

locations where prey is annually persistent is more efficient than searching for new areas each 

year (McNamara & Dall, 2010). For example, static features (e.g., bathymetry) combine with 

changes in temperature and salinity to create oceanographic features (e.g., ocean fronts, coastal 

upwellings) that result in prey concentrations at predictable locations across multiple spatial and 

temporal scales (Phillips et al., 2017; Wakefield et al., 2009). Individual consistency is, however, 

expected to be greater at higher latitudes (e.g., temperate and polar regions) compared to lower 

latitudes (e.g., tropics) because seasonal shifts are less pronounced closer to the equator making 

prey aggregations less predictable (Weimerskirch, 2007). Additionally, tropical seabirds often rely 
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on other marine predators (e.g., dolphin and tuna) to concentrate prey (Au & Pitman, 1986; 

Jaquemet et al., 2004), that are less predictable than static marine features. 

Conclusion 

Overall, the diversity in migratory routes observed in some species or populations, combined 

with the individual site fidelity to overwintering locations, shows that some or all individuals in 

the populations examined may be consistently exposed to the same threats or adverse conditions 

across years, with potential impacts on population dynamics. The lower migratory route diversity 

of alcids suggests that more individuals of these species are at risk from the same localized 

threats in their more limited overwintering distribution than larids and sulids. There are 

examples, however, of more vulnerable species or populations (i.e., low behavioural diversity) 

within all three families. Therefore, this study is an important step towards identifying 

species/populations that may be more as risk (i.e., low behavioural diversity) during their non-

breeding season. Indeed, tracking data are commonly used to inform conservation and 

management of marine taxa (Davies et al., 2021; Hays et al., 2019; Hindell et al., 2020) because 

understanding spatial patterns can help identify areas that contribute to the persistence of 

species (Beal et al., 2021). However, as seabird research rarely compares across species (Brown 

et al., 2021), this study may aid in identifying conservation targets. Finally, understanding 

variation among individuals within a species/population also has benefits for understanding 

other aspects of seabird ecology, such as intra- and inter-specific competition (de Grissac et al., 

2016; Phillips et al., 2004). 
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Table 1. Summary of non-breeding distribution data from the six seabird species across the six colonies in the northwest Atlantic. The number of 

individuals including those with tracks in multiple years, tag type (GPS/GLS) and model are shown, along with the source for further information 

on deployment, retrieval and processing methods. 

Species Colony 
Total 
Individuals 

Repeat 
Individuals  

Total 
Tracks 

Tag Type and Model 
Tagging 
Period 

Details on Deployment 
and Processing Method 

American herring gull 
(Larus argentatus) 

Gull Island 7 6 13 GPS – Ecotone Harrier GPS-UHF 2015-2017 Anderson et al., 2020 

glaucous gull         
(Larus hyperboreus) 

Coats Island 6 3 9 
GLS – Biotrack MK3005 
GPS – Ecotone Sterna and Kite-M 

2017-2019 
2018-2019 

Baak et al., 2021 

northern gannet 
(Morus bassanus) 

Bonaventure 
Island 

25 11 36 

GLS – Earth and Ocean Technologies Geo-LT 
and Lotek LTD2400 

2004-2006 

Fifield et al., 2014 

Funk Island 9 6 15 2005-2007 

Thick-billed murre  
(Uria lomvia) 

Coats Island 12 7 19 GLS – Lotek Lat2800 2018-2020 Patterson et al., 2021 

Atlantic puffin 
(Fratercula arctica) 

James Island 16 8 24 GLS – Migrate Technology Ltd C65+ and C330 2019-2024 
Runnells et al. (Thesis) & 
Legard et al. (Chapter 3) 

Machias Seal 
Island 

23 2 25 GLS – Biotrack MK3005 and MK4093 
2014-2017 
&  
2018-2019 

Baran et al., 2022 

razorbill  
(Alca torda) 

James Island 28 13 42 
GLS – Biotrack MK3006, Migrate Technology 
Ltd C330 and Lotek Lat2800 

2017-2024 Legard et al. (Chapter 3) 

Machias Seal 
Island 

17 2 19 GLS – Biotrack MK3006 2017-2019 
Dodds (Thesis) & Legard 
et al. (Chapter 3) 



186 
 

Table 2. Summary of between-individual EMD value comparisons within each species within the three 

seabird families (Alcidae, Laridae, Sulidae): glaucous gulls (GLGU), American herring gulls (HERG), 

northern gannets (NOGA, split into Bonaventure Island and Funk Island), Atlantic puffin (ATPU, split into 

James Island and Machias Seal Island), razorbill (RAZO, split into James Island and Machias Seal Island) 

and thick-billed murre (TBMU). Z and p values from a post-hoc Dunn’s test following a Kruskal-Wallis 

test are reported. Significant p values are shown in bold. 

Family Comparison Z p 

Alcids ATPU MSI - ATPU JI -20.513 <0.001 

ATPU MSI - RAZO MSI -1.584 0.324 

ATPU MSI - RAZO JI -13.049 <0.001 

ATPU MSI - TBMU -8.588 <0.001 

ATPU JI - RAZO MIS 15.589 <0.001 

ATPU JI - RAZO JI 12.022 <0.001 

ATPU JI - TBMU 8.182 <0.001 

RAZO MSI - RAZO JI -8.538 <0.001 

RAZO MSI - TBMU -6.226 <0.001 

RAZO JI - TBMU 0.347 0.808 

Larids GLGU - HERG 4.547 <0.001 

Sulids NOGA BI - NOGA FI -5.828 <0.001 
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Table 3. Results of generalised linear models (GLMs) comparing EMD values within-individuals relative 

to between-individuals of American herring gull, glaucous gull, northern gannet, thick-billed murre, 

Atlantic puffin and razorbill at each colony where applicable. Significant differences between within-

individuals and between-individuals are shown in bold. 

Species Colony estimate ± SE t value p value 

American herring gull (Larus argentatus) Gull Island -404.5 ± 122.2 -3.311 0.001 

glaucous gull (Larus hyperboreus) Coats Island -1476.7 ± 358.9 -4.115 <0.001 

northern gannet (Morus bassanus) 
Bonaventure Island -433.7 ± 50.7 -8.550 <0.001 

Funk Island -1245.1 ± 251.1 -4.959 <0.001 

thick-billed murre (Uria lomvia) Coats Island -242.7 ± 51.7 -4.694 <0.001 

Atlantic puffin (Fratercula arctica) 
James Island -578.6 ± 102.0 -5.675 <0.001 

Machias Seal Island 61.7 ± 90.8 0.680 0.497 

Razorbill (Alca torda) 
James Island -163.6 ± 44.3 -3.695 <0.001 

Machias Seal Island -100.2 ± 125.2 -0.800 0.425 
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Figure 1. The location of the breeding colonies where data were collected for this study. 
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Figure 2. Distributions of between-individual Earth mover’s distance (EMD values). Divided into seabird families: Alcidae (A), Atlantic puffin 

(ATPU, split into James Island and Machias Seal Island), razorbill (RAZO, split into James Island and Machias Seal Island) and thick-billed murre; 

Sulidae (B), northern gannet (NOGA, split into Bonaventure Island and Funk Island); and Laridae (C), glaucous gull (GLGU) and American herring 

gull (HERG). Mean EMD values are shown with black circles. 
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Figure 3. Combined overwintering migration tracks of alcids (Atlantic puffin, razorbill, thick-billed murre; 

A), sulids (northern gannets, B), and larids (American herring gulls and glaucous gulls, C). Breeding 

colonies (James Island, JI; Machias Seal Island, MSI; Coats Island, CI; Gull Island, GI; Funk Island, FI; 

Bonaventure Island, BI) are shown by black circles. Overwintering tracks of Atlantic puffins from James 

Island (D), northern gannets from Funk Island (E) and glaucous gulls from Coats Island (F). Colours 

indicate migratory routes used by each population: Atlantic puffins (north – black, east – light green, 

west – dark green), northern gannets (east – black, west – yellow) and glaucous gulls (east – blue, west – 

black). Inset boxes (C i and F ii) show the Sea of Okhotsk, used by one individual glaucous gull. 
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Figure 4. Distributions of the maximum distance (km) travelled north (A), south (B), east (C) and west (D) by each species: Atlantic puffin (ATPU, 

split into James Island and Machias Seal Island), razorbill (RAZO, split into James Island and Machias Seal Island), thick-billed murre (TBMU), 

northern gannet (NOGA, split into Bonaventure Island and Funk Island), glaucous gull (GLGU) and American herring gull (HERG). Mean values are 

shown with black circles. 
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Figure 5. Earth mover’s distance (EMD) values for between and within-individual differences in migratory track locations of non-breeding 

Atlantic puffin (ATPU, split into James Island and Machias Seal Island), razorbill (RAZO, split into James Island and Machias Seal Island), thick-

billed murre (TBMU), northern gannet (NOGA, split into Bonaventure Island and Funk Island), glaucous gull (GLGU) and American herring gull 

(HERG). Predicted EMD values from generalised linear models (GLM) are shown as error bars with 95% confidence intervals. Error bars are 

omitted for some within-individual groups (ATPU MSI, RAZO MSI, GLGU, NOGA FI) due to low sample sizes (≤ 5). 

 



193 
 

General Discussion and Conclusions 

The aim of the first chapter of this thesis was to determine an appropriate method for quantifying 

personality in a crevice nesting seabird (razorbill, Alca torda) by conducting three tests associated 

with the docility-aggression personality trait. Two tests used quantitative behavioural coding 

during standardised behavioural tests, while the other used qualitative observer ratings during 

routine handling. Observer ratings during routine handling had the highest repeatability 

compared to quantified scores from behavioural tests, which were difficult to standardise in this 

species. These findings suggest that observer ratings may be a good method to quantify 

personality traits in species that are hard to observe in the wild. Additionally, these results align 

with the other studies that have quantified personality traits in birds (van Oers and Naguib, 2013), 

and specifically, seabirds (e.g., Gatt et al., 2021; Harris et al., 2020; Patrick et al., 2017; Traisnel 

and Pichegru, 2018).  

Using this personality metric, I investigated whether the docility trait in razorbills was linked to 

spatial consistency and other behaviours during the breeding and non-breeding periods in 

Chapters 2 and 3, respectively. In Chapter 2 we investigated foraging behaviour (e.g., foraging 

effort, location) and reproductive success (i.e., fledging success) as these are behaviours where 

relationships have been found with personality traits in other seabird species during the breeding 

period (e.g., Collins et al., 2019; Kruger et al., 2019). We were also able to incorporate annual 

biomass data of a key prey species (i.e., capelin, Mallotus villosus; Davoren, 2024) to investigate 

how these relationships were influenced by fluctuating prey availability. We found individual 

spatial consistency in razorbills to be related to prey availability rather than personality. Indeed, 
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razorbill foraging locations were only spatially consistent under high prey availability. However, 

dive depth and foraging trip characteristics were not repeatable regardless of prey context. 

Additionally, these foraging behaviour metrics, along with fledging success were not related to 

personality, despite annually varying prey availability. Therefore, these results contrast with 

studies that have shown relationships between personality and reproductive success (e.g., Collins 

et al., 2019) or foraging behaviour (e.g., Harris et al., 2020) during the breeding season in 

seabirds. However, these results do align with studies that have shown no relationships between 

personality and reproductive success in seabirds (e.g., van de Walle et al., 2024). Our findings 

therefore show that prey availability should be incorporated, if possible, when investigating 

seabird behavioural consistency.  

In Chapter 3, we investigated spatial consistency in migratory behaviour (e.g., location and 

distance) and relationships between personality and behaviour. Individual consistency in seabird 

migratory behaviour is common and well-studied (Phillips et al., 2017), but rarely investigated in 

relation to personality traits. Indeed, relationships between personality and migration have only 

been shown in one other seabird species (Cory’s shearwater, Calonectris borealis; Gatt et al., 

2021). In addition to migratory behaviour, we also investigated foraging behaviour (e.g., dive 

depth and trophic level) in relation to personality. During their migrations, razorbills had high 

spatial consistency and were highly repeatable in the distances travelled north and south from 

the colony. Additionally, average daily dive depth and δ15N (i.e., trophic level) were also 

repeatable. However, spatial consistency of migrations and foraging behaviours were not related 

to personality, and these results therefore contrast with those of Gatt et al (2021). Overall, a 

consistent finding across the first three chapters is individual consistency in razorbill behaviour. 
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Finally, in the fourth chapter, the aim was to determine the level of behavioural diversity (i.e., 

differences among individuals) within several seabird species that breed in Atlantic Canada and 

overwinter in the northwest Atlantic. Behavioural diversity within species, especially when 

behaviour is highly consistent at the individual level, can influence population dynamics, with 

lower diversity resulting in a higher probability of population declines (Clavel et al., 2011). In 

seabirds, non-breeding locations and migratory routes vary among individuals within a species 

(e.g., Fifield et al., 2014) but can be highly consistent within individuals (e.g., Franklin et al., 2022). 

We found high levels of individual consistency in the non-breeding locations of all species 

investigated. However, behavioural diversity varied across and within colonies and species. These 

findings suggest that the species with lower behavioural diversity identified in this study may be 

more vulnerable to anthropogenic threats (e.g., offshore wind farms) and environmental change 

(Baak et al., 2022).  

Significance 

Standardised, independent observer ratings were found to be the best method for quantifying 

repeatable behavioural responses in razorbills. This result is significant because it highlights the 

value of observer ratings when carrying out investigations of personality in other wild animals 

that are hard to study with commonly used personality tests (e.g., novel items). Additionally, if 

animal handling is necessary for other scientific objectives (e.g., deployment and retrieval of 

tracking devices, banding), observer ratings may provide a time-efficient, non-invasive and low-

cost method to test for personality (Ebenau et al., 2020), that also potentially facilitate larger 

sample sizes. As observer ratings are most commonly used in studies of captive animals (e.g., 

Powell & Svoke, 2008; Torgerson-White, 2014), showing this method to be suitable in non-
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captive animals provides a potential simple method for researchers to quantify personality across 

species.  

Although relationships between personality (i.e., docility) and breeding or non-breeding 

behaviour were not observed in our studies, other studies have observed these relationships and 

subsequently linked personality to conservation and management (Collins et al, 2022). Indeed, 

personality traits in animals can both directly and indirectly influence fitness, due to their 

correlations with foraging and movement decisions (Smith & Blumstein, 2008). Therefore, 

identifying personality and between-individual differences within a species is vital to understand 

species-specific tolerances to increasing anthropogenic threats (Dingemanse & Wolf, 2013). 

Indeed, there are increasing changes in marine ecosystems that result in multiple simultaneous 

threats (Dias et al. 2019). Consequently, studying personality is important to help develop 

strategies that may protect larger proportions of populations (MacKinlay & Shaw 2023), such as 

informing the locations of marine protected areas (Davies et al., 2021; Hanson et al., 2020; 

Hindell et al., 2020) that can contribute to the persistence of species (Beal et al., 2023). For 

example, seabird populations have been predicted to become less diverse with a greater 

proportion of shyer individuals as they likely have higher success in more variable, poorer 

conditions (Jeffries et al. 2021). Therefore, ensuring conditions are suitable for all individuals will 

help maintain diversity in populations, which in turn will aid in their future persistence (Clavel et 

al., 2011).  

There are a number of potential reasons why no relationships were found between personality 

and breeding and non-breeding behaviours in razorbills. For instance, maybe the data collection 

methods were not appropriate for identifying links between personality and behaviour in this 
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species. For example, maybe a relationship between personality and foraging behaviour in the 

breeding season would have been found if it had been possible to track individuals across prey 

availability periods or across years. Similarly, it is possible that links between personality and 

migratory behaviour in the non-breeding season would have been identified if it had been 

possible to track razorbill migrations without the error associated with geolocator tags (± 200 km, 

Halpin et al., 2021). Indeed, personality traits (i.e., boldness) have been linked to the exploitation-

exploration continuum in seabirds (Patrick et al., 2017). Therefore, if migratory routes in 

razorbills could be tracked at a finer scale (e.g., GPS tags), then it may be possible to observe 

differences in exploratory behaviour (i.e., more/less sinuous tracks) during migration related to 

docility. Finally, the ecosystem surrounding the razorbill colony (James Island) in the summer may 

not promote significant differences in behaviour related to personality. The transition between 

two prey availability periods (i.e., low prior to capelin spawning, to high, in dense localised 

aggregations, during spawning; Davoren, 2024) may mean personality does not have a significant 

role in promoting intra-specific niche partitioning, as observed in other seabird species where 

prey availability is more homogenous throughout the breeding season (e.g., Harris et al., 2020; 

Kruger et al., 2019). Indeed, prey may be sufficiently available at predictable hotspots in our study 

area after capelin spawning that differences in foraging location or effort related to personality 

are not beneficial.  

Similar to the importance of identifying between-individual variation within species, identifying 

species and populations with lower diversity in their behaviour is valuable for seabird 

management and conservation since lower diversity (e.g., fewer migratory locations) results in a 

greater likelihood of mass mortality related to a single local event (e.g., oil spill). However, as 
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seabird research rarely compares across species (Brown et al., 2021), this study is significant as it 

will aid in identifying conservation target species. Indeed, tracking data are commonly used to 

inform conservation and management (Davies et al., 2021) because understanding spatial 

patterns can help identify important areas for species (Beal et al., 2021). For example, as species 

with more specialised behaviour have higher likelihoods of population declines (Clavel et al., 

2011), populations that have a distinct migratory location will be of particular conservation 

interest.   

Future Directions 

There are several possible future directions of this work. Further investigation of the observer 

rating method across other wild species, and not only seabirds or those that are hard to test with 

the common assessment methods (i.e., novel items), will help confirm whether this method can 

be used more frequently in the assessment of personality traits in non-captive animals. In 

razorbills there may be relationships between docility and other, not investigated behaviours. 

For example, although fledging success was not influenced by docility, it is possible docility is 

related to other aspects of the reproductive cycle in razorbills, such as the likelihood an individual 

will skip a breeding season or return to the colony to breed, as seen in wandering albatross 

(Diomedea exulans, van de Walle et al., 2024). Additionally, links between the personality 

composition of a breeding pair and reproductive success have also been shown in wandering 

albatross (McCully et al., 2022). Therefore, expanding the docility assessments to both adult birds 

when assessing fledging success is also an avenue worthy of investigation to increase 

understanding of how or if docility influences reproductive success in razorbills. The investigation 

into seabird migratory behavioural diversity could be expanded to include a wider range of 
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species and colonies from across Atlantic Canada, potentially including data sets on seabird 

migration that do not include repeat tracks of individuals, due to the high individual consistency 

of seabird migratory routes seen across many studied species (Phillips et al, 2017). This would 

allow the identification of other species or colonies where conservation work may be prioritised 

and provide the groundwork for the identification of ocean regions important for the persistence 

of species identified to be most at risk (i.e., low behavioural diversity).  
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