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ABSTRACT 
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Advisor: 
Dr. D. Ryan Norris 

 
Knowledge of the mechanisms governing, and the downstream effects of dispersal movements is 

essential to understanding the implications of dispersal for individual fitness, gene flow, and 

population dynamics. In this thesis, I integrate radio-tracking and long-term demographic data to 

investigate the causes and consequences of natal and breeding dispersal in a food-caching 

passerine, the Canada jay (Perisoreus canadensis), in Algonquin Provincial Park, Ontario, 

Canada. In my first chapter, I review the literature to synthesize what is known about the causes 

and consequences of natal and breeding dispersal in birds. In my second chapter, I use radio-

tracking data to examine the patterns of juvenile dispersal and survival in first-year Canada jays 

to demonstrate the survival consequences of delayed dispersal. In my third chapter, I combine 

radio-tracking and long-term demographic data to assess the effects of early-life social status and 

juvenile dispersal on direct and inclusive fitness. In my fourth chapter, I use long-term breeding 

dispersal data on Canada jays to examine the factors influencing adults to switch breeding 

territories between years. In my final chapter, I use long-term breeding dispersal and 

demographic data to investigate the short- and long-term fitness consequences of breeding 

dispersal in adults. Together, my thesis highlights how dispersal can carry-over to influence 

individual fitness, but also demonstrates that the causes and consequences of dispersal vary 

between juveniles and adults and according to social and environmental conditions.  
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1 Chapter 1 – Prologue 
 
Movement is a ubiquitous feature of animal behaviour, occurring across a wide range of spatial 

and temporal scales (Morales et al. 2010; Liedvogel et al. 2013; Kays et al. 2015). Animals will 

move for a variety of reasons including foraging (Croll et al. 1998), finding mates or breeding 

sites (Dobson 1982; Gilroy and Lockwood 2012), escaping predators (Domenici et al. 2011), or 

responding to changes in the environment (Tigas et al. 2002; Riley et al. 2003), and therefore, 

movement can govern patterns of biodiversity, evolutionary processes, and population and 

ecosystem structure. Historically, there has been much focus from ecologists and conservation 

biologists on changes in the abundance of animal populations over time (Barnes et al. 2016). 

More recently, however, research has demonstrated that spatial distribution at both population 

and individual levels are critical for community dynamics (Ronce 2007; Clobert et al. 2009), the 

spread of pathogens or invasive species (Becker et al. 2015), and the ability for wildlife to 

respond to large-scale environmental fluctuations (Johnson and Gaines 1990; Holyoak et al. 

2008; Kays et al. 2015). Therefore, studying the links between animal movements and 

population structure is vital for a fundamental understanding of the management of wildlife 

populations and the conservation of at-risk species.  

Dispersal, defined as the permanent movement from one site of birth or previous 

breeding to another, is a life-history process that occurs in thousands of animal and plant species 

and plays a key role in ecological and evolutionary processes (Greenwood 1980; Hanski 1999). 

Dispersal takes place across three steps: 1) departure from the original location, 2) transience 

through the landscape, and 3) settlement at a new location (Nathan 2001). Dispersal movements 

can differ between age classes, where natal dispersal is defined as an individual’s movement 

from their place of birth to a subsequent site where they will attempt to reproduce, and breeding 
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dispersal is the movement of adults between successive breeding attempts (Greenwood and 

Harvey 1982). Dispersal has the potential to influence population dynamics as well as individual 

fitness, making it a core behavioural process in ecology (Johnson and Gaines 1990; Ronce 2007; 

Bonte et al. 2012; Matthysen 2012). In spatially structured populations, dispersal is integral for 

gene flow and population maintenance and allows for individuals to switch locations in response 

to the availability of resources and breeding opportunities (Ronce 2007; Bonte et al. 2012). The 

dispersal of individuals can lead to source-sink dynamics with emigration from populations with 

positive per capita growth rates allowing for the demographic rescue of declining populations 

(Amarasekare 2004). The decision to disperse, when to disperse, and where to settle can be 

significant events in an individual’s life that can have far-reaching consequences at the 

population-level, and thus it is important to examine both the mechanisms driving and the fitness 

implications of dispersal at various life-stages. Despite recognition of dispersal as a principal 

biological process, there is still a need to broaden the existing knowledge on the intrinsic and 

extrinsic causes of dispersal and the short and long-term implications it has on individuals and 

populations.  

 The complexities of dispersal and the variability of individual movements at specific life-

stages (Clobert et al. 2009; Delgado et al. 2009; Cayuela et al. 2018) make it difficult to obtain a 

comprehensive understanding of dispersal strategies. Due to shifting spatiotemporal patterns of 

individuals among the three stages of dispersal, detecting and determining the effects of dispersal 

events can be challenging. If dispersal is an uncommon event in a species, it can be difficult to 

acquire enough data to develop an understanding of the causes of dispersal (Lowe 2010). 

Additionally, estimates of dispersal rates and distances can be biased or underpowered if 

individuals are not monitored both within and beyond the study area. Studies have shown that 
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extending sampling efforts beyond the study population results in different and more accurate 

measures of dispersal. For example, by extending tracking efforts beyond the study area, 

Griesser et al. (2014) found that previous measures of natal dispersal in Siberian jays (Perisoreus 

infaustus) were underestimates (see also Griesser and Lagerberg 2012). Furthermore, 

developments in tracking technologies due to the relatively recent miniaturization of biologging 

devices for use on small animals (Kays et al. 2015; Jets et al. 2022), have increased the ability to 

collect comprehensive information on the causes and consequences of individual dispersal 

decisions.  

 One major gap in our understanding of dispersal is that it can be challenging to identify 

or test the fitness consequences of dispersal movements (Bowler and Benton 2005). 

Understanding the magnitude of fitness implications from dispersal at both the individual- and 

population-level can inform how movement influences individual success, population growth 

rates, and genetic connectivity (Clobert et al. 2001; Clobert et al. 2009). However, it is difficult 

to study the consequences of dispersal without understanding the physical and environmental 

conditions of the disperser prior to and after dispersal, nor without monitoring the survival and 

reproduction of individuals after they have dispersed (Griesser et al. 2014; Green and Hatchwell 

2018). By integrating tracking and mark-resighting data over large spatial and temporal scales 

the short- and long-term fitness consequences of dispersal can be examined.  

Resident species that maintain year-round territories can be ideal models for examining 

the causes and consequences of dispersal since inter- and intra-territorial movements cover 

relatively smaller distances compared to migratory species and typically would not cross political 

boundaries. Since resident species do not disperse long distances relative to migratory species, it 

is possible to monitor dispersal over multiple years and across habitats (Berteaux and Boutin 
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2000; Suh et al. 2020; Fuirst et al. 2021a). For example, long-term studies have disentangled the 

social and environmental correlates of natal and breeding dispersal patterns in Florida scrub-jays 

(Aphelocoma coerulescens; Suh et al. 2020), wolverines (Gulo gulo; Aronsson and Persson 

2018), African wild dogs (Lycaon pictus; Behr et al. 2020), western lowland gorillas (Gorilla 

gorilla gorilla; Manguette et al. 2020), and superb starlings (Lamprotornis superbus; Shah and 

Rubenstein 2022). Importantly, the lifetime fitness consequences of dispersal can be examined 

by monitoring the breeding activity of marked individuals over time, particularly for resident 

species, since migratory animals might not return to the same site the following year, making 

long-term monitoring difficult. Such studies on resident species have revealed that variation in 

natal and breeding dispersal strategies can lead to significant negative lifetime reproductive 

effects (Robertson et al. 2017; Martinig et. al. 2020). For example, in North American red 

squirrels (Tamiasciurus hudsonicus) dispersing females had lower lifetime reproductive success 

than philopatric females (Martinig et al. 2020). In contrast, in green-rumped parrotlets (Forpus 

passerinus), females that dispersed during years of low resource availability gained long-term 

reproductive benefits compared to philopatric individuals (Tarwater and Beissinger 2012). Long-

term studies, particularly on resident species, are rare, but provide an ideal framework to 

investigate the causes and short- and long-term consequences of both natal and breeding 

dispersal.  

In this thesis, I investigate the social and environmental causes of natal and breeding 

dispersal and the potential short- and long-term carry-over effects dispersal has on individual 

fitness in Canada jays (Perisoreus canadensis). To determine the causes and consequences of 

dispersal, I used a combination of radio-tracking and long-term re-sighting data on a population 

of Canada jays at the southern edge of their range in Algonquin Provincial Park (APP), Ontario, 
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Canada. Canada jays are a long-lived (maximum observed lifespan = 17 years) monogamous 

species and maintain pair bonds year-round, occupying territories as a pair or a trio that includes 

either a retained, dominant offspring of their own or an unrelated individual that they “adopt” 

(Strickland 1991). Canada jays resident species that live in boreal and subalpine ecosystems 

within North America and maintain territories year-round (Strickland and Ouellet 2020). The 

range of the Canada jay extends from the northern edge of the boreal forest in the U.S. and 

Canada to the southernmost point of the Rocky Mountains as far south as Colorado (Strickland 

and Ouellet 2020). At the southern edge of their range in central Ontario, Canada jays in 

Algonquin Provincial Park occupy breeding territories of approximately 130 ha and non-

breeding home-ranges of 84 ha (Strickland and Ouellet 2020; Fuirst et al. 2022). Canada jay 

territories are comprised of lowland bogs dominated by black spruce (Picea mariana) and 

balsam fir (Abies balsamea) as well as coniferous and mixed-deciduous forest (Strickland and 

Ouellet 2020; Fuirst et al. 2022). In late-summer through fall, individuals will scatter-hoard 

thousands of food items throughout their territories, which they rely on for over-winter survival 

and to provision nestlings in spring (Sechley et al. 2014; Derbyshire et al. 2015; Strickland and 

Ouellet 2020; Figure 1). Cached food items are comprised of perishable items such as carrion, 

mushrooms, berries, and insects (Strickland and Ouellet 2020) and placed under the bark of trees 

or within arboreal lichen or mosses. However, in the Algonquin Provincial Park population, 

changes in winter temperatures and freeze-thaw events have led to increased rates of food 

degradation, thus leading to population decline (Waite and Strickland 2006; Sutton et al. 2019).  

For a passerine, the breeding phenology of Canada jays is unique since they begin 

initiating reproduction in the middle of winter (Figure 1). In late-February, breeders begin nest 

construction and females begin incubation (modal clutch size = 3, range = 1-5) in mid-March. 
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Each year, breeding pairs will produce a single brood, unless nest failure occurs during laying or 

incubation, in which case re-nesting may happen (Strickland and Ouellet 2020). After 

approximately 18 days of incubation, eggs will hatch and nestlings will be fed a combination of 

cached items and seasonally available fresh food (Derbyshire et al. 2019; Figure 1). By mid- to 

late-April, offspring will fledge the nest but remain nutritionally dependent on the parents within 

the natal territory (Figure 1). During this time fledglings stay together, often perching on the 

same branch. Strickland (1991) suggested that during June, intra-brood competition led to a 

single dominant brood member (termed the “Dominant Juvenile”) that expels its siblings (termed 

“Ejectees”) from the natal territory (Figure 1). The Dominant Juvenile then delays dispersal in 

either of two ways: 1) leaving the natal territory by its first fall to claim a breeding position or 2) 

staying with its parents throughout the upcoming breeding season and dispersing after, in some 

cases even delaying a second year (Strickland 1991; Figure 2). The Ejectees are forced to 

disperse in their first summer and may acquire a breeding position, be “adopted” by an unrelated 

pair with no Dominant Juvenile, or remain alone (Sorensen et al. 2022; Figure 2).  

I conducted five studies that collectively contributed to our understanding of the causes 

and consequences of variation in natal and breeding dispersal strategies. In Chapter 1, I reviewed 

and synthesized the literature to determine what is currently known about the causes and 

consequences of natal and breeding dispersal in birds. Through this review, I summarized the 

ultimate and proximate mechanisms driving the probability of natal and breeding dispersal as 

well as the fitness consequences of dispersal. In Chapter 2, I applied this knowledge on avian 

dispersal to the ecology of Canada jays in APP to predict the social and environmental factors 

influencing variation in natal dispersal strategies and how such strategies lead to differences in 

first-year survival. In Chapter 3, I used long-term demographic data of Canada jays in APP to 
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examine how variation in natal dispersal strategies can lead to differences in lifetime 

reproductive success and inclusive fitness. In Chapter 4, I used long-term breeding dispersal data 

on Canada jays to examine the factors influencing adults to switch breeding territories between 

years. Finally, in Chapter 5, I investigated the short- and long-term fitness consequences of 

breeding dispersal in adults.  

Together, this thesis research quantifies the causes and consequences of natal and 

breeding dispersal in a population of Canada jays at the southern edge of their range in Ontario, 

Canada. This research provides the first evidence that mate loss and age drive breeding dispersal 

and its short- and long-term fitness implications and improves previous knowledge on the causes 

and long-term effects of natal dispersal behaviours using a combination of long-term 

demographic and radio-tracking data.    
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1.1 Figures 
1.1.1 Figure 1 Annual life cycle of breeding and caching in the Canada jay 
The annual breeding period of the Canada jay is in green, which starts in late-winter (~ late Feb) 
and lasts until mid-spring (~ early May). In brown is the period of food caching, which occurs 
from late-summer (August) through fall. In late-spring, offspring will fledge and eventually 
disperse from the natal territory (with exception of a Dominant Juvenile). Canada jay graphics 
were created by Young Ha Suh. 
 

 
 

  

 

 

 

 

  



 
 

9 
 

1.1.2 Figure 2 Annual timeline of Canada jay sibling expulsion 
The eggs of Canada jay nests hatch after ~18 days of incubation at which the nestlings (yellow) 
are zero days old. Offspring are known to fledge (orange) the nest ~23-24 days after hatching. At 
about six weeks after fledging, intra-brood dominance struggles lead to sibling expulsion 
(purple). One juvenile will remain on the natal territory (Dominant Juvenile) while the 
subordinate offspring are expelled in their first year (Ejectees). After expulsion, Ejectees may 
establish a pair bond with another jay in their first breeding season, remain alone, or be adopted 
by a previously unsuccessful breeding pair during their first winter. After their first year, 
Dominant Juveniles and Ejectees may leave their natal or adopted territories to become a breeder 
(blue). Canada jay graphics were created by Young Ha Suh.  
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1.1.3 Figure 3 Photos of Canada jay nestlings, adults, and territories 
(A) A female Canada jay (Perisoreus canadensis) incubating her eggs after a heavy snowfall. 
Canada jays begin incubation as early as late-February and will continue to incubate their eggs 
for 18 days. Photo: Dan Strickland. (B) A brood of four fledgling Canada jays begging for food. 
Fledglings will remain nutritionally-dependent on parents until partial dispersal, which 
commences in June. Photo: Dan Strickland. (C) An aerial photo of a Canada jay territory that is 
dominated by black spruce. Canada jays use spruce-dominated habitat year-round for fall food-
caching and fresh invertebrate and vertebrate food in spring and summer. Photo: Matthew Fuirst. 
(D) An adult Canada jay collecting food from the hand of a park visitor. Canada jays may 
supplement their diet with human food such as bread, cheese, nuts, and raisins. Photo: Kayla 
Martin.  
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1.2 Chapter publications and author contributions 
 
Chapter 1 – is in review in the Journal of Ornithology and is co-authored with D. Ryan Norris. 

M.F. and D.R.N. were responsible for conceptualization and data curation. Formal analysis was 

done by M.F. with the supervision of D.R.N. The methodology used was developed by D.R.N. 

and M.F. and data collection was done by M.F. D.R.N. was in charge of project administration, 

resources, supervision, and validation. M.F. wrote the manuscript and it was reviewed and edited 

by D.R.N. 

 
 
Chapter 2 – is in review in Behavioral Ecology and is co-authored with Dan Strickland, Alex O. 
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2 Chapter 2 – A review of the determinants and consequences of 
avian dispersal 

 
2.1 Abstract 
 

The decision an animal makes about whether to disperse can affect both individual fitness and 

population dynamics. We reviewed 352 peer-reviewed publications that estimated natal 

(movement from place of birth to the first site of reproduction) and breeding (movement from 

one breeding site to another) dispersal in birds to summarize and quantify the frequency of 

dispersal studies over time by the type of direct method and taxonomic order, and the causes and 

consequences of dispersal. Despite substantial annual variation, the number of natal and breeding 

dispersal publications has generally increased since 1980. To estimate dispersal, most studies 

used mark-resighting (89%), but radio- (18%), satellite- (5%), stable isotope (5%), and GPS-

tracking (2%) methods have increased in the last 10 - 25 years. Passeriformes (48%), 

Charadriiformes (16%), and Accipitriformes (14%) were the most common orders studied. We 

found that 87% of natal and 91% of breeding dispersal studies examined one or more causes of 

dispersal, but the consequences of dispersal were far less studied (23% of natal dispersal studies 

and 35% of breeding dispersal studies). There was some support that sex influenced dispersal 

(54% of natal dispersal studies, 59% of breeding dispersal studies found female-biased dispersal) 

and density had a strong effect on the probability of natal dispersal (69% of natal dispersal 

studies, 45% of breeding dispersal studies found a positive or negative effect of density on 

dispersal). For breeding dispersal, there was substantial support that individuals were more likely 

to disperse if they were younger (67% of studies), after an unsuccessful breeding attempt (66% 

of studies) or when they lost a mate (62% of studies). A low percentage of studies examined the 

effects of body condition (39% of natal and 5% of breeding dispersal studies) and social status 
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(19% of natal and 13% of breeding dispersal studies) on dispersal probability. In studies that 

examined the consequences of dispersal, there was evidence that both natal and breeding 

dispersal negatively influenced survival compared to site faithfulness but, for both types of 

dispersal, the impacts on reproductive performance were equivocal. While the increase in 

dispersal studies over the last four decades has been aided by new tracking technologies, our 

study highlights important gaps in our understanding of both the causes and consequences of this 

behaviour in wild populations.    
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2.2 Background 
 

Dispersal is defined as the movement of an individual from its place of birth to the first site of 

reproduction (i.e. natal dispersal) or the movement from one breeding site to another (breeding 

dispersal; Greenwood and Harvey 1982; Figure 1). Both types of dispersal can play an important 

role in determining individual fitness (Bonte et al. 2012), as well as the dynamics and structure 

of populations (Clobert et al. 2001; Bowler and Benton 2005; Clobert et al. 2009). Predicting 

how dispersal influences ecological and evolutionary processes depends partly on knowledge of 

the mechanisms driving movement and factors influencing the success of dispersers (Doligez and 

Pärt 2008). However, few studies have synthesized what is known about the causes and 

consequences of dispersal in birds. Driscoll et al. (2014) summarized and evaluated 

methodologies for quantifying animal dispersal but did not review mechanisms impacting 

dispersal or the fitness outcomes of dispersal. Reviews on vertebrates by Bowler and Benton 

(2005) and Cayuela et al. (2020) summarized the phenotypic and environmental drivers of 

dispersal, but neither synthesized fitness consequences.   

  Dispersal can be influenced by a variety of proximate and ultimate mechanisms (Bowler 

and Benton 2005; Clobert et al. 2009). Phenotypic causes of dispersal include individual traits 

such as sex, age, body size, or body condition (Greennwood and Harvey 1982; Bowler and 

Benton 2005; Clobert et al. 2009; Morales-González et al. 2021). The probability of dispersal 

can also be influenced by social and environmental factors such as dominance hierarchies, intra- 

and interspecific density, food availability, or territory quality (Matthysen 2005; Cayuela et al. 

2018; Morales-González et al. 2021). In birds, the mechanisms of dispersal can vary extensively 

across species and life-history strategies (Greenwood and Harvey 1982; Clobert et al. 2001), and 
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synthesizing each of the major causes of dispersal and the strength of their effects would 

contribute to our understanding of the dominant drivers and possible patterns across species. 

In contrast to mechanisms driving dispersal, the fitness consequences of natal and 

breeding dispersal are less well understood (Bowler and Benton 2005; Doligez and Pärt 2008). 

One reason for this is that individuals often disperse outside regularly monitored study areas, 

making it challenging to estimate survival or reproductive performance post-dispersal. This 

could lead to small sample sizes or biased conclusions if the habitats where individuals settle are 

of a different quality than inside a study area. Among studies that have documented dispersal 

consequences, some have provided evidence that dispersal can lead to increased reproductive 

performance because individuals move to areas with higher quality breeding habitat, food, or 

mates (Payne and Payne 1993; Forero et al. 2002; Williams and Boyle 2019; Fuirst et al. 2021a). 

Other studies have shown that dispersal can result in high rates of mortality because individuals 

move through unfamiliar habitats (Johnson et al. 2009; Bonte et al. 2012; Yoder et al. 2004) or 

risk not acquiring a breeding position (Stamps et al. 2005; Öst et al. 2011; Robertson et al. 

2017). Thus, a synthesis of the impacts of dispersal would not only formalize gaps in our 

understanding but also shed light on whether or not there are emerging patterns by which 

dispersal influences reproductive performance and survival.  

Dispersal can be estimated using both direct (i.e. mark-resighting, GPS-tracking, radio-

tracking, satellite-tracking, stable isotopes) and indirect (i.e. occupancy data of unmarked 

individuals, molecular data, or simulation models) methods (Koenig et al. 1996; Nathan et al. 

2003; Griesser et al. 2014). A previous review found that over two-thirds of papers on dispersal 

between 1990 and 2021 used indirect measures to estimate dispersal rates or distances (Driscoll 

et al. 2014). The use of indirect methods is useful for estimating the frequency and genetic 
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consequences of dispersal but, they are only able to measure dispersal at the population-level 

and, therefore, unable to disentangle underlying behavioural or evolutionary mechanisms that 

govern dispersal processes (Johnson and Gaines 1990; Dieckmann et al. 1999; Holyoak et al. 

2008). In contrast, direct methods can be an effective way to study the mechanisms and 

demographic consequences of dispersal at both the population- and individual-level. However, 

Driscoll et al. (2014) reported that only 14% of studies from 1990 to 2012 that examined animal 

dispersal used direct methods of monitoring to quantify dispersal patterns. The low prevalence of 

studies using direct methods could be because of two reasons. First, mark-resighting methods, 

which tend to be the dominant direct method, are time-consuming compared to indirect methods 

such as genetic analyses and occupancy models, which only require ‘one-time’ sampling for data 

collection. Second, tracking devices are expensive and, in some cases, require recapturing 

individuals, which is time-consuming and often not possible if individuals have moved outside of 

the study area (Griesser et al. 2014). That said, with the development of lighter, more precise, 

longer-lasting, and cheaper biologging devices (Kays et al. 2015; Jetz et al. 2022), the use of 

direct methods for estimating dispersal has increased over the past 10 years, although no 

summary on their use for estimating dispersal is available.  

Our goal for this review was to evaluate the weight of evidence for the most commonly 

measured causes and consequences of dispersal in birds. In this review, we focused solely on the 

probability of dispersal, not dispersal distance. Through summarizing avian dispersal in the 

literature, we first determined the frequency of dispersal studies over time according to 

taxonomic order, study location, and by different types of direct methods used to estimate 

dispersal (i.e. using mark-resighting, radio-tracking, GPS-tracking, or satellite-tracking). We 

then evaluated how often each of the causes and consequences was examined among dispersal 
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studies and then calculated the proportion of studies that found evidence for an effect of each of 

these factors. In doing so, we provide a general overview of the state of dispersal studies on birds 

while identifying major gaps that could be the focus of future work.  

 

2.3 Methods 
 

2.3.1 Article Selection 
 

To search for publications and screen and extract data from selected papers, we used protocols 

from the “preferred systematic review and meta-analysis framework” (Moher et al. 2009). First, 

in December 2021, we identified relevant literature between 1980 and 2021 by systematically 

reviewing dispersal-related peer-reviewed papers from the ISI Web of Science and ProQuest 

Biological Science Collection databases using a “topic” search that included the following 

keywords: (bird* OR avian*) AND (breeding dispers* OR secondary dispers* OR adult 

dispers* OR juvenile dispers*). We used 1980 as the starting point because the databases did not 

have available papers dating further back. Web of Science subject areas was limited to 

environmental sciences, ecology, evolutionary biology, zoology, biodiversity conservation, 

marine and freshwater biology, and biology, and the search was constrained to papers written in 

English and published in peer-reviewed journals. We excluded any unpublished data, 

management plans, or theses due to challenges associated with accessing documents. After 

removing 12 duplicates, this search resulted in 1031 papers. From this sample, all papers were 

screened and excluded if they (1) used an indirect method to estimate dispersal (e.g. occupancy 

data of unmarked individuals, genetic data, or simulation models), (2) were on a non-bird 

species, (3) had exclusively studied the behaviours and movements of individuals leading up to, 

but not including, dispersal, or (4) were experiments conducted in the lab or aviary, not in the 
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field. These criteria resulted in the exclusion of 679 articles, leaving 352 articles used in this 

review.  

 
2.3.2 Determining causes and effects of dispersal 
 
For each article, we recorded the year of the study, scientific name and taxonomic order of the 

study species, the location of the study (i.e. country and province or state if applicable), the type 

of dispersal studied (i.e. breeding or natal), sample size, study duration (yrs), and the method 

used to measure dispersal. For the method used to measure dispersal, studies were either 

classified as using mark-resighting, global positioning systems (GPS), radio-tracking, satellite-

tracking, stable isotopes, or any combination of these. Studies using geolocators were uncommon 

(n = 5) and thus grouped in with the GPS category. Radio-tracking studies involved the use of 

VHF (very high frequency) devices to track dispersal (Kays et al. 2015). GPS tracking devices 

are deployed on animals and collect spatial data from several satellites, which are then stored on 

the device until the animal is recaptured or the data are automatically uploaded via a receiver 

(Kays et al. 2015; Wikelski et al. 2007). In contrast, satellite tracking devices use the two polar-

orbiting Argos satellites to receive signals from platform transmitter terminals, in which the 

spatial data is then automatically sent to a remote device (Kays et al. 2015; Wikelski et al. 2007).  

 To summarize the causes of dispersal, we recorded all independent variables that were 

included in statistical models that attempted to explain the probability of dispersal and, to 

summarize the consequences of dispersal, all dependent variables that were used in statistical 

models where the probability of dispersal was an independent variable. We also recorded 

whether an independent variable had a positive or negative effect on the cause of dispersal and/or 

whether a given consequence was positively or negatively impacted by dispersal. Whether an 

effect was deemed to be positive or negative was determined according to the author’s chosen 
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threshold for statistical significance or model importance (i.e. BIC or AIC). In cases where 

studies conducted multiple tests or examined multiple species, variables in each test and species 

were recorded separately. We recognize that covariates considered in analyses varied across 

studies and thus there is likely uncertainty surrounding the effect of a given variable on dispersal 

probability if effects are influenced by confounding factors. 

To determine the percentage of studies that measured each predictor of natal and 

breeding dispersal (with exception of social status, see below), we divided the number of studies 

that examined that given predictor by the total number of breeding or natal dispersal studies. For 

studies using social status as a predictor of dispersal, we divided the number of natal or breeding 

dispersal studies that examined social status by the total number of breeding or natal dispersal 

studies that were on species known to exhibit delayed natal dispersal or cooperation among 

adults where social status may be relevant (Riehl 2013). We then took the number of breeding or 

natal dispersal papers that had a positive, negative, or no effect on that predictor and divided that 

number by the total number of either breeding or natal dispersal studies that examined the 

predictor in the study. We did this same calculation for the dependent variables used to examine 

the consequences of dispersal.   

To determine whether there was strong support for a given variable influencing or being 

influenced by dispersal, regardless of the direction of the effect, we compared the percentage of 

papers that reported an effect (either a positive or negative) against a null 50:50 ratio using a 

binomial test. For example, if the probability that the 70% of papers with a strong effect (positive 

or negative) of age did not come from a 50:50 ratio (probability was less than 0.05 [alpha level]), 

then we concluded that there was support for age to be an important predictor of dispersal across 
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species. This same process was used to compare directional effects (positive or negative) on the 

probability with a 50:50 ratio.  

 

2.4 Results 
 

2.4.1 Summary of articles 
 
Of the total number of publications on dispersal in birds from 1980 to 2021 (n = 352), we 

extracted data on natal dispersal from 74% (n = 261) and data on breeding dispersal from 41% (n 

145). Because some studies reported data from multiple species and/or dispersal types, there 

were 308 unique cases of natal and 151 unique cases of breeding dispersal were used for the 

analysis. The number of publications on natal dispersal began to rise in 1992, reaching a peak in 

2012, then declining until an abrupt increase back to peak levels in 2020 and 2021 (Figure 2). 

The number of publications on breeding dispersal began to rise at the same time as natal 

dispersal publications but has fluctuated between 2 and 13 papers since 2000, with 2017-2021 

notably at 5 or below per year (Figure 2). Publications took place in 65 different countries 

spanning all seven continents. Within the U.S. and Canada, dispersal publications spanned 40 of 

50 states and 11 of 13 provinces/territories, respectively. Our synthesis of dispersal studies 

covered 251 species, with the most common orders represented being Passeriformes (48%), 

Charadriiformes (16%), Accipitriformes (14%), Galliformes (5%), and Strigiformes (5%). The 

mean study duration among all natal and breeding dispersal publications was 8.5 years ± 0.6 and 

9.5 ± 0.7, respectively. Of natal dispersal studies, 87% (269/308) examined the causes of 

dispersal and 23% (72/308) examined the consequences of dispersal. Of breeding dispersal 

studies, 91% (138/151) examined the causes of dispersal and 35% (54/151) examined the 

consequences of breeding dispersal.  
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2.4.2 Direct measures of dispersal 
 

From most to least common, direct methods used to estimate natal and breeding dispersal were: 

mark-resighting (89%; 314/352), radio tracking (18%; 64/352), satellite tracking (5%; 17/352), 

stable isotopes (5%; 21/352), and GPS tracking (2%; 9/352). Seven percent (28/352) of studies 

used more than one method. The use of mark-resighting began to increase in 1991 and the use of 

radio-tracking began in 1995, with both methods being consistently used thereafter (Figure 3). In 

comparison, external GPS devices were not used to measure dispersal until the early-2010s and 

are still at a relatively low level of use (Figure 3). Satellite tracking studies began in 2005 and 

rose in the mid-2010s, while stable isotope studies began in 2001 and rose shortly thereafter, 

seemingly becoming less popular after 2012  (Figure 3).  

There are many reasons for these observed patterns and we briefly outline a few here. 

The fact that external tracking devices can be expensive and, in the case of satellite tracking 

devices, too large for many species likely reflects their continued low level of use after their 

initial application. Stable isotopes can be an attractive approach because individuals only need to 

be captured once to estimate dispersal. However, this method relies on the ability to sample a 

tissue with no metabolic turnover (e.g. feather) that was known to have grown before the time an 

individual dispersed (West et al. 2006). The spatial resolution of stable isotopes is also typically 

coarse, which prevents or severely limits, their ability to detect short-distance movements 

(Studds et al. 2008; Bairlein et al. 2016). Mark-resighting methods are relatively inexpensive 

compared to external tracking devices and highly accurate given individuals are seen in the field, 

which is likely the primary reason why they have maintained popularity in dispersal studies. 

However, they likely underestimate dispersal probabilities and distances because of challenges 
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associated with resighting individuals outside of traditional study areas (within the publications 

reviewed, re-sighting rates ranged from 3-75%; mean 22%).  

 

2.4.3 Causes of dispersal 
 
 
2.4.3.1 Sex 
 
Males and females may respond differently to resource availability, mate competition, and 

variation in habitat quality and such differences can lead to sex-biased natal and breeding 

dispersal (Greenwood 1980; Greenwood and Harvey 1982). In birds, female-biased dispersal 

(i.e. females disperse more frequently than males) is thought to be more common than male-

biased dispersal because females prioritize avoiding the risk of inbreeding while males select for 

territory and resource defense (Greenwood 1980; Greenwood and Harvey 1982). Examples of 

female-biased dispersal are seen in Florida Scrub-Jays (Aphelocoma coerulescens; Suh et al. 

2020), black grouse (Tetrao tetrix; Lebigre et al. 2010), purple-crowned fairywrens (Malurus 

coronatus; Hidalgo Aranzamendi et al. 2016), and savannah sparrows (Passerculus 

sandichensis; Wheelwright and Mauck 1998). Although less common, male-biased dispersal can 

occur in species where males frequently disperse as coalitions, such as brown jays (Cyanocorax 

morio; Williams and Rabenold 2005) and white-throated magpie-jays (Calocitta formosa; 

Langen 1996).  

Of studies that examined predictors of dispersal, 60% (163/269) of natal and 60% 

(83/138) of breeding dispersal studies quantified the effect of sex on dispersal probability. A 

significant percentage of natal (61%; 100/163; Binomial test; p = 0.004) and breeding dispersal 

(65%; 54/83; Binomial test; p = 0.008) studies found an effect (positive or negative) of sex on 

dispersal probability (Figure 4). Over half of the studies that examined sex found evidence for 
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female-bias dispersal: natal dispersal (54%; 87/163), breeding dispersal (59%; 47/83), but neither 

was significantly more than 50% (Binomial test; p = 0.27, p = 0.43, respectively). In contrast, 

fewer natal (7%; 13/163;) and breeding (8%; 7/83) dispersal studies that examined sex found 

evidence for male-biased dispersal, both of which were significantly less than 50% (Binomial 

test; p < 0.001 for both). These results demonstrated that in well over 50% of studies a sex effect 

was reported and, in most of these studies, female-biased dispersal was found (Figure 4).  

 

2.4.3.2 Body condition 
 
Body condition can either positively or negatively influence the probability of avian dispersal 

through its effect on a suite of behavioural and physiological traits (Greenwood and Harvey 

1982; Bowler and Benton 2005). Individuals of higher body condition prior to dispersal may be 

more likely to disperse due to their higher competitive ability and, therefore, increased likelihood 

of claiming a breeding position outside their natal territory in their first year (Belthoff and Dufty 

1998; van der Jeugd 2001). For example western (Megascops kennicottii) and eastern 

(Megascops asio) screech owls with higher levels of corticosterone and body fat, both indicators 

of body condition, had higher dispersal rates compared to individuals with lower amounts of 

these indicators (Belthoff and Dufty 1998). Alternatively, individuals of higher body condition 

may be less likely to disperse compared to individuals of poorer condition because of their 

ability to fight to retain access to resources on the natal territory (Strickland 1991; Koenig et al. 

1996; Hardouin et al. 2012). For example, Canada jays (Perisoreus canadensis) of higher body 

condition were more likely to delay natal dispersal due to their ability to expel subordinate 

siblings and remain on the natal territory (Strickland 1991).  
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Of the studies that examined the predictors of dispersal, 39% (29/73) of studies on 

delayed natal dispersal and just 5% (8/138) of breeding dispersal studies examined the effects of 

body condition on dispersal probability. Forty-eight percent (14/29) of natal and 25% (2/8) of 

breeding dispersal studies showed an effect (positive or negative) of body condition on dispersal, 

but neither of these percentages was significantly less than 50% (Binomial test; p = 1 for both; 

Figure 4). Of the natal dispersal studies that examined body condition as a predictor, 24% (7/29) 

demonstrated that individuals with an above-average body condition were more likely to 

disperse, which was less than 50% (Binomial test; p < 0.001; Figure 4). Similarly, of the few 

studies on breeding dispersal that examined body condition as a predictor, one (13%; 1/8; 

Binomial test; p = 0.07) provided evidence that adults with a higher than average body condition 

were more likely to disperse. In contrast, twenty-four percent (7/29; Binomial test; p = 0.009) of 

natal and 13% (1/8; Binomial test; p = 0.07) of breeding dispersal studies supported the notion 

that individuals in lower than average condition were more likely to disperse. It is important to 

note that the power to detect differences when compared to a null 50% was low because of the 

small sample size of studies that examined body condition.  

 

2.4.3.3 Age 
 
In juveniles, individuals that hatch or fledge earlier in the season (a proxy for age) may be more 

likely to delay dispersal and therefore recruit into the population, because they can outcompete 

younger siblings for prolonged access to the natal territory, which can lead to potential fitness 

benefits (Koenig et al. 1996; Ekman et al. 1999; Eikenaar et al. 2007). For example, in brown 

thornbills (Acanthiza pusilla), siblings that hatched earlier were more likely to recruit into the 

natal territory (Green and Cockburn 2001). Alternatively, individuals that hatched or fledged 

early in the season have had a higher probability of dispersing in their first year because they 
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were more competitive against conspecifics for nearby breeding opportunities (Spear et al. 1998; 

Middleton and Green 2008).  

Among adults, older individuals may be more likely to remain site-faithful than disperse 

due to their familiarity with aspects of the physical, biological, and social environment within 

their territory or home range (Greenwood and Harvey 1982; Forero et al. 2002; Bowler and 

Benton 2005; Andreu and Barba 2006; Blakesley et al. 2006). For example, the dispersal 

probability of California spotted owls (Strix occidentalis) was substantially higher for first and 

second-year subadults compared to individuals three years or older (Blakesley et al. 2006). In 

passerines, a negative relationship between dispersal probability and age has been observed in 

great tits (Parus major; Andreu and Barba 2006), indigo buntings (Passerina cyanea; Payne and 

Payne 1993), and tree swallows (Tachycineta bicolor; Winkler et al. 2004). Alternatively, higher 

rates of breeding dispersal in more experienced birds could result from older birds being better 

able to adjust to sudden changes in the environment, but there is little evidence for this 

hypothesis (Jenkins et al. 2019).  

We found that 97% (71/73) of studies that examined the predictors of dispersal in species 

with delayed natal dispersal examined the effects of hatch or fledge date. Significantly less than 

half of those studies (32%; 23/71; Binomial test; p < 0.01) provided evidence that hatch or fledge 

date had an effect (positive or negative) on dispersal probability (Figure 4). Consequently, 

studies that found either a positive (21%; 15/71; Binomial test; p < 0.01) or negative (11%; 8/71; 

Binomial test; p < 0.001) effect of hatch or fledge date on delayed natal dispersal were also 

significantly less than 50%, suggesting that hatch or fledge date does not have a strong effect 

across species. Of studies that examined predictors of breeding dispersal, 35% (49/138) 

examined age, and 100% of those studies found either a positive or negative effect of age on 
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breeding dispersal (Figure 4). Of those, 67% (33/49) provided evidence for lower dispersal rates 

in older birds (Binomial test; p = 0.02). 

  

2.4.3.4 Social status 
 
When benefits conferred by site-faithfulness offset the cost of dispersing, dominant individuals 

are expected to delay dispersal compared to individuals of lower social rank (Strickland 1991; 

Ekman et al. 2002; Suh et al. 2020). Dominance relationships among siblings or conspecifics can 

lead to differences in access to resources on the natal territory (Koenig et al. 1996). In some 

species, being of a lower social rank can lead to less access to resources, therefore driving a 

higher probability of dispersal (Koenig et al. 1996; Riehl 2013). For example, in Canada jays 

(Perisoreus canadensis; Strickland 1991; Sorensen et al. 2022), red-cockaded woodpeckers 

(Leuconotopicus borealis; Pasinelli and Walters 2002), and Florida Scrub-Jays (Aphelocoma 

coerulescens; Suh et al. 2020), dominant siblings were more likely to remain in the natal 

territory and reap the potential benefits of the natal territory. Additionally, in adult barred owls 

(Strix varia), rates of breeding dispersal were positively influenced by the breeding tenure (i.e. 

individuals with less seniority over territories disperse more; Jenkins et al. 2019). In contrast, 

some studies have shown that dominants have a greater probability of dispersal because their 

high level of aggression gives them an advantage in establishing breeding positions in their first 

year (Duckworth and Badyaev 2007). 

Of the studies that examined predictors of dispersal and had distinct social ranks, 19% 

(20/102) of natal dispersal and 13% (6/45) of breeding dispersal studies examined the effect of 

social status on the probability of dispersal. Of those, 90% (18/20; Binomial test; p < 0.01) of 

natal dispersal and 17% (1/6; Binomial test; p = 0.22) of breeding dispersal studies showed an 
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effect (positive or negative) of social status on dispersal probability (Figure 4). Of the 20 studies 

on delayed natal dispersal, 70% (n = 14) provided evidence that dominant individuals had lower 

rates of dispersal or disperse later (Binomial test; p = 0.11). The opposite effect was less 

common with dominant-biased natal dispersal being supported in 20% of studies (4/20; Binomial 

test; p = 0.01). The single study on breeding dispersal (17%; 1/6) demonstrated that socially 

dominant adults were more likely to disperse.  

 
2.4.3.5 Density 
 
Positive density-dependent dispersal occurs when high population density increases dispersal 

probability through elevated intraspecific competition for food, mates, or habitat (Matthysen 

2005; Kim et al. 2009). In a study by Kim et al. (2009), high-density colonies of blue-footed 

boobies (Sula nebouxii) had higher dispersal rates than low-density colonies because of increased 

intraspecific competition. In contrast, negative density-dependent dispersal can occur when low 

densities reflect poor habitat quality or low resource abundance resulting in a higher probability 

of dispersal (Matthysen 2005; Serrano et al. 2005; Forero et al. 2002; Norris et al. 2013), which 

could accelerate population declines if emigration rates are linked to the continual degradation of 

habitat (Coulon et al. 2010).  

Our results showed that the effect of density was tested in less than half of natal (37%; 

101/269) and breeding (25%; 35/138) dispersal studies that examined the causes of dispersal. Of 

those, 69% of natal (68/101; Binomial test; p < 0.01) and 45% (16/35; Binomial test; p = 0.73) of 

breeding dispersal studies showed an effect (positive or negative) of density on dispersal 

probability (Figure 4). Less than half of natal (47%; 47/101) and breeding dispersal (34%; 12/35) 

studies supported the ‘positive density-dependent dispersal’ hypothesis, but neither of these was 

significantly less than 50% (Binomial test; p = 0.55, p = 0.09, respectively). Evidence for 
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negative density-dependent dispersal was found in 20% (21/101) of natal and 11% (4/35) of 

breeding dispersal studies, and both of these percentages were significantly less than 50% 

(Binomial test; p < 0.001 for both).  

 
2.4.3.6 Habitat quality 
 
The effect of habitat quality on avian dispersal has been studied in a wide range of species 

(Greenwood and Harvey 1982; Seamans and Gutiérrez 2007; Norris et al. 2013; Jenkins et al. 

2019). Dispersal from low- to high-quality habitats can increase reproductive performance and 

survival (Norris et al. 2013; Jenkins et al. 2019; Fuirst et al. 2021b). Spotted owls, a habitat 

specialist, for example, were more likely to disperse as breeders when occupying lower-quality 

conifer stands that experienced habitat alteration compared to individuals occupying unaltered 

stands (Seamans and Gutiérrez 2007). Similarly, Norris et al. (2013) showed that both juvenile 

and adult Canada jays were more likely to disperse from low- to high-quality conifer stands 

rather than from high- to low-quality stands and it was suggested that this was due to their 

reliance on high-quality habitats for over-winter food stores. While the opposite pattern – an 

increased dispersal in high-quality habitats – appears to be less common, it may occur in the case 

of natal dispersal if more young are produced in these habitats (Greenwood and Harvey 1982; 

Bowler and Benton 2005) and, in the case of breeding dispersal, if high densities in high-quality 

habitats force individuals to relocate (vis-à-vis ideal-despotic distribution; Oro 2008). 

We found that 27% (74/269) of natal and 37% (52/138) of breeding dispersal studies that 

examined the causes of dispersal quantified the effect of habitat quality on dispersal probability. 

Of these, 56% of natal (42/74) and 61% of breeding dispersal studies (32/52) provided evidence 

that habitat quality had an effect (positively or negatively) on dispersal probability, but neither of 

these percentages was significantly more than 50% (Binomial test; p = 0.29, 0.12, respectively; 
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Figure 4). The percentage of natal dispersal studies showing that individuals were more likely to 

disperse from lower quality habitats (34%; 25/74) was significantly less than half (Binomial test; 

p = 0.007). Thirty-eight percent (20/52) of breeding dispersal studies showed that individuals 

were more likely to disperse from lower-quality habitats, but this percentage was not 

significantly less than 50% (Binomial test; p = 0.12). Significantly less than half of natal (22%; 

17/74; Binomial test; p < 0.01) and breeding dispersal (23%; 12/52; Binomial test; p < 0.001) 

studies provided evidence that individuals were more likely to disperse when occupying higher 

quality habitat.  

 
2.4.3.7 Breeding experience and mate loss 
 
In birds, previous breeding experiences can influence subsequent patterns of breeding site 

fidelity (Clobert et al. 2001). Numerous studies on birds have found evidence for the “win-stay, 

lose-shift” strategy, which predicts that dispersal probability is higher after reproductive failure 

or mate loss (Wiklund 1996; Forero et al. 2002; Boulinier et al. 2008; Öst et al. 2011; Robertson 

et al. 2017; Williams and Boyle 2019; Fuirst et al. 2021a). For example, adult black-legged 

kittiwakes (Rissa tridactyla; Boulinier et al. 2008) and common eiders (Somateria mollissima; 

Öst et al. 2011) demonstrated higher rates of breeding dispersal following reproductive failure. 

Similarly, in a study by Fuirst et al. (2021a), breeding Canada jays were more likely to disperse 

after experiencing mate loss.  

Of the studies that investigated the causes of breeding dispersal, 52% (73/138) examined 

the effects of prior breeding success on dispersal probability and 24% (34/138) tested the effects 

of mate loss. The percentage of studies that found an effect (positive or negative) of previous 

breeding success (70%; 51/73) or mate loss (73%; 25/34) on dispersal probability was 

significantly greater than 50% (Binomial test; p = 0.001, p = 0.01, respectively; Figure 4). The 
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percentage of studies that found a positive effect of nest failure or low reproductive output (66%; 

48/73) or mate loss (62%; 21/34) on dispersal probability was also significantly more than 50% 

(Binomial test; p = 0.01, p = 0.02, respectively). In contrast, few studies reported higher dispersal 

rates after successful breeding (4%; 3/73; Binomial test; p < 0.001) or mate retention (12%; 4/34; 

Binomial test; p < 0.001). In general, these results indicated that previous reproductive success 

and mate fidelity appear to be common drivers of breeding dispersal across species. 

 
2.4.4 Consequences of dispersal 
 
2.4.4.1 Survival 
 
Several studies have provided evidence that dispersal leads to lower survival rates than site-

faithfulness (Daniels and Walters 2000; Kokko and Ekman 2002; Yoder et al. 2004), which is 

likely due to risk factors associated with transience. Alternatively, dispersers may have higher 

long-term survival rates than site-faithful individuals if they move from poor to higher-quality 

habitat (Altwegg et al. 2000).  

Of the studies that examined the consequences of dispersal, 43% (16/37) of studies on 

species that show delayed natal dispersal and 20% (11/54) of breeding dispersal studies 

examined the effects of dispersal on survival. Over half of natal (81%; 13/16) and breeding 

dispersal studies (63%; 7/11) found an effect (positive or negative) of dispersal on survival, but 

neither of these was significantly more than 50% (Binomial test; p = 0.50, 0.54, respectively; 

Figure 5). Seventy-five percent (12/16) of natal dispersal studies showed that delaying dispersal 

led to higher survival rates compared to dispersing in the first year, and this percentage was 

significantly higher than 50% (Binomial test; p < 0.01). Similarly, for breeding dispersal, 54% 

(6/11) of studies provided evidence that dispersal led to lower survival rates compared to site-

faithful individuals. While this was not significantly different from 50% (Binomial test; p = 1), 
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the power of the test was extremely low because of the small sample size. Only one study 

provided evidence that survival rates were lower in delayed dispersers compared to first-year 

dispersers (6%; 1/16) and only one study found that breeding dispersal led to higher survival 

rates than being site faithful (9%; 1/11).  

 
2.4.4.2 Reproductive performance 
 
In birds, the reproductive consequences of natal and breeding dispersal have been examined by 

comparing reproductive output between site-faithful and dispersing individuals in successive 

years for adults, and by comparing the reproductive output of juveniles that immediately disperse 

versus those that delay natal dispersal (Spear et al. 1998; Ekman et al. 1999; Forero et al. 2002; 

Fuirst et al. 2021b). Site-faithful individuals may experience higher reproductive performance 

due to territory familiarity and knowledge of foraging locations (Ekman et al. 1999; Grabowksa-

Zhang et al. 2012). For example, in breeding great tits (Parus major), individuals that remained 

site-faithful were more likely to have successful reproduction due to familiarity with neighbors 

and local breeding habitat (Grabowksa-Zhang et al. 2012). Alternatively, individuals may 

improve reproductive performance by dispersing to a higher-quality territory (Gutiérrez et al. 

2011; Fuirst et al. 2021b). For example, adult Canada jays (Fuirst et al. 2021b) and yearling 

American redstarts (Setophaga ruticilla; Rushing et al. 2016) that dispersed to higher quality 

habitats experienced higher rates of breeding success compared to individuals that dispersed to 

lower quality habitats.  

Of the studies that examined the consequences of dispersal, 83% (31/37) of studies on 

species that exhibit delayed natal dispersal and 70% (38/54) of breeding dispersal studies 

investigated reproductive consequences. Of those, 70% of natal dispersal studies (22/31) and 

81% of breeding dispersal studies (31/38) showed that dispersal had an effect (positive or 
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negative) on reproductive performance and both of these percentages were significantly more 

than 50% (Binomial test; p = 0.01, p < 0.001, respectively; Figure 5). Fifty-one percent (16/31) 

of delayed natal dispersal studies and 39% (15/38) of breeding dispersal studies showed that 

dispersal resulted in short-term negative effects on reproductive performance, but neither of 

these percentages was significantly higher or lower than 50% (Binomial test; p = 0.50 for both). 

There was a lower percentage of natal dispersal (19%; 6/31, Binomial test; p = 0.001) and a 

slightly higher percentage of breeding dispersal (42%; 16/38, Binomial test; p = 0.41) studies 

that found dispersal led to short- or long-term improvements in reproductive performance.  

 

2.4.4.3 Habitat quality 
 
Previous studies have found that dispersal can improve performance if individuals shift from a 

low- to high-quality habitat (Stacey and Ligon 1987; Forero et al. 2002; Fuirst et al. 2021b). 

However, given the uncertainty associated with dispersing, it is also possible that dispersers 

more often end up in lower-quality habitats than they originated (Yoder et al. 2004; Bonte et al. 

2012). Of the studies that examined the consequences of dispersal, 15% (11/72) of natal and 27% 

(15/54) of breeding dispersal studies quantified differences in habitat quality between the 

originating location (i.e. habitat an individual dispersed from) and the receiving location (i.e. the 

habitat location of settlement). Of those, 77% of natal dispersal (7/9) and 73% of breeding 

dispersal studies (11/15) indicated that dispersal led to shifts (positive or negative) in habitat 

quality, but neither were significantly more than 50% (Binomial test; p = 0.18, p = 0.12, 

respectively; Figure 5). Forty-four percent of natal (4/9) and 60% (9/15) of breeding dispersal 

studies showed that individuals improved the quality of their breeding habitat after dispersal 

(Binomial test; p = 1, p = 0.61, respectively). In contrast, 33% (3/9) of natal and 13% (2/15) of 
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breeding dispersal studies provided evidence that individuals dispersed to a lower-quality site 

than where they originated from (Binomial test; p = 0.51, p = 0.01, respectively).  

 
2.5 Conclusions and synthesis 
 

Our review highlights that one of the most common predictors of the probability of natal and 

breeding across bird species is sex (Clarke et al. 1997). Over 60% of studies that examined sex 

as a predictor of dispersal found an effect of sex. We also provide clear support for Greenwood 

and Harvey’s (1982) female-biased dispersal hypothesis: of those studies that did find an effect 

of sex, 87% (87/100) found evidence for female-bias natal dispersal and 87% (47/54) found 

evidence for female-bias breeding dispersal. As noted earlier, female-biased dispersal may arise 

to avoid inbreeding (Lebigre et al. 2010; Kingma et al. 2017), when sexual dimorphism leads to 

asymmetries in resource withholding potential (Greenwood and Harvey 1982; Clark et al. 1997), 

or, in likely fewer cases, when there is a female-dominant sex ratio (Marzluff and Balda 1989; 

Végvári et al. 2018). Regardless of the ultimate reason for differences in dispersal probability 

between sexes, it is clear that female-bias dispersal is a dominant pattern across bird species, 

although it should also be noted that a fair percentage (40% in both natal and breeding dispersal 

studies) of studies found no effect of sex on dispersal probability. Understanding the ecological 

and evolutionary conditions that give rise to equal dispersal probabilities between sexes could 

also be informative for understanding the evolution of dispersal in birds.  

Age was one predictor where we found notable differences between natal and breeding 

dispersal probabilities. A higher percentage of natal dispersal studies (97%) examined age as a 

predictor compared to breeding dispersal studies (35%). This is perhaps not surprising given that, 

linking age with breeding dispersal probability requires a representative sample of known-age 

individuals with different dispersal histories while linking age to the probability of natal 
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dispersal requires marked offspring to be tracked for a year or less. Depending on the lifespan of 

the species, amassing sufficient data for the former can take decades while an adequate sample 

for the latter could take as little as 1-3 years. In contrast to differences in the difficulty of 

obtaining these data, 100% of studies that examined age found an effect of age on breeding 

dispersal probability, whereas only 32% of studies found an effect of age on natal dispersal. We 

hypothesize that one reason for this pattern is likely related to the biological implications of 

differences in the range of ages between the two types of dispersal. Dispersal between breeding 

seasons in adults can occur anywhere between the age of sexual maturation and the maximum 

age observed in the species. During this time, individuals can gain a tremendous amount of 

experience (Clobert et al. 2001; Wiklund 1996), change social ranks (Koenig et al. 1996; Jenkins 

et al. 2019), and senesce (Sorensen et al. 2022), all of which likely factor into the probability of 

whether an individual disperses between breeding seasons. In contrast, at the time of natal 

dispersal, individuals usually only vary in age by days or months and cognitive or behavioural 

differences may be smaller. Across species, it could be informative to examine whether the 

influence of age on natal dispersal is dependent upon development time and whether the 

influence of age on breeding dispersal is dependent upon lifespan or the degree of sociality.  

While density is known to be a mechanism driving dispersal in many birds (Matthysen 

2005), we found a surprisingly low proportion of studies investigated the effects of density on 

the probability of dispersal (37% of natal and 25% of breeding dispersal studies). We speculate 

this is likely related to the challenges of capturing sufficient variation in density, which is done 

by sampling a population across years and/or sampling different populations. That said, among 

studies that did examine density, we showed that, in agreement with Matthysen (2005), positive 

density-dependent dispersal was more commonly reported than negative density-dependent 
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dispersal: 69% of natal and 75% of breeding dispersal studies. Logically, negative density-

dependent dispersal is less likely to occur because it implies benefits to group living (higher 

densities, lower dispersal rates, e.g. Serrano et al. 2005) and there are fewer colonial than non-

colonial species (Ekman 2006; Riehl 2013). The more common scenario occurs when high 

densities elevate competition among conspecifics, leading to higher dispersal rates. This likely 

also explains why density was a more common predictor of natal dispersal (69%) than breeding 

dispersal (44%), given juveniles are usually inferior competitors and, therefore more susceptible 

to fluctuations in density, compared to older individuals.    

 Similar to density, our review also highlights how infrequently body condition was 

examined in studies on avian dispersal: just 10% of natal and 6% of breeding dispersal studies 

examined body condition as a predictor. Like density, one reason could be methodological: the 

vast majority of dispersal studies captured individuals to either mark them or attach tracking 

devices and this occurred well before dispersal, precluding the ability to obtain an estimate of 

body condition prior to dispersal. A focus on re-capturing individuals closer to dispersal would 

be beneficial but this is often extremely difficult given the timing of dispersal is not always 

predictable. The rise of devices that take 'on-board’ physiology measurements of wild animals 

(Williams et al. 2021) could offer a solution, but their application for small-bodied birds seems 

at least several years away. Thus, body condition remains one of the most challenging 

measurements to attain in the field, especially considering there is little consensus on the best 

metric to use as an indicator of condition (Gosler and Harper 2000).  

In other cases, we found strong effects for predictors despite the fact that they were not 

examined often. For example, only 24% of natal and 34% of breeding dispersal studies examined 

habitat quality as a predictor, but of those 56% of natal and 61% of breeding dispersal studies 
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showed a strong effect of habitat quality on dispersal. Despite the potential importance of habitat 

quality on dispersal, it remains extremely challenging to accurately capture variation in habitat 

quality for many species (Heinrichs et al. 2016), especially considering that habitat preference 

can occur at multiple spatial scales and habitat quality can vary both spatially and temporally 

(Jones 2001; Kays et al. 2015). Accurate measures of habitat quality and being able to link 

habitat quality with measures of success remains a major obstacle not just for our understanding 

of dispersal (Bowler and Benton 2005), but for many other ecological processes (Johnson 2007; 

Heinrichs et al. 2016). A second example was the effect of social status on natal dispersal. Only 

18% (20/112) of studies on species with social hierarchies examined social status as a predictor 

of natal dispersal, yet 18 (90%) of those showed an effect of social status on the probability of 

natal dispersal. While much smaller sample sizes, this result did not appear to be true of breeding 

dispersal: while just 13% (6/45) of studies on breeding dispersal examined social status, only one 

of those studies found an effect of social status on dispersal. Like the effect of density discussed 

above, the low effect of social status on breeding dispersal is likely related to the fact that older 

individuals are more established and less willing to disperse despite differences in social rank.   

Our results highlight that the consequences of avian dispersal are less often examined 

than the causes. We hypothesize that this is due to constraints associated with obtaining accurate 

data on dispersal consequences. First, obtaining an unbiased sample to examine the 

consequences of dispersal requires that some individuals be followed after they have dispersed 

and established breeding positions outside of a traditional study area (Nathan et al. 2003; 

Griesser et al. 2014; Cayuela et al. 2018). Second, there may be long-term (2+ years) 

consequences of dispersal that require individuals both within and outside of the study area to be 

followed for multiple years. This can create stark asymmetries between inferences made from 
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long-term monitoring studies versus those that are constrained to estimating reproductive or 

survival immediately before and after dispersal. Regardless of the challenges, our review 

highlights that our understanding of the consequences of dispersal is well behind our 

understanding of the causes.  

Among studies that examined the consequences of dispersal, we found that dispersal had 

survival costs in some species, while the influence of dispersal on reproduction was equivocal. 

Whether or not dispersal is beneficial to individual fitness could be influenced by if dispersal is a 

decision or forced (Ekman et al. 1999). For species that “voluntarily” disperse, individuals likely 

have some information about the mate or resource prospects of potential dispersal destinations 

(Boulinier et al. 2008; Doligez and Pärt 2008; Cox and Kesler 2012). For example, in red-bellied 

woodpeckers (Melanerpes carolinus; Cox and Kesler 2012), juveniles forayed from the natal 

territory to assess potential dispersal destinations and foray direction prediction dispersal 

direction. For other species, such as Canada jays (Strickland 1991) and western screech owls 

(Belthoff and Dufty 1998), dispersing juveniles are forced out of their originating territory, 

implying that they may not have sufficient information about potential destinations. The more 

common negative effect of dispersal on survival is not consistent with this argument. However, 

this could be because, even though dispersers may have information on their destination, they 

may not have information on how risky is it to get there (Yoder et al. 2004). One of the more 

fruitful avenues for future dispersal work will be acquiring continuous tracking and real-time 

mortality data via the development of lighter and more powerful tracking devices capable of not 

only determining the fate and pathways of dispersers, but also providing valuable information on 

the state of the individual before, during, and after dispersal.    
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2.6 Figures 
2.6.1 Figure 1 Schematic of natal and breeding dispersal in Canada jays 
A schematic that shows natal and breeding dispersal in birds using Canada jays as an example. 
Natal dispersal is defined as the movement from the place of birth to the first place of 
reproduction. In some species, such as the Canada jay, juveniles may delay dispersal and remain 
philopatric to their natal area for a year or more. Breeding dispersal occurs when an adult 
changes breeding territories. If adults do not disperse, they are considered site-faithful. Dispersal 
can occur within the limits of a study population or disperse out of the study population (i.e. 
emigration). Canada jay graphics by Young Ha Suh.  
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2.6.2 Figure 2 Frequency histograms of studies on avian dispersal 
Frequency histograms showing the number of studies that have examined (a) natal and (b) 
breeding dispersal between 1980 and 2021. 
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2.6.3 Figure 3 Frequency histogram of studies on avian dispersal using direct methods 
Frequency histograms showing the number of studies that used (a) mark-resighting, (b) radio 
tracking, (c) GPS tracking, (d) satellite tracking, and (e) stable isotopes to estimate natal and 
breeding dispersal between 1980 and 2021. 
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2.6.4 Figure 4 Bar charts of directional effects of dispersal causes 
Bar charts indicating the percentage of papers between 1980 and 2021 that provided evidence for 
positive, negative, or no effects for predictors of (a) natal and (b) breeding dispersal. 
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2.6.5 Figure 5 Bar charts of directional effects of dispersal consequences 
Bar charts indicating the percentage of papers between 1980 and 2021 that provided evidence for 
positive, negative, or no consequences of (a) natal and (b) breeding dispersal. 
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3 Chapter 3 – Reduced first-year survival in Canada jay juveniles 
expelled from the natal territory by their dominant sibling 

 
 
3.1 Abstract 
 

Knowledge of juvenile mortality rates and the factors influencing survival are critical for 

understanding population dynamics and individual success. However, juveniles can be 

challenging to follow once they stop receiving parental care, especially when they leave their 

natal territory. We used radio-tracking to examine the brood reduction system, and subsequent 

juvenile survival, of first-year Canada jays (Perisoreus canadensis) in Algonquin Provincial 

Park, Ontario. Soon after juveniles become nutritionally independent, roughly six weeks post-

fledging, brief intra-brood struggles lead to one “Dominant Juvenile” remaining on the natal 

territory after permanently expelling the subordinate siblings (“Ejectees”). We showed that male 

nestlings in above-average body condition were more likely to become the Dominant Juvenile 

compared to males in below-average condition or females. Dominant Juveniles were two times 

more likely to survive their first summer than Ejectees following expulsion from the natal 

territory (survival probabilities = 0.84 and 0.45, respectively). However, even though Ejectees 

experienced lower first-summer survival if they lived to autumn, they had similar probabilities of 

first-winter survival (0.73) as Dominant Juveniles (0.85). We surmise that Ejectees are especially 

vulnerable to predation in the critical interval immediately following their expulsion from the 

natal territory and their possible settlement on a new territory. These results reinforce the idea 

that the fight to delay dispersal is driven by significant survival benefits.  
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3.2 Introduction 
 

In many species, one of the least understood periods of life is the time between when young 

cease receiving parental care from their parents and when they begin breeding as adults. Once 

juveniles become nutritionally independent, they often disperse away from their natal territory 

making them difficult to track (Greenwood and Harvey 1982; Cooper et al. 2008; Cox et al. 

2014) and less conspicuous than adults (Thompson 1991) that are defending resources and 

breeding positions. Despite this, juvenile cohorts, through variation in their survival and 

dispersal, often play key roles in regulating and maintaining populations (Schaub et al. 2012) and 

decisions juveniles make in their first year of life often have far-reaching consequences for 

success later in life (Clobert et al. 2009; Bonte et al. 2012; Suh et al. 2020; Sorensen et al. 2022).  

 One increasingly popular solution to the problem of tracking mobile and sometimes 

cryptic juveniles is the use of external tracking devices (Bouten et al. 2013; Griesser et al. 2014; 

Stillman et al. 2021). Traditional mark-resight approaches can be limited by the ability to 

reliably find individuals, particularly if they disperse out of a study area (Koenig et al. 1996; 

Cooper et al. 2008; Griesser et al. 2014). External devices, such as GPS- and radio-transmitters 

offer the ability to track individuals over larger distances and, therefore, infer survival and 

dispersal from a larger and more representative sample of individuals (Hallworth and Marra 

2013; Griesser et al. 2014). For example, Hanski and Selonen (2009) used a dataset of over 80 

radio-collared Siberian flying squirrels (Pteromys volans) to quantify first-year survival and the 

intrinsic and external mechanisms of natal dispersal. Studies using radio-tracking have also 

provided evidence that black-backed woodpeckers (Picoides arcticus; Stillman et al. 2021), 

American martens (Martes americana; Johnson et al. 2009), and little owls (Athene noctua; 

Fattebert et al. 2019) occupying low-quality habitats disperse farther from the natal territory than 
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individuals occupying high-quality habitats. Using tracking technologies can be valuable for 

understanding the movement and first-year survival of dispersing juveniles which is important 

for predicting both population dynamics and fitness. However, the threats and pressures on 

organisms may vary across separate life-stages at a finer scale than just juvenile and adult (Sillett 

and Holmes 2002; Cox et al. 2014), making it imperative to break down stage-specific survival 

with data from the entire annual cycle.  

  Here, we radio-tracked individuals throughout the first year of life to examine the brood 

reduction system of Canada jays (Perisoreus canadensis) and its effects on juvenile survival in 

Algonquin Park, Ontario, Canada. The Canada jay is a resident passerine of North America’s 

boreal and subalpine forests that relies on perishable stored food for overwinter survival and late-

winter breeding (Strickland and Ouellet 2020). Juvenile behaviour is characterized by the forced 

expulsion of subordinate brood-members from the natal territory in June and the resultant 

creation of two classes of juveniles (Strickland 1991; Sorensen et al. 2022): a “Dominant 

Juvenile”, the juvenile that expels its siblings about six weeks post-fledging (or, less frequently, 

the only brood-member that survives that long), that remains closely associated with its parents, 

and 1-4 expelled “Ejectees” that usually settle on territories occupied by a breeding pair whose 

nesting has failed and where, consequently, there is no Dominant Juvenile present. Dominant 

Juveniles and Ejectees may remain as non-breeders on their respective natal and adoptive 

territories for a year or longer and voluntarily (i.e., non-forced) disperse to a breeding position on 

another territory. In the case of Dominant Juveniles, this would be the second territory occupied 

since fledging and the third territory for Ejectees.  

 Mock and Parker (1997) cited the juvenile expulsion behaviour of Canada jays as one of 

only two known examples of avian brood reduction occurring after the nestling period. In 
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general, Strickland’s (1991) original description and proposed explanation of the system have 

been well supported by the accumulation of ~ 30 more years of data (D.S., D.R.N. unpubl. data), 

but some uncertainties nevertheless have persisted. Not the least of these is the estimation of the 

expulsion’s immediate effect on the first-summer survival of Dominant Juveniles and Ejectees. 

While Dominant Juveniles usually remain easily detectable during their first year of life, Ejectees 

disappear from their natal territories less than two months after fledging without any guarantee 

that surviving individuals will settle on monitored territories. This limits the usefulness of the 

traditional mark-resight approach to estimate survival. For example, Norris et al. (2013) 

estimated that the first-summer survival of nestlings that would later become Dominant Juveniles 

or Ejectees settling within the study area was 0.20 ± 0.02, while the further (autumn/winter) 

survival of such birds from Oct. to Mar. was 0.60 ± 0.003. However, the estimates provided by 

Norris et al. (2013) as well as apparent survival estimates from Sutton et al. (2021a), did not 

distinguish between Dominant Juveniles and Ejectees and were likely underestimates of overall 

juvenile first-summer survival because the survival of Ejectees that dispersed to territories 

outside of the study area was not directly estimated.  

Strickland (1991) attempted to circumvent the problem of juveniles dispersing outside the 

study site by assuming that the number of Ejectees banded as nestlings within the study site that 

had dispersed and survived unobserved outside of the study area would equal the number of 

unbanded juvenile nonbreeders observed in autumn (i.e., assumed to be Ejectees dispersing into 

the study area from outside). Using this approach, Strickland (1991) estimated that the overall 

first-summer survival of juveniles in our study area was 0.27, while that of Dominant Juveniles 

was at least 0.48, and the corresponding minimum survival rate for Ejectees was only 0.15. 

However, the assumptions and the accuracy of these results can be questioned for several reasons 
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including the linear configuration of the study area along a highway and the resulting non-

negligible exposure of many jays within (but not outside) the study site to vehicles (Norris et al. 

2013). Additionally, Strickland (1991) was unable to quantify numbers at fledging and at 

expulsion making it impossible to arrive at accurate survival estimates from banding-fledging, 

fledging-expulsion, and expulsion-autumn. The inability of Strickland (1991) to evaluate partial 

brood losses between banding and expulsion biases survival estimates for Ejectees, but not for 

Dominant Juveniles, further limiting survival comparisons between juvenile classes.  

In this study, we directly measured the survival and dispersal of Canada jays to 

circumvent the shortcomings of previous attempts to assess the first-year survival of juveniles 

with long-term monitoring. We did this by using radio-telemetry both within and beyond our 

study area to track Dominant Juveniles and Ejectees throughout their first year of life. 

Concurrently, we examined factors that influence the probability of becoming the Dominant 

Juvenile versus an Ejectee, quantified the factors influencing variation in first-year survivorship, 

and gained a deeper understanding of stage-specific first-year survival patterns, particularly in 

our declining, range-edge study population (Sutton et al. 2021a). 

 

3.3 Methods 
 

3.3.1 Study area and field methods 
 

We used re-sighting and radio-tracking data to quantify Canada jay brood reduction and 

subsequent juvenile survival in Algonquin Provincial Park (APP), Ontario, Canada (45 N, 78 W; 

7.6 x 105 ha). APP is situated within the central Ontario transition zone between boreal forest and 

Great Lakes-St. Lawrence lowlands (Strickland et al. 2011). The study area runs along the 

Highway 60 corridor in APP and has an east-west linear configuration. Canada jays occupy 
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territories year-round and in APP have a mean area of ~ 146 ha. (Strickland and Ouellet 2020). 

From 1964 to 2022, and especially since 1980, as many as 30 territories (of more than 50 in the 

early years of the study) have been monitored twice each year (from mid-Feb. to ~ end of Apr. 

and then in Oct.; Sutton et al. 2021b), but since the 1980s, the number of occupied territories has 

declined, with only 14 remaining in 2022. During the breeding season, nests on territories within 

the study site were located and monitored beginning mid-February until fledging late-April – 

early May. The location of each nest was recorded using a variety of handheld GPS devices 

(Garmin GPS Map 64st; Garmin International, Inc., Olathe, KS, USA) with a 5-10 m error. Once 

a nest was found, it was checked regularly every 2 – 4 days until nestlings were approximately 

14 days old. At this time, nestlings were banded with a unique combination of a Canadian 

Wildlife Service aluminum band and three coloured leg bands (Haggie Engraving, Crumpton, 

MD, USA) to allow for subsequent individual identification.  

To monitor post-fledging and natal dispersal movements within and outside of the study 

area, we used a combination of ground-based and aerial radio-tracking. At the time nestlings 

were banded (14 ± 2 days), we fitted all brood-members with 2.5 g radio-transmitters (Model 

PipAg393, Lotek Wireless Inc., Newmarket, ON, Canada; battery life ranged from 7-24 months) 

using adjustable leg-loop harnesses made of Kevlar thread (Rappole and Tipton 1991). If a 

nestling appeared to be smaller than a typical 14-day-old, it was not fitted with a transmitter for 

fear of constricting subsequent growth. Transmitters (mean weight = 1.3 ± 0.1 g) weighed less 

than 3% of average body mass (mean nestling body mass at day 14 = 52.3 ± 0.8 g) to minimize 

the impact tags may have on an individual’s behaviour and survival (Fair et al. 2010). Tags were 

deployed between Apr. 7th and May 13th from 2017 – 2021 and on surviving Dominant Juveniles 

in autumn 2016. 
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After nestlings were fitted with radio-transmitters, nests were monitored every 3 days 

until fledging. Fledge date was defined as the first day that one or more young were seen alive 

outside of the nest or the first day a nest was observed empty if the nest appeared intact and not 

damaged. Once they left the nest, fledglings were tracked 1 – 2 times a week to record 

movements and confirm survival. To track birds on the ground, we followed individuals by 

either foot, canoe, or a combination of both and used VHF receivers (SRX600; Lotek Wireless 

Inc., Newmarket, ON, Canada) and 3-element Yagi directional antennas (Lotek Wireless Inc., 

Newmarket, ON, Canada) to follow the signal strength of the radio-transmitter until the 

individual was visually located and its identity was confirmed. We also recorded whether it was 

alone and, if not, the identity of all other individuals. We considered that a death had occurred if 

tracking led us to the remains of a focal individual or if a radio signal was detected in a log, tree, 

or burrow for more than one visit and the individual could not be seen. 

We estimated the date of sibling expulsion as the mid-point between the last date an 

individual was detected on the natal territory and the first date an individual was detected off the 

natal territory. In most cases, by early- to mid-July. of their first year, dispersing Ejectees had 

moved sufficiently far (> 500 m) that aerial telemetry was required to locate individuals. 

Telemetry flights followed a series of concentric circles around natal territories and locations of 

previous detections. We focused efforts of each search generally within 15 km, but occasionally 

as far as 30 km from an individual’s last known location. In the summers of 2016 – 2018, one 

aerial flight was conducted per month from July to September. From 2019 – 2021, we conducted 

one aerial telemetry flight between early-July – late-August to determine where Ejectees had 

settled after departure from their natal territory. In all years, after locating individuals with aerial 

telemetry, we used ground-based radio-telemetry within 48 hrs of each flight to determine the 
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fate of Ejectees (i.e., alive/dead) and whether the focal individual was with any other jays. A 

final telemetry flight and subsequent ground-based telemetry was conducted in autumn (~ late 

October) to confirm the location that individuals dispersed to in summer and determine their fate 

(i.e., alive or dead). In autumn, any juvenile still on its natal territory (i.e., a Dominant Juvenile) 

was fitted with a replacement tag to permit continued monitoring. One-year-old Dominant 

Juveniles typically remained on their natal territory through the breeding season, but they were 

prevented from regularly occupying the area immediately surrounding the new nest by their 

parents (Strickland and Waite 2001).  

We considered juveniles to be “Ejectees” if they satisfied one of three criteria. First, birds 

banded as nestlings but no longer on their natal territories after June who had one banded sibling 

(i.e., the Dominant Juvenile) that remained on the natal territory. Second, birds banded as 

nestlings and were later found as nonbreeding “third birds” on non-natal territories, even if no 

Dominant Juvenile remained on the natal territory. We were confident that the assignment of 

Ejectee status was valid in such cases because the only other explanation would be that the 

apparent Ejectee on the non-natal territory was the Dominant Juvenile that, after expelling its 

siblings, had “voluntarily” dispersed from its natal territory to become the observed nonbreeder 

on the non-natal territory. The third criterion for Ejectees was if they were immigrant juveniles 

aged as first-year birds based on morphological characteristics and found in the autumn 

population counts to be closely associated (singly) with unrelated pairs that had been 

unsuccessful in their same-year breeding attempt. All animal sampling and handling protocols 

were approved by Environment Canada (Permit #10416) and the University of Guelph’s Animal 

Care Committee (AUP #4003).  
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To document post-fledging home ranges, we used the minimum convex polygon (MCP) 

method for all fledgling Canada jays with ≥ 10 pre-dispersal locations. For Dominant Juveniles, 

we estimated natal dispersal distance as the straight-line Euclidean distance (km) between its last 

observed location on the natal territory and where, in the fall of its second year, it was detected 

paired with an opposite-sex bird on its first breeding territory (Greenwood and Harvey 1982). 

For Ejectees, we estimated natal dispersal distance as the straight-line Euclidean distance (km) 

from the natal territory to the first breeding territory (i.e. ignoring the intermediately occupied 

adoptive territory). 

 

3.3.2 Molecular sexing 
 
We molecularly sexed all radio-tagged nestlings since they could not be sexed morphologically 

as nestlings. DNA was extracted from blood stored in lysis buffer using a modified Chelex 

protocol (Walsh et al. 1991; Burg and Croxall 2001). Individuals were then sexed using the 

Z43BF/Z43BR primers (Dawson et al. 2016); the forward primer was modified with M13 to 

allow the incorporation of fluorescent markers to run on Licor gel. All PCR reactions were 

conducted in 10 uL reactions with 1 uL of genomic DNA, 2 uL ClearFlexi Buffer 5x (Promega), 

2.5 mM MgCl₂, 200 uM dNTP, 1 uM each primer, 0.05 uM M13 primer, 0.5 units GoTaq 

(Promega). We used the following Thermocycler Conditions: 1 cycle of 30 s at 94°C; 35 cycles 

of 30 s at 94°C, and 45 s at 55°C, and 45 s at 72°C, with a final extension for 5 minutes at 72°C. 

All PCR products were run on a 6% acrylamide gel. All gels included known positives (one male 

and one female) to maintain consistency across gels.  

  

3.3.3 Statistical analysis 
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To determine factors that influence the probability of an individual becoming the Dominant 

Juvenile, we used binomial generalized linear models (GLMs) using the lme4 package in 

Program R (Bates et al. 2015, version 4.1.1, R Foundation for Statistical Computing, Vienna, 

Austria). Data were analyzed from 46 juveniles that were alive at the time of sibling expulsion 

and models were run with a binary response variable (1 = Dominant Juvenile and 0 = Ejectee). 

We included sex and nestling body condition as predictors. Nestling body condition was defined 

as mass given body size of a nestling at the time of banding at the nest (usually ~14 days after 

hatching) and calculated following Derbyshire et al. (2015) by first quantifying body size with a 

principal component analysis (PCA; Dunteman 1989; Rising and Somers 1989) from a 

correlation matrix of the length of tarsus, seventh primary feather, and bill. We then used an 

asymptomatic exponential model to regress the body size estimates against mass. The residuals 

from this regression were used as an estimate of body condition (Derbyshire et al. 2015). 

Negative residuals represented individuals that were assumed to be of below-average body 

condition compared to individuals with positive residuals that had above-average body condition. 

For the analysis predicting the Dominant Juvenile, we used the MuMIn package (Burnham and 

Anderson 2002; Bartón 2018) to construct a set of models that represented all possible 

combinations of fixed effects in addition to each variable alone. We found no evidence that any 

predictors of the probability of becoming the Dominant Juvenile were colinear (r < 0.3). 

To calculate cumulative annual survival rates of juvenile Canada jays, we used staggered 

entry Kaplan-Meier (hereafter K-M) models in the survival package in Program R (Therneau 

2015). K-M models were generated for all individuals combined and then separately for 

individuals of known sex (n = 96) and social status (n = 46). To do this, we created encounter 

histories for each radio-tagged individual, which included the day of tag deployment, the 
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approximate last day an individual was detected, and if the individual was alive or dead (0 = 

survived, 1 = mortality). The data were both left-censored (to account for staggered entry of 

birds into the sample) and right-censored (to account for potential tag failures). Since multiple 

individuals were tracked from the same territory, we included territory ID as a random effect in 

all survival models. We used log-rank tests to compare K-M curves between sexes (male, n = 44; 

female, n = 52) and social status (Dominant Juvenile, n = 27; Ejectee, n = 19).  

We then estimated survival rates across separate periods over the year: banding to 

fledging (hereafter “late-stage nestling survival”), fledging to sibling expulsion (hereafter 

“fledgling survival”), sibling expulsion in June to the autumn census in October (hereafter “first-

summer survival”), and autumn census to the beginning of the following breeding season at 

approximately March 1 (hereafter “first-winter survival”). To do this, we used raw radio-

telemetry detections because the K-M model only calculates cumulative annual survival 

probabilities not survival rates for part of the year. To estimate late-stage nestling survival (ϕlate-

stage nestling), we divided the total number of radio-tagged birds at fledging (f) by the total number 

of birds (inclusive of nestlings that were not tagged but were in the nest with radio-tagged 

individuals) at banding (t):  

 (1), ϕLate-stage nestling = f
t
. 

To calculate fledgling survival (ϕFledgling), we divided the total number of radio-tagged birds at 

expulsion (e) by the total number of radio-tagged birds at fledging (f):  

 

(2), ϕFledgling = e
f
. 
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First-summer survival (ϕ DJ first-summer) for Dominant Juveniles (DJ) was calculated by dividing 

the total number of radio-tagged Dominant Juveniles detected in the autumn population count (d) 

by the total number of sibling groups across the study area at the time of sibling expulsion (g):  

(3), ϕDJ first-summer  = d
g
. 

The number of existing broods accurately represented the number of Dominant Juveniles alive at 

expulsion because one offspring from each brood becomes a Dominant Juvenile. 

To calculate first-summer survival for Ejectees (ϕ EJ first-summer), we first calculated the 

number of radio-tagged Ejectees alive at expulsion by subtracting the number of sibling groups 

at expulsion (i.e., number of Dominant Juveniles at expulsion; g) from the total number of 

juveniles alive at the time of expulsion (j). We then divided the number of Ejectees alive in 

autumn (a) by the number of Ejectees present at expulsion (j - g).  

(4), ϕEJ first-summer  = a
j - g

. 

 To calculate first-winter survival (ϕ DJ first-winter) for Dominant Juveniles, we divided the 

total number of radio-tagged Dominant Juveniles at the start of the breeding season (dw) by the 

total number of radio-tagged Dominant Juveniles in autumn (d).  

(5), ϕ DJ first-winter = dw
!

. 

Similarly, to calculate the first-winter survival of Ejectees (ϕ EJ first-winter), we divided the total 

number of radio-tagged Ejectees at the start of the breeding season following banding, (aw) by 

the total number of radio-tagged Ejectees the previous autumn (a): 

(6), ϕ EJ first-winter = aw
"

. 
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 To determine how the instantaneous risk of mortality may be influenced by intrinsic and 

external factors (Johnson et al. 2004; Murray and Patterson 2006), we used Cox proportional 

hazards models (coxph function in the survival package in Program R; Therneau 2015) with the 

encounter data. Proportional hazard functions measure the instantaneous risk of mortality per 

observation, given that an individual has survived to that point. Cox proportional hazard models 

are advantageous as they left-censor individuals that entered the sample at different times (i.e., 

when nestlings were banded and tagged) and have the ability to right-censor individuals tag 

failures (Johnson et al. 2004). The encounter history dataset included day of entry, day of exit, 

and absolute duration in days for that interval. Prior to running hazard models, we examined 

whether the assumptions of Cox proportional hazard models were met by the survival data using 

model diagnostics on scaled Schoenfeld residuals with the cox.zph function in Program R (Fox 

and Weisberg 2002). All proportional hazard models included sex, social status, fledge date, 

nestling body condition, and an interaction between social status and sex. We also included year 

as a random effect to account for a varying number of tag deployments each year. The 

assumptions of proportional hazards were met for the global model that included the predictors: 

sex, social status, fledge date, and nestling body condition (X2= 3.5, p = 0.10). We then 

constructed a set of models that represented all possible combinations of fixed effects in addition 

to each variable alone using the MuMIn package (Burnham and Anderson 2002; Bartón 2018). 

We found no evidence that any predictors of survival models were colinear (r < 0.3). 

To rank models for each model set, we used an information-theoretic framework 

(Burnham and Anderson 2002). We used the function aictab from the aicmodavg package in R 

(Mazorelle 2017) to rank models according to the second-order Akaike information criterion 

corrected for small sample sizes (AICc; Burnham and Anderson 2002) and Akaike weights (wi), 
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which provides cumulative support for each model when accounting for all other models. We 

considered any model with DAICc < 2 to be a candidate model (Burnham and Anderson 2002). 

When there was no clear top model, we discussed parameters in relation to their frequency 

within the top models and whether confidence intervals of predictors within the top model 

overlapped with zero. We report the effects of continuous and categorical predictors on the 

instantaneous risk of mortality (i.e. daily survival) as hazard ratios (eß). The hazard ratio is 

expected to equal 1 if there is no difference in mortality risk between groups; hazard ratios 

greater than 1 suggest a higher mortality risk and those less than 1 indicate a lower mortality risk.  

 
3.4 Results 
 

3.4.1 Fledging phenology and dispersal movement 
 
From 2016 – 2021 we monitored 101 nests and radio-tagged 96 of the 130 nestlings that survived 

to banding (2016: n = 4, 2017: n = 5, 2018: n = 29, 2019: n = 19, 2020: n = 26, 2021: n = 13), 46 

of which survived to be assigned as Dominant Juveniles or Ejectees. Among all nests monitored 

over the five-year period, fledging dates of nestlings ranged from April 17th – May 26th with an 

average of May 1st ± 8 days. The average number of days between banding and fledging was 10 

± 4. Across radio-tagged individuals with at least 10 ground-based telemetry locations (n = 20 

individuals; mean: 15 ± 5 locations/individual), the mean MCP home-range of fledglings still on 

their natal territories was 48 ha ± 33 ha (range: 10 - 140 ha). For individuals tracked into their 

second year, Dominant Juveniles (n = 19) dispersed an average of 3.2 ± 0.6 km after leaving 

their natal territory to their first place of reproduction. Ejectees (n = 7) dispersed in an average of 

4.7 ± 1.1 km from their natal territory to where they acquired breeder status (i.e. ignoring the 

intermediately occupied adoptive territory). 
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3.4.2 Predictors of social status 
 

Of the 46 radio-tagged individuals of known social status tracked in their first year, 30 

individuals originated from mixed-sex broods. Twenty-seven individuals were Dominant 

Juveniles, with 74% (20/27) being male. Of these males, 75% (15/20) originated from mixed-sex 

broods. In contrast, of the seven cases (26%) where the Dominant Juvenile was female, only two 

were from mixed-sex broods, and no males remained in these broods at the time of expulsion. 

Two top models with DAICc < 2 best predicted whether an individual became a 

Dominant Juvenile (Table 1). Two models included nestling body condition and one model 

included sex. The top supported model showed that individuals that were of higher body 

condition (ß= 0.14, z = 1.77, 95% CI = 0.02, 0.26; Figure 1, Table S1). Males within a brood (ß 

= 1.15, z = 1.62, 95% CI = 0.14, 2.16; Table S1) were likely to become the Dominant Juvenile.   

 

3.4.3 Timing of sibling expulsion 
 
Consistent with Strickland (1991), Dominant Juveniles expelled their subordinate siblings from 

the natal territory approximately six weeks after fledging (mean ± SD: 6.8 ± 2.7 wks). For 

Ejectees (n = 19), median dates between the last detection on the natal territory and the first 

detection outside the territory ranged from June 1st to July 13th with the average being June 22nd 

± 10 days. After expelling their siblings, Dominant Juveniles remained on the natal territory for 

as little as 4 months (i.e., to Oct. of their first year) to as long as 28 months (Oct. of their third 

year) before they died or dispersed to a breeding position on another territory. On average, 

however, Dominant Juveniles dispersed on July 29th ± 60 days in their second year, ~ 13 months 

after expelling their siblings. 
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3.4.4 Estimates of survival and predictors of mortality risk 
 
We estimated survival from the date of tag deployment (14 days after hatching) to the end of an 

individual’s first year using K-M cumulative survival models. Cumulative first-year annual 

survival (ϕ)	for Canada jays was 0.28 ± 0.04 (95% CI = 0.20, 0.37; Figure 2) and was 

significantly lower for females (ϕ=	0.12 ± 0.06; 95% CI = 0.05, 0.27) than males (ϕ	=	0.41 ± 

0.05; 95% CI = 0.29, 0.55; Log-rank test, X2= 4.1, p = 0.04; Figures 2 and 3) and lower for 

Ejectees (ϕ	=	0.47 ± 0.12; 95% CI = 0.28, 0.78) than Dominant Juveniles (ϕ	=	0.80 ± 0.07; 95% 

CI = 0.66, 0.97; Log-rank test, X2= 6.7, p = 0.01; Figures 2 and 3). 

We then estimated survival rates for separate life-stages for all radio-tagged individuals. 

Across all individuals, survival for late-stage nestlings was 0.92 (120/130) and fledgling survival 

was 0.61 (74/120; Figure 3). The first-summer survival of Dominant Juveniles (0.84; 27/32) was 

substantially higher than that of Ejectees (0.45; 19/42; Figure 3). The first-winter survival rate 

for Dominant Juveniles (0.85; 23/27) was similar to that of Ejectees (0.73; 14/19; Figure 3).  

 Finally, we used Cox proportional hazard models to determine factors influencing 

mortality rates of juveniles between the date of tag deployment to the end of an individual’s first 

year. All four top models within 2 DAICc included social status while three included sex and two 

included nestling body condition (Table 2). Mortality risk was substantially higher in females 

than males (hazard ratio (HR) = 2.90, z = 1.79, 95% CI = 0.90, 9.31; Table S2). Individuals of 

above-average body condition in the nest had lower mortality risk compared to individuals with 

below-average body condition (HR= 0.91, z = -1.79, 95% CI = 0.81, 1.04; Table S2). The day-

to-day mortality risk of Dominant Juveniles was slightly lower than Ejectees (HR = 0.63, z = -

0.68, 95% CI = 0.17, 2.28; Table S2). Individuals that fledged later in the season were also 
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slightly more likely to die compared to jays that fledged earlier in the season (HR = 1.04, z = 

1.67, 95% CI = 0.99, 1.11; Table S2).  

 

3.5 Discussion 
 

In some wild animal species, remaining on a natal territory during the first year of life often leads 

to direct survival advantages over that of immediately dispersing individuals (Ligon and Stacey 

1991; Ekman et al. 1999; Sparkman et al. 2011). In several ways, our results increase and 

improve our understanding of the puzzling pattern of brood reduction and juvenile survival in 

non-cooperative Canada jays. Most importantly, we were able to estimate survival during each 

stage in the life of first-year juveniles. We found very high (92%) late-stage nestling survival, 

lower (61%) fledgling survival, significantly greater first-summer survival of Dominant 

Juveniles (84%) than Ejectees (45%), and a considerably smaller difference in their first-winter 

survival rates (85% in Dominant Juveniles vs 73% in Ejectees). The large difference between our 

Dominant Juvenile and Ejectee first-summer survival rate estimates drives their overall 

difference in first-year survival and supports the conclusions of Strickland (1991), who 

suggested that juveniles forced to leave their natal territories six weeks after fledging suffer 

significantly greater mortality than the philopatric Dominant Juveniles that did the expelling.  

Our analysis also lends support for Strickland’s (1991) speculation that female Dominant 

Juveniles arise from all-female broods. Following this, we propose a set of ordered criteria that 

determines which brood member becomes the Dominant Juvenile: 1. It can be any individual 

(i.e., regardless of its sex and body condition) when there is only one brood-member at the time 

of the expulsion; 2. It will be a male if, at expulsion, the brood contains one male; 3. It will be 

the male with the highest body condition if there is more than one male in the brood; 4. It will be 
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the female with the highest body condition if there are no surviving males in the brood at the 

time of expulsion. These results are consistent with previous studies on cooperative (Cozzi et al. 

2018; Suh et al. 2020) and non-cooperative species (Ekman et al. 2002; Sparkman et al. 2011), 

showing that individuals that retain access to the natal territory are more often males or 

individuals of above-average body condition due to their competitive ability over siblings. 

Interestingly, our body condition results are not in agreement with Freeman et al. (2021) who 

provided evidence that body condition did not predict juvenile social status. This is likely 

because of differences in the model structure; Freeman et al. (2021) controlled for parent age, 

territory quality, and physiology, the latter of which explained most of the variation in predicting 

social status.  

Our first-year survival estimate for all juveniles combined (ϕ = 0.28) was similar to those 

documented from other resident songbirds in boreal and temperate ecosystems (ϕ = 0.25 to 0.65; 

Caizergues and Ellison 1997; Robles et al. 2007; Farr et al. 2021) and our ‘banding-to-autumn’ 

survival estimate (0.35) was comparable or slightly higher than the earlier Canada jay banding-

to-autumn estimates of 0.27 and 0.20 reported by Strickland (1991) and Norris et al. (2013) 

respectively. The difference between our survival estimate and the earlier estimates in Canada 

jays is in part due to the fact that earlier studies only indirectly accounted for the number of 

Ejectees that settled on territories outside the study area while we directly determined that 73% 

(14/19) of Ejectees settled on territories outside the study area. Knowing the true survival of 

Ejectees may eventually allow for more accurate estimates of juvenile recruitment in APP and 

provide more insight into the fitness of Canada jays.  

Previous research has hypothesized that one potential explanation for the development of 

juvenile social dominance rankings is that by fighting to remain on the natal territory and forcing 
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siblings out, Dominant Juveniles get competition-free opportunities to acquire enough food on 

the natal territory (via foraging or food caching) that are required for over-winter survival 

(Strickland 1991, Ragheb and Walters 2011; Sorensen et al. 2022). For instance, in red-cockaded 

woodpeckers, (Picoides borealis; Ragheb and Walters 2011) and brown bears (Ursus arctos; 

Zedrosser et al. 2007), socially-dominant juveniles drove subordinate siblings out of the natal 

territory, leading to priority access to resources on the natal territory and higher rates of feeding 

from parents. For Canada jays, it may also be particularly beneficial for a Dominant Juvenile to 

augment its own caches by acquiring a competition-free “parental subsidy” of stored food 

(Strickland 1991) through close association with the adults, watching them store food, and 

subsequently pilfering and re-hiding some parental caches. Ejectees are subject to the same 

imperative as Dominant Juveniles of needing to spend their first summer and autumn making 

caches of their own and, through a close association with the local breeding pair, possibly 

augmenting their caches through pilfering those of adults, as well as profiting in other ways from 

their experience (e.g., learning appropriate foods and foraging tactics, predator identification). 

Although breeding pairs gain no fitness advantage by accepting the presence of an unrelated 

Ejectee from elsewhere, such acceptance is common in Canada jays (Strickland 1991; Sorensen 

et al. 2022), and our experience is that it is often difficult to discern behavioural differences 

between a trio composed of an Ejectee with unrelated adults and one composed of a Dominant 

Juvenile with its parents. 

Why Dominant Juveniles force their subordinate siblings off the natal territory so soon 

after nutritional independence is seemingly contradictory to increasing their own inclusive 

fitness. It is likely that expelling their siblings at the earliest possible time decreases the survival 

of Ejectees more severely than if Ejectees remained for a longer period of time on their natal 
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territory, thereby reducing indirect fitness that would be gained if they successfully reproduced 

in the future. The early timing of expulsion can be understood as permitting the Dominant 

Juvenile to maximize the length of time during the summer and autumn when it will be free of 

sibling competition as it accumulates the critical food stores needed to survive its first winter. By 

the same token, early expulsion also results in maximizing the time Ejectees have available for 

the same task on their new territories. However, the departure of Ejectees soon after nutritional 

independence could also indicate a shift in the cost-benefit ratio of remaining on the natal 

territory. Once juveniles are no longer receiving food subsidies from their parents, the cost of 

antagonistic interactions initiated by the Dominant Juvenile could outweigh any benefits from 

remaining and force the Ejectee to leave. Leaving the natal territory once there is no longer any 

immediate benefit could also allow individuals to benefit from establishing themselves with an 

unrelated pair. Our long-term data from APP show that first-winter (Autumn – March) survival 

of Ejectees with unrelated adults on non-natal territories was almost as high (47% vs 56%) as 

that of Dominant Juveniles with their parents on natal territories (D.S., D.R.N. unpubl. data).   

Our stage-specific survival estimates provide evidence that the fledgling period is a 

limiting juvenile life-stage for Canada jays. This is consistent with other studies on juvenile birds 

that indicate that period between fledging and natal dispersal is when individuals experience the 

highest rates of mortality (Moore et al. 2010; Ausprey and Rodewald 2011). During this time, 

juveniles are not skilled fliers and, for at least part of this time, are nutritionally dependent on 

their parents, making them more susceptible to predation and starvation (Ausprey and Rodewald 

2011; Raybuck et al. 2020). In a meta-analysis of understory-nesting songbird species, it was 

shown that survival rates during the post-fledging period can be particularly low with mortality 

occurring most often within the first three weeks after fledging (Cox et al. 2014). For example, 
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the post-fledging mortality of tawny owls (Strix aluco) was primarily driven by variation in 

predation pressure from raptors and foxes and this risk of predation increased from April to June 

(Sunde 2005). In Canada jays, juveniles are vulnerable to predation by migratory raptors (sharp-

shinned hawks, Accipiter striatus and merlins Falco columbarius) that have usually returned to 

the boreal forest before the jays fledge. Although we did not find evidence that fledge date 

impacted survival, we surmise that avoiding elevated predation pressure during the spring and 

summer may be an important selective factor for late-winter/early spring breeding in Canada 

jays. By examining survivorship throughout the annual cycle, our new stage-specific measures of 

survival could have important implications for our understanding of the long-term dynamics of 

this declining population.  
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3.6 Tables 
 

3.6.1 Table 1 Model selection results predicting Dominant Juveniles 
Model selection results for predicting the probability of becoming a Dominant Juvenile in 
Canada jays. Predictor variables in the top models were the sex of the disperser and nestling 
body condition (the standardized body condition of the disperser when it was banded in the nest 
prior to dispersal). Fixed effects for each model are shown, as well as the total number of 
parameters in a model (K), AICc, DAICc, and AICc weight (wi). 
 
 
Model 
 

 
K 

 
AICc 

 
DAICc 

 
wi 

 
nestling condition 

 
2 

 
57.3 

 
0.00 

 
0.43 

 
nestling condition + sex 

 
3 

 
57.8 

 
0.55 

 
0.32 

 
nestling condition * sex 

 
3 

 
59.7 

 
2.41 

 
0.12 
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3.6.2 Table 2 Model selection results predicting mortality risk of juvenile Canada jays 
Model selection results for explaining the probability of mortality risk in Canada jays using Cox 
Proportional Hazard models. Factors examined in the top models included social status 
(Dominant Juvenile or Ejectee), fledge date, sex of the focal individual, and nestling body 
condition (the standardized body condition of the disperser when it was banded in the nest prior 
to dispersal). Fixed effects for each model are listed as well as the total number of parameters in 
a model (K), AICc, DAICc, and AICc weight (wi). 
 
 
Model 
 

 
K 

 
AICc 

 
DAICc 

 
wi 

 
social status + sex + nestling condition 

 
4 

 
97.13 

 
0.00 

 
0.23 

 
social status + sex + fledge date 

 
4 

 
97.66 

 
0.53 

 
0.18 

 
social status + sex 

 
3 

 
97.91 

 
0.79 

 
0.16 

 
social status + nestling condition  

 
3 
 

 
98.11 

 
0.98 

 
0.14 

social status + fledge date 3 99.40 2.27 0.08 
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3.7 Figures 
3.7.1 Figure 1 Boxplots of nestling condition between Dominant Juvenile and Ejectee Canada 
jays 
A boxplot comparing the standardized nestling body condition (i.e., residual body condition ~ 
11-14 days after hatching) between individuals that become the Dominant Juvenile (n = 27) and 
individuals that were Ejectees (n = 19). Thick lines for each box represent the median, the upper 
and lower limits indicate the standard error, vertical lines are the standard deviation, and solid 
black points are outliers. 
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3.7.2 Figure 2 Kaplan-Meier plots of cumulative annual survival of Canada jays 
Kaplan-Meier plots of the cumulative annual survival of (a) male and female (n = 96) and (b) 
Dominant Juvenile and Ejectee (n = 46) radio-tagged nestling Canada jays in Algonquin 
Provincial Park, Ontario from 2016-2021. The solid lines indicate the estimates of cumulative 
annual survival and dotted lines represent upper and lower 95% confidence intervals. The 
vertical ticks represent right-censored data points. Gray shading on the bottom of each panel 
indicates the different life-stages of first-year Canada jays and the dotted line represents the time 
of sibling expulsion. 
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3.7.3 Figure 3 Circular timeline plot of first-year Canada jay life-stages and bar plots of stage-
specific survival probabilities 
Stage-specific survival probabilities for late-stage nestling (dark green), fledgling (orange), first-
summer (light blue), and first-winter (dark blue) survival. (a) shows a circular schematic of when 
each life stage occurs (thick lines) and (b) shows survival probabilities for each life stage for 
juveniles with first-summer and first-winter survival probabilities shown separately for 
Dominant Juveniles and Ejectees. The dotted line in both panels indicates sibling expulsion. 
Canada jay graphics were created by Young Ha Suh. 
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3.8 Supplemental Information 
 

3.8.1 Table S1 Model estimates of top models predicting the Dominant Juvenile 

Model estimates and 95% confidence intervals for the top models with 2 DAICc that best 
predicted the Dominant Juvenile. Fixed effects examined in the top models included sex and 
nestling body condition. 

 
Model 

 

 
Nestling 
condition 

 

 
Sex 

 

 
nestling condition 

 
0.14  

(0.03, 0.31) 
 

 
- 
 

 
nestling condition + 
sex 

 
0.14 

(0.01, 0.30) 

 
1.15 

(0.14 , 2.16) 
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3.8.2 Table S2 Model estimates of top models predicting the mortality risk of first-year Canada 
jays 

Cox proportional hazard ratios and 95% confidence intervals for the top models with 2 DAICc 
that best explained the probability of mortality risk in Canada jays. Fixed effects examined in the 
top models included social status (Dominant Juvenile or Ejectee), sex of the disperser, fledge 
date, and nestling body condition. 

 

 
Model 

 

 
Sex 

 

 
Social status 

 

 
Nestling 
condition 

 

 
Fledge date 

 
social status + sex + 
nestling condition 
  

 
2.90 

(0.90, 9.31) 
 

 
0.63 

(0.17, 2.28) 
 

 
0.91 

(0.81, 1.01) 
 

 
– 

social status + sex + 
fledge date 
 

3.28 
(1.01, 10.64) 

0.49 
(0.15, 1.56) 

– 1.04 
(0.99, 1.11) 

 
social status + sex 3.29 

(1.05, 10.30) 
0.45 

(0.13, 1.31) 
– – 

 
social status + 
nestling condition  

 
– 

 
0.53  

(0.15, 1.88) 

 
0.89  

(0.80, 0.99) 

 
– 
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4 Chapter 4 – Juvenile social status drives differences in inclusive 
fitness of Canada jays 

 
 
4.1 Abstract 
 
While delaying natal dispersal has been shown to provide short-term direct and indirect fitness 

benefits for juveniles, lifetime fitness consequences are rarely assessed. Furthermore, 

competition among siblings for limited positions on a natal territory could impose an indirect 

fitness cost on the winner if the outcome has negative effects on its siblings. Here, we use radio-

tracking and 58 years of mark-resighting and nesting data from Canada jays (Perisoreus 

canadensis) in Algonquin Provincial Park, Ontario to examine the lifetime inclusive fitness 

consequence of delaying dispersal. Approximately six weeks after fledging, intra-brood 

dominance struggles result in one juvenile (Dominant Juvenile) remaining on the natal territory 

after expelling subordinate siblings (Ejectees). In contrast to this expulsion, Dominant Juveniles 

will occasionally help feed their younger siblings the following year. Despite a later mean age-

at-first-reproduction, Dominant Juveniles produced slightly more recruits over their lifetime than 

Ejectees and, when combined with their higher first-year survival, had substantially higher direct 

fitness. Dominant Juveniles incurred an indirect fitness cost by expelling their same-cohort 

siblings and but their presence on the natal territory did not increase their parent's reproductive 

output the following year. Despite the costs associated with ejecting siblings and the absence of 

indirect fitness benefits, Dominant Juveniles has substantially higher inclusive fitness than 

Ejectees. Such differences appear to be primarily driven by enhanced first-year survival related 

to remaining on the natal territory well past nutritional dependence.  
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4.2 Introduction 
 

In cooperatively breeding species, kin selection predicts juveniles will delay dispersal when the 

direct fitness costs of forgoing reproduction are less than the indirect fitness benefits of helping 

raise siblings (Hamilton 1963; Stacey and Koenig 1990; Koenig et al. 1992; Kokko and Ekman 

2002; Kingma et al. 2021; García-Ruiz et al. 2022). However, there are some species where 

juveniles delay dispersal but show little or no helping behaviour (Strickland 1991; Ekman et al. 

1999; Green and Cockburn 2001; Halliwell et al. 2017), suggesting that direct fitness benefits, 

such as accessing limited resources or using the natal territory as a safe haven while searching 

for breeding vacancies (Ekman et al. 2002; Sparkman et al. 2011), are sufficient to explain 

delayed dispersal (Brown 1987; Kingma et al. 2021). That said, if remaining on the natal 

territory provides fitness benefits and there are limited spaces available for siblings to delay 

dispersal, then intra-brood competition may occur (Ekman et al. 2002, Suh et al. 2020). Such 

competition could reduce, not enhance, the inclusive fitness of the delayed disperser if the 

outcome of the competition reduces the fitness of its siblings. While previous studies have shown 

that delayed dispersal can lead to short-term reproductive or survival benefits, less is known 

about the lifetime fitness consequences of delayed dispersal or potential costs delayed dispersal 

imposes on inclusive fitness via sibling competition. 

 We used radio-tracking and long-term mark-resighting data from Canada jays 

(Perisoreus canadensis) in Algonquin Provincial Park (APP), Ontario, Canada to examine the 

inclusive fitness consequences of juveniles delaying dispersal from their natal territory. Canada 

jays are a resident passerine of North America’s boreal and subalpine forests that rely on 

perishable cached food for over-winter survival and breeding that commences in the late winter 

(Strickland and Ouellet 2020). Approximately six weeks after fledging, an intra-brood 
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dominance struggle occurs, resulting in a single “Dominant Juvenile” ejecting its subordinate 

siblings off the natal territory (hereafter “Ejectees”; Strickland 1991). Dominant Juveniles 

usually remain on their natal territory up until the end of the subsequent breeding season. Upon 

being ejected from the natal territory, Ejectees are most often adopted by an unrelated pair whose 

nesting attempt the previous breeding season was unsuccessful and, in fewer cases, may find a 

mate and acquire a breeding position by their first fall or end up alone on a territory over the 

winter (Sorenson et al. 2022; Table S1). In stark contrast to the earlier expulsion of its same-

cohort siblings, the following breeding season Dominant Juveniles that have remained on their 

natal territory will occasionally help feed younger siblings once they have fledged (Strickland 

1991; Waite and Strickland 1997).  

To estimate direct fitness, we combined long-term data on the lifetime reproductive 

success of Dominant Juveniles and Ejectees with first-year survival estimates from radio-

tracking (Chapter 3). To estimate indirect fitness, we used long-term data to determine whether 

the presence of a Dominant Juvenile increased the reproductive output of its parents the 

following year and then combined long-term data with survival rates to determine the indirect 

fitness cost of the Dominant juvenile ejecting its siblings. Given siblings fight aggressively to 

stay on the natal territory, we predicted that Dominant Juveniles would have higher inclusive 

fitness than Ejectees, despite the cost of ejecting its siblings from the natal territory.  

 

4.3 Methods 
 

4.3.1 Study area, study species, and data collection 
 
We estimated the inclusive fitness of Dominant Juveniles and Ejectees in a resident population of 

Canada jays in APP, Ontario, Canada (45 N, 78 W; 7.6 x 105 ha) that has been monitored along 

the Highway 60 corridor from 1964 – 2022 (Sutton et al. 2021a). In the late-summer and early-
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fall, Canada jays begin to scatter-hoard perishable food items under tree bark or lichens, which 

they rely on for over-winter survival and nesting beginning in the late-winter (Strickland and 

Ouellet 2020). Each year (n = 58 yrs), an average of 18 occupied territories (range 1 – 48) were 

monitored with annual population counts conducted in Mar. and Oct. (Fuirst et al. 2021a). 

During the breeding season (Feb. – May), nests were located and monitored and, at 11-14 d, 

nestlings were marked with a unique combination of a Canadian Wildlife Service aluminum 

band and three colour leg bands. Dominant Juveniles (DJs) were considered individuals that 

delayed dispersal and remained on the natal territory until at least their first fall but most often 

stayed through the following breeding season. Ejectees (EJs) were considered to be juveniles that 

were banded as nestlings and expelled from their natal territory (n =  4) or immigrants to the 

study area that were aged as first-year birds when they were captured and banded in Oct. (n = 

33). We used radio-tracking data from Chapter 3 to quantify differences in the breeding status 

after dispersal (i.e. adopted, mated, or alone) between DJs (n = 27 ) and EJs (n = 19; Table S1). 

All animal sampling and handling protocols were approved by the Canadian Wildlife Service 

(Permit # 10416) and the University of Guelph’s Animal Care Committee (AUP #4003).  

 

4.3.2 Inclusive fitness of Dominant Juveniles and Ejectees 
 
To calculate inclusive fitness, we added estimates of direct (d) and indirect fitness (f) using a 

combination of long-term data and previously collected radio-tracking data (Chapter 3). Because 

EJs do not help raise offspring nor are they likely to have any negative effects on their same-

cohort DJs, we assumed their indirect fitness was zero. Below, we describe calculations of both 

direct and indirect fitness.  

1. Estimating direct fitness 
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 To calculate direct fitness (d), we multiplied the estimate of first-year survival for 

EJs (ϕAnnual EJ) and DJs (ϕAnnual DJ)	by lifetime reproductive success (o): 

(1) d DJ = ϕAnnual DJ * o DJ. 

(2) d EJ = ϕAnnual EJ  * o EJ. 

For ϕ, we used radiotracking data from 19 EJs and 27 DJs over six years analyzed in 

Chapter 3. To estimate 𝜊, we used long-term reproductive data from individuals with 

a known social status that became breeders within the study population (n = 50 DJ,  n 

= 37 EJ). Eleven of the 37 EJs were first-year immigrants into the study population. 

As an estimate of o, we used the mean total number of recruits, defined as the total 

number of offspring sired by that individual that were observed in the study 

population during the Oct. population counts. To first check whether the mean total 

recruits differed between DJs and EJs, we ran a series of generalized linear models 

(GLMs, Poisson distribution) with the total number of recruits per individual as the 

response variable and social status (DJ or EJ), sex (determined with molecular 

methods; Chapter 3), and maximum known age (oldest confirmed age of an 

individual before disappearance) as fixed effects. We also included an interaction 

between maximum known age and social status and an interaction between social 

status and sex because the effect of social status on lifetime reproductive success 

may depend on sex. Due to the limited sample size, we could not include 

environmental variables known to influence reproductive performance as predictors 

(Sutton et al. 2021b). Given differences in the number of recruits, we then took the 

mean number of recruits for each juvenile class from the raw long-term data to 
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estimate o. As a second estimate of o, we also followed the same procedure as above 

for the total number of nestlings that survived to banding (~ day 11-14).  

2. Estimating indirect fitness 

To calculate the indirect fitness of DJs, f, we used the following equation:  

(3)  f = (𝜌 − 𝜀).	

 

where 𝜌 is additional offspring produced by parents due to helping and 𝜀 is the cost 

of ejecting siblings. To determine whether 𝜌 > 0, we used generalized linear mixed 

models (GLMMs, Poisson distribution) to examine whether the presence of a DJ 

influenced variation in the total number of lifetime recruits of its parents. In these 

models, we also included male and female ages of the breeders (Whelan et al. 2016) 

and territory quality (defined as the proportion of conifers on the territory; Strickland 

et al. 2011) as fixed effects and individual identity and year as random effects 

because reproductive output across the population varied over time. If there was no 

statistically significant effect of DJ presence on parent reproduction, we assumed the 

value for 𝜌 to be zero. To estimate 𝜀, we used the following equation:  

(4) 𝜀 = (e) * (s) * (r). 

 

where e is an estimate of the mean number of non-Dominant Juvenile siblings 

(imminent EJs) present at the time of expulsion, 𝑠 is the survival cost of ejecting 

siblings, and r is the average degree of relatedness (assumed to be 0.5 given there is 

no evidence that Canada Jays have extra-pair paternity [Sorenson et al. 2022]). To 

calculate e, we used the following equation:  

(5) e = (b * ϕBanding to expulsion) – 1. 
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where b is mean brood size at banding, calculated from the long-term data, and 

ϕBanding to expulsion is the survival rate of first-year birds from banding to expulsion, 

calculated previously from radio-tracking (Chapter 3). One was subtracted from this 

estimate to account for the presence of the DJ at the time of expulsion. To calculate 

s, we used the following equation: 

(6) s = ϕDJ First-summer survival - ϕEJ First-summer survival. 

where ϕEJ First-summer survival is the first-summer survival rate of EJs and ϕDJ First-summer 

survival is the first-summer survival rate of DJs. This estimate attempts to capture the 

difference in survival between EJs if they were not ejected and EJs when they were 

ejected. 

 
4.3.3 Additional details about statistical analyses 
 
Statistical models were constructed and run using the lme4 package (Bates et al. 2015) in 

Program R (version 4.1.1, R Foundation for Statistical Computing, Vienna, Austria). For all 

model sets, we used the MuMIn package (Bartón 2018) to assess all possible combinations of 

fixed effects and the aictab function from the aicmodavg package (Mazorelle 2017) to rank 

models according to second-order Akaike information criterion corrected for small sample sizes 

(AICc; Burnham and Anderson 2002). Models with DAICc < 2 were considered candidate 

models (Burnham and Anderson 2002). Akaike weights (wi) provided cumulative support for 

each model when accounting for all other competing models. We based our inferences on 

coefficients from the top-ranked model rather than model-averaged coefficients because model-

averaging can lead to inaccurate coefficients, particularly when including interaction terms (Cade 

2015). We considered a covariate to be an important predictor if the confidence interval of the 
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coefficient did not overlap with 0. There was no evidence that any predictors in the models were 

colinear (r < 0.3, variance inflation factor = 1.08).  

 

4.4 Results 
 
We first estimated the direct fitness of DJs and EJs. Despite EJs breeding earlier, on average, 

than DJs (Table S1, S2), we found support that the total number of juveniles recruited throughout 

an individual’s lifetime was higher for DJs than for EJs (Figure 1, Tables S3, S4). The mean (± 

s.e.) number of individuals recruited for DJs was 1.32 (± 0.34) and for EJs was 0.95 (± 0.23). 

Multiplying these values by estimates of first-year survival (DJ = 0.80, EJ = 0.47; Chapter 3) 

suggests that the direct fitness of DJs (1.06) was more than double EJs (0.45; Table 1). When the 

number of nestlings produced over an individual’s lifetime was used instead of the number of 

juveniles recruited, DJs still had substantially higher direct fitness (4.03) than EJs (2.48; Table 

S5, S6, S7). 

 Next, to estimate the indirect fitness of DJs, we analyzed whether the presence of a DJ 

increased the reproductive output of its parents the following year when the DJ was still present 

on the natal territory and available to help feed its siblings. Comparing n = 124 nest attempts 

where the DJ was present and n = 652 nest attempts where parents were alone, we found no 

evidence that the presence of a DJ increased reproductive output (Tables S8, S9), suggesting 

indirect fitness benefits for DJs delaying dispersal was zero. To determine whether there were 

indirect fitness costs for DJs, we first calculated e (equation 5) by multiplying b (2.65) by 

ϕBanding to expulsion (0.56) and subtracting that by 1 to get 0.48. To obtain 𝜀, the cost of ejecting 

siblings, we multiplied e by s (0.39) and r (0.5) to get 0.09. Thus, after subtracting 𝜀 from zero 

(equation 3), the indirect fitness was -0.09 (Table 1).  
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 Combining the direct and indirect fitness values for DJs yielded an inclusive fitness 

estimate of 0.96, still substantially higher than the 0.44 inclusive fitness (direct fitness) estimate 

of EJs (Table 1).  

 
4.5 Discussion 
 

Our analysis revealed that Dominant Juvenile Canada jays that delayed dispersal in their first 

year had higher inclusive fitness than the same-cohort siblings they eject from the natal territory 

only six weeks after fledging and that such differences are not associated with indirect benefits 

of helping feed next-cohort siblings. Given small differences in lifetime reproductive success 

between DJs and EJs, as estimated by the number of recruits (and no difference when the number 

of nestlings produced was substituted for recruits), higher direct fitness of DJs was mainly driven 

by much higher first-year survival, which was primarily manifested in the summer during the 

months immediately following expulsion (Chapter 3).  

Deriving estimates of survival, particularly first-year survival, could have important 

implications for understanding the adaptive value of delaying dispersal. A small number of 

studies have used long-term data to provide evidence of higher lifetime reproductive success in 

delayed dispersers compared to ‘early-dispersing’ counterparts (e.g. Siberian jays, Perisoreus 

infaustus: Ekman et al. 1999, desert night lizards, Xantusia riversiana: Rabosky et al. 2012, 

green woodhoopoes, Phoeniculus purpureus: Hawn et al. 2007). In a recent review of dispersal 

studies on birds, evidence suggested that, across species, dispersal generally resulted in higher 

mortality rates compared to remaining on the natal territory (Chapter 2). Thus, combining first-

year survival with measures of lifetime reproductive success could widen the ‘fitness gap’ 

between delayed dispersers and early dispersers in other species.   
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Our work highlights how indirect fitness costs can be incorporated into calculations of 

inclusive fitness. In the case of Canada jays, the indirect cost was expressed through the DJ's 

expulsion of its siblings from the natal territory and an assumed decline in survival. However, 

other types of sibling competition could also have non-lethal effects on the losers and, therefore, 

indirect fitness costs for the winner. Whether it be lethal or non-lethal, such costs are not 

typically accounted for in studies on the adaptive value of delayed dispersal (Reyer 1984; 

Walters et al. 1992; Richardson et al. 2002; Green and Hatchwell 2018; Siracusa et al. 2021) 

and, opposite to the effect first-year survival could have on relative values of direct fitness, the 

indirect costs of sibling dominance may close the ‘inclusive fitness gap’ between delayed 

dispersers and early dispersers. That said, for such costs to have an impact on inclusive fitness, 

the survival rate of early dispersers must be substantially lower than that of delayed dispersers. In 

our case, for example, despite almost double the survival rate of DJs compared to EJs, the overall 

indirect cost was still just 8% of a DJ's direct fitness (0.09 vs. 1.06). Costs will also be highly 

influenced by the number of siblings negatively affected by competition. Canada jays have 

relatively small brood sizes (mode, median = 3 in APP; Strickland and Ouellet 2020), a number 

that is further reduced when accounting for survival from the time of banding to expulsion.  

 We acknowledge that our calculation of inclusive fitness makes several underlying 

assumptions. First, we assumed equal survival rates of Dominant Juveniles and Ejectees past 

their first year. Similar to differences in rates of reproductive senescence (Sorensen et al. 2022), 

it is possible that Ejectees experience higher rates of mortality later in life than DJs as a result of 

differences in phenotypes or early-life stressors. However, given similar first-winter survival 

rates between DJs and EJs (0.85 vs. 0.73; Chapter 3), differences in survival past this age seem 

unlikely. Second, to estimate the cost of ejecting siblings, we assumed that the survival of EJs 
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would have been similar to DJs had EJs not been ejected. It is possible that EJs would have 

lower survival than DJs if both delayed dispersal but, from radio-tracking, we observed no 

instances of more than one juvenile remaining on the natal territory past the expulsion period so 

we were unable to obtain this estimate (confirming that such cases were rare, between 1964 – 

2022, we observed more than one juvenile within the same brood delaying dispersal in only 35 

of 557 possible cases [6%]). Finally, estimates of juvenile recruitment were only based on 

individuals within the study area, which could have biased results. However, given the similarity 

of the surrounding landscape, we have no reason to believe that EJs, who are more likely to 

disperse outside the study area than DJs (Chapter 3), would have more or less recruits over their 

lifetime than EJs inside the study area. 

 The dynamics of the APP population may have, or already has had, an influence on the 

first-year fitness of both DJs and EJs. Over the last three decades, this population has declined by 

over 50% but, over the last decade, has remained at a relatively low population density (Sutton et 

al. 2021a). One factor driving low densities is low rates of immigration (Sutton et al. 2021b), 

which means more potential breeding spots open for younger birds born within the study area. 

This could increase the instances of EJs, or even DJs, securing breeding positions in their first 

year rather than being adopted (in the case of EJs) or delaying natal dispersal (in the case of 

DJs). However, this phenomenon may be tempered by the fact that there are also second-year 

DJs and EJs queuing for breeding positions and they are able to leave their natal or adoptive 

territories earlier than still-developing first-year birds. Regardless, low densities may also have 

negative consequences for EJs if they have to spend more time and travel greater distances to 

search for suitable territories, whether it be as an adoptee or a breeder, in their first year. More 
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time and greater distances could lead to increased mortality risk, not only reducing the mean 

fitness of EJs but also increasing the indirect fitness cost of DJs.               
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4.6 Tables 
 

4.6.1 Table 1 Summary table of direct, indirect, and inclusive fitness estimates of Dominant 
Juvenile and Ejectee Canada jays 
A summary table of the estimates of direct, indirect, and inclusive fitness of Dominant Juvenile 
(n = 50) and Ejectee (n = 37) Canada jays using a combination of radio-tracking and long-term 
demographic data.   
 
  

Dominant 

Juvenile 

 

Ejectee 

Direct fitness   

    first-year survival 0.80 0.47 

    mean lifetime recruits 1.32 0.95 

    direct fitness estimate 

Indirect fitness 

1.06 0.45 

    benefit (helping parents) 0 – 

    cost (ejecting siblings) 

    indirect fitness estimate 

0.09 

- 0.09 

– 

– 

Inclusive fitness 0.96 0.44 
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4.7 Figures 
 

4.7.1 Figure 1 Violin plot comparing lifetime recruits between Dominant Juvenile and Ejectee 
Canada jays 

A violin plot comparing the lifetime number of offspring recruited into the population between 
Dominant Juveniles (n = 50) and Ejectees (n = 37) using the long-term re-sighting and nest 
monitoring data. Black dots are individual data points. 
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4.8 Supplemental Information 
 

4.8.1 Table S1 Dispersal outcomes of radio-tracked juvenile Canada jays 
Dispersal outcomes from radio-tracking data of juvenile Canada jays in Algonquin Provincial 
Park, ON from 2016 – 2022. 

 

 
Dispersal outcome 

 
Ejectee 

 
Dominant Juvenile 

 
 
1. Remained on natal territory by first fall 

 
a. Claimed breeding position after 

delaying natal dispersal 
 
b. Failed to find a mate after delaying 

natal dispersal 
 
c. Died after delaying dispersal 

 
0% (0/19) 

 
       
            –  
 
            – 
 
            – 

 
89% (24/27) 

 
 

70% (17/24) 
 
 

8% (2/24) 
 

20% (5/24) 
 
2. Dispersed from natal territory before 

first fall 
 

a. Adopted by unrelated pair 
 
b. On new territory without mate 
 
c. On new territory with mate 

 

 
100% (19/19) 

 
 

52% (10/19) 
 

21% (4/19) 
 

26% (5/19) 

 
11% (3/27) 

 
 
– 
 
– 
 

11% (3/27) 
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4.8.2 Table S2 Model selection results predicting age at first breeding 
To examine how juvenile status influenced the age at first breeding, we constructed a series of 
generalized linear models (GLMs) with age at first breeding as the response variable for 87 
Canada jays. For this analysis, we included the following predictors: social status (Dominant 
Juvenile or Ejectee), sex of the disperser, and maximum age (max age). The top model results 
indicated that Ejectees starting breeding at a younger age than Dominant Juveniles (estimate, t-
value, and 95% confidence interval; 𝛽 = 0.11, t = 2.25, 95% CI = 0.04, 0.19). Fixed effects 
examined in the top models included social status (Dominant Juvenile or Ejectee), maximum age 
(Max age), and sex. Fixed effects for each model are shown, as well as the total number of 
parameters in a model (K), AICc, DAICc, and AICc weight (wi).  
 
 
 
Model 
 

 
K 

 
AICc 

 
DAICc 

 
wi 

 
social status + max age + sex 

 
5 

 
188.5 

 
0.00 

 
0.41 

 
social status + max age 

 
4 

 
190.6 

 
2.17 

 
0.14 
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4.8.3 Table S3 Model selection results predicting lifetime number of recruits 
 
Model selection results predicting the number of offspring recruited into the population 
throughout the lifetime of Canada jays (n = 87). Fixed effects examined in the top models 
included social status (Dominant Juvenile or Ejectee), maximum age (Max age), and sex. Fixed 
effects for each model are shown, as well as the total number of parameters in a model (K), 
AICc, DAICc, and AICc weight (wi). 

 

 
Model 
 

 
K 

 
AICc 

 
DAICc 

 
wi 

 
social status + max age + sex 

 
4 

 
222.2 

 
0.00 

 
0.37 

 
social status + max age 

 
4 

 
223.6 

 
1.41 

 
0.18 

 
social status + max age + sex + 
sex*social status 

 
5 

 
224.4 

 
2.18 

 
0.12 
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4.8.4 Table S4 Model estimates of top models predicting lifetime number of recruits 

Model estimates and 95% confidence intervals for the top models with 2 DAICc that best 
predicted the total lifetime number of offspring recruited. Fixed effects examined in the top 
models included social status (DJ = Dominant Juvenile, EJ = Ejectee), maximum age, and sex. 

 

 
Model 

 

 
Maximum age 

 

 
Sex 

 

 
Social status 

 
 
maximum age 
 + social status (EJ) 
+ sex (male) 

 
0.23  

(0.18, 0.27) 
 

 
-0.39  

(-0.80, 0.01) 
 

 
-0.54  

(-0.96, -0.13) 
 

 
maximum age 
 + social status (EJ) 

 
0.22 

(0.18, 0.27) 

 
– 

 
-0.43 

(-0.84, -0.03) 
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4.8.5  Table S5 Model selection results predicting lifetime number of nestlings 
 
Model selection results predicting the total number of nestlings that survived to banding 
throughout an individual’s lifetime of Canada jays (n = 87). Fixed effects in the top models 
included social status (Dominant Juvenile or Ejectee), maximum age (Max age), and sex. Fixed 
effects for each model are shown, as well as the total number of parameters in a model (K), 
AICc, DAICc, and AICc weight (wi). 

 

 
Model 
 

 
K 

 
AICc 

 
DAICc 

 
wi 

 
max age 

 
2 

 
463.8 

 
0.00 

 
0.39 

 
max age + sex 

 
3 

 
465.2 

 
1.36 

 
0.20 

 
max age + social status 

 
3 

 
465.7 

 
1.85 

 
0.15 

 
max age + sex + social status  4 466.8 2.92 0.09 
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4.8.6 Table S6 Model estimates of top models predicting lifetime number of nestlings 

Model estimates and 95% confidence intervals for the top models with 2 DAICc that best 
predicted the total lifetime number of nestlings produced. Fixed effects examined in the top 
models included social status (Dominant Juvenile (DJ) or Ejectee (EJ)), maximum age, and sex. 

 

 
Model 

 

 
max age 

 

 
sex 

 

 
social status 

 
 
max age 
 

 
0.20  

(0.18, 0.22) 
 

 
– 

 
– 

maximum age 
+ sex (male) 

0.20 
(0.18, 0.22) 

-0.08 
(-0.27– 0.10) 

– 

 
maximum age 
+ social status (EJ) 

 
0.20 

(0.18, 0.22) 

 
– 

 
-0.05 

(-0.23, 0.13) 
 
maximum age 
+ social status (EJ)  
+ sex (male) 
 

 
0.20 

(0.18, 0.22) 

 
-0.10  

(-0.29, 0.08) 

 
-0.07  

(-0.27, 0.11) 
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4.8.7 Table S7 Summary table of direct, indirect, and inclusive fitness estimates of Dominant 
Juvenile and Ejectee Canada jays using lifetime nestling production 
 
A summary table of the estimates of direct, indirect, and inclusive fitness of Dominant Juvenile 
(n = 50) and Ejectee (n = 37) Canada jays using a combination of radio-tracking and long-term 
demographic data with the reproductive metric being total lifetime nestling production.   
 
  

Dominant Juvenile 
 

Ejectee 

Direct fitness   

    first-year survival 0.80 0.47 

    mean lifetime nestlings 5.04 5.29 

    direct fitness estimate 

Indirect fitness 

4.03 2.48 

    benefit (helping 

parents) 

0 – 

    cost (ejecting siblings) 

    indirect fitness 

estimate 

0.09 

- 0.09 

– 

– 

Inclusive fitness 3.94 1.15 
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4.8.8 Table S8 Model selection results predicting additional offspring recruited as a result of 
Dominant Juvenile presence 
Model selection results predicting the number of recruits (offspring that survived within the 
study population until their first fall) for breeders with and without a Dominant Juvenile (DJ). 
Fixed effects examined in the top models included whether a DJ was present or not during the 
breeding season, female breeder age, male breeder age, and territory quality. Random effects 
included year, breeder male ID, and breeder female ID. Predictors for each model are shown, as 
well as the total number of parameters in a model (K), AICc, DAICc, and AICc weight (wi). 
 
 
 
Model 
 

 
K 

 
AICc 

 
DAICc 

 
wi 

 
DJ present 

 
4 

 
832.0 

 
0.00 

 
0.23 

 
DJ present + female age 

 
5 

 
833.6 

 
1.56 

 
0.10 

 
female age 

 
4 

 
833.7 

 
1.74 

 
0.09 

 
male age 

 
4 

 
833.9 

 
1.93 

 
0.08 

 
DJ present + male age 

 
5 

 
834.0 

 
1.98 

 
0.07 

 
DJ present + territory quality 

 
5 

 
834.2 

 
2.16 

 
0.07 
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4.8.9 Table S9 Model estimates of top models predicting additional offspring recruited as a 
result of Dominant Juvenile presence 
 
Model estimates and 95% confidence intervals for the top models with 2 DAICc that best 
predicted the number of recruits for breeders with and without a Dominant Juvenile (DJ). Fixed 
effects examined in the top models included whether a DJ was present or not during the breeding 
season, female breeder age, male breeder age, and territory quality. Random effects included 
year, breeder male ID, and breeder female ID. 
 

 
Model 

 

 
DJ Present 

 

 
Female Age 

 

 
Male Age 

 
 
DJ Present 

 
0.24  

(-0.09, 0.56) 

 
– 

 
– 

DJ Present + female 
age 

0.25 
(-0.08, 0.57) 

-0.01 
(-0.05, 0.02) 

– 

female age – -0.01 
(-0.05, 0.03) 

– 

male age – – 0.007 
(-0.03, 0.04) 

    
DJ Present + male 
age 

0.24 
(-0.10, 0.56) 

– 0.002 
(-0.03, 0.04) 
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5 Chapter 5 – Patterns and causes of breeding dispersal in a 
declining population of Canada jays, Perisoreus canadensis, over 
55 years 

 
5.1 Abstract 
 

Breeding dispersal can influence fitness as well as the dynamics and genetic architecture of 

populations, but the patterns and causes of dispersal in most species are still poorly understood. 

Here, we used 55 years of re-sighting and breeding data from 530 individually marked adult 

Canada jays at the southern edge of their range in Algonquin Provincial Park, Ontario, Canada to 

evaluate factors that influence the probability of breeding dispersal occurrences and distances. 

Breeding dispersal within the study area was rare, occurring in 3% (n = 81) of the 2477 cases in 

which individuals were observed defending a territory in consecutive years, and only 13% (n = 

68) of individuals dispersed at least once in their lifetime (mean age of dispersers = 4.75 ± 2.8). 

Of the 81 breeding dispersal cases, 68% (n = 55) involved a single bird, while the remaining 

32% (n = 26) involved 13 cases of a mated pair dispersing together. The probability of breeding 

dispersal was similar between sexes, but females tended to disperse farther. Surprisingly, almost 

half of breeding dispersal events occurred during the autumn and winter when all or most food 

had already been cached. However, 70% (n = 57) of breeding dispersal events involved 

settlement on a neighbouring territory, which may have allowed adults to retrieve previously 

cached food on their original territory. Overall, adults were most likely to disperse locally when 

they lost a mate, had originally occupied a lower-quality territory, and a vacant position was 

available nearby. While the distance and rates of breeding dispersal did not change over time (n 

= 55), breeding dispersal events caused by mate loss, were highest in years with the steepest 

population decline, suggesting that a diminishing pool of mate replacements influenced breeding 

dispersal decisions. 
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5.2 Introduction 
 

Breeding dispersal, defined as the movement of adults between successive breeding locations 

(Clobert et al. 2001; Greenwood 1980), is considered an important behaviour because it can 

influence individual fitness (Pärt and Gustafsson 1989; Payne and Payne 1993), population 

dynamics (Johnson and Gaines 1990; Dieckmann et al. 1999) and genetic structure (Waser and 

Elliot 1991). While breeding dispersal has received more attention in recent decades (Forero et 

al. 1999; Berteaux and Boutin 2000; Naves et al. 2006; Valcu and Kempenaers 2008; Weitzman 

et al. 2017), it still remains one of the least understood life history phases. This is because 

individuals can be difficult to track over successive breeding periods and, in some species, 

breeding dispersal happens infrequently (Bowler and Benton 2005). Thus, our most 

comprehensive understanding of the drivers of breeding dispersal typically comes from long-

term studies that involve tracking movements and monitoring the success of individually marked 

animals (Pärt and Gustafsson 1989; Forero et al. 1999; Berteaux and Boutin 2000; Weitzman et 

al. 2017). 

Several demography-based hypotheses have been proposed to explain the probability of 

breeding dispersal and variation in dispersal distances (Table 1). For example, the probability of 

local breeding dispersal can be positively influenced by local density because higher densities 

lead to elevated intraspecific competition (Pasinelli et al. 2007; Öst et al. 2011; Mattisson et al. 

2013). In contrast, the frequency of local breeding dispersal might be higher at lower densities if 

there are few replacement mates in the population, forcing individuals to leave their local areas 

to find future breeding opportunities. Breeding dispersal can occur when an individual is evicted 

or displaced by a more dominant breeder (Mattisson et al. 2013), or if individuals decide to move 

in response to nest failure or in order to acquire a different partner (Payne and Payne 1993; 
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Forero et al. 1999; Naves et al. 2006). There is also evidence that the loss of a breeding partner 

can induce breeding dispersal (Wiklund 1996; Paris et al. 2016), which is presumably beneficial 

when the probability of finding a new mate via actively searching for a partner is higher than 

waiting for one to arrive. Lastly, the causes of breeding dispersal can be a function of age (Bried 

and Jouventin 1998; Andreu and Barba 2006; Serrano et al. 2001), personality (Cote et al. 2010) 

and sex (Greenwood 1980; Öst et al. 2011), with breeding dispersal, often being female-biased 

in birds and occurring more often in younger individuals either because they are often evicted by 

dominant breeders or because they are paired with low-quality mates and, thus, are more likely 

to upgrade their situation when the opportunity arises. 

Habitat quality may also influence the probability of breeding dispersal and local 

dispersal distance. Breeding dispersal allows individuals to upgrade to better-quality breeding 

sites, which can improve future breeding performance (Montalvo and Potti 1992; Spendelow et 

al. 1995; Mestre and Bonte 2012). Whether or not to upgrade to better-quality breeding sites can 

depend partly on how risky it is to disperse locally. Even though breeding dispersal can provide 

the opportunity to upgrade to higher-quality sites, such upgrades are not guaranteed and 

individuals may be at risk of mortality during transience when traveling long distances (Jack and 

Fedigan 2004; Palestis and Hines 2015). Additionally, the decision to attempt a territory upgrade 

can depend, in part, on how much investment has been made on the original territory. Such 

investments could include food storage (Sutton et al. 2019), creating safe locations to raise 

young (Doucet et al. 1994), and building structures for courtship (Jones 1988). Among species 

that make a substantial investment in their territories, individuals may not be able to afford to 

abandon a breeding site unless breeding dispersal results in a significant upgrade of individual 

fitness. For example, acorn woodpeckers, Melanerpes formicivorus, collect acorns and chisel out 
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granaries, which makes switching territories energetically costly unless there is potential for 

improving a breeding position (MacRoberts 1970). Additionally, North American red squirrels, 

Tamiasciurus hudsonicus, exhibit high frequencies of breeding dispersal, particularly when food 

availability is high (Berteaux and Boutin 2000). However, little is known about the causes of 

breeding dispersal in resident species that rely on large quantities of cached food on their 

territories.  

In this study, we used data from individually marked Canada jays censused twice 

annually (mid-October and early March) over a period of 55 years in Algonquin Provincial Park 

(APP), Ontario, Canada, to document the patterns and understand the causes of breeding 

dispersal. Canada jays occupy permanent territories in North America’s boreal and subalpine 

forests (Strickland and Ouellet 2020). In APP, they begin caching food as early as late summer 

and rely on this food for overwinter survival and, at least in part, for reproduction that takes 

place under still wintry conditions from February through late April (Sutton et al. 2019; Whelan 

et al. 2017). In addition to reporting patterns of breeding dispersal and breeding dispersal 

distances over time, we also examined the factors that influenced (1) the probability of breeding 

dispersal occurring locally within the study population, (2) the timing of local breeding dispersal, 

and (3) variation in local dispersal distances. Using data from 530 breeding adults between 1964 

and 2019, we tested predictions from four hypotheses previously used to explain the probability 

of breeding dispersal and variation in breeding dispersal distances (Table 1). 

 

5.3 Methods 
 

5.3.1 Study area and population 
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Breeding dispersal data on Canada jays were collected in Algonquin Provincial Park (APP), 

Ontario, Canada (45N, 78W; 7.6 105 ha; Figure 1), where a population has been monitored since 

1964 (Waite and Strickland 2006; Whelan et al. 2017; Sutton et al. 2019). Canada jay territories 

are occupied year-round and, in APP, have a mean area of ca. 146 ha (Strickland and Ouellet 

2020). The study site runs along the Highway 60 corridor in APP. From 1964 to 2019, an 

average of 18 occupied territories (range 1-48) were monitored in a given year. This study area 

has an east-west linear shape, meaning that our results are limited to detecting local dispersal 

events north and south of the study area. All territories were censused twice each year, once at 

the commencement of the breeding season in late winter (~ 1 March ± 1 week) and once during 

the autumn (~ 15 October ± 1 week). During the late winter census, we monitored all breeding 

pairs throughout the entire duration of the breeding season (February-April) starting from nest 

building to fledging of young. During this census, we visited each occupied territory once every 

2-3 days. This census provided information on which pairs attempted and/or successfully bred 

and which remained together. For the autumn census (~ 2 weeks long), we visited every 

historically occupied territory in the study area to determine which adults remained on each 

territory, dispersed locally within the study area, or disappeared between the winter and autumn 

censuses (i.e. during the summer). Canada jays are monogamous and new pairs may form at any 

time of the year through the replacement of a lost breeder (Strickland and Ouellet 2020). 

Additionally, the apparent survival of adult Canada jays in APP is higher in autumn/winter 

(~92%) compared to summer (~79%; Norris et al. 2013). 

At or following the 1 March census, we determined the breeding status and reproductive 

success of all individuals on each territory by searching and checking each occupied territory 

every 2-3 days. The location of each nest was recorded using a variety of hand-held GPS devices 
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(Garmin International, Inc., Olathe, KS, U.S.A.) with a 5-10 m error or, prior to 1990, with aerial 

photos. When nestlings were approximately 11 days old, nests were accessed to band, blood 

sample, and measure the young. In June, approximately 6 weeks post-fledging, intra-brood 

dominance struggles result in the delayed dispersal of a single Dominant Juvenile on the natal 

territory and the ejection of the subordinate siblings (Ejectees). Some of these Ejectees succeed 

in forming close associations with unrelated breeding pairs elsewhere or becoming a breeder at 

the end of their first year (Strickland 1991). Because females rarely depart the nest once egg 

laying has begun (Strickland and Ouellet 2020), we estimated the lay date as the first day the 

female was seen sitting on the nest for at least 30 min. After individuals completed building their 

nest, we checked the nest every 1-2 days to determine the exact lay date. Since incubation lasts 

ca. 18 days from the last-laid egg (Strickland and Ouellet 2020), we were then able to project the 

hatching date and subsequent date that offspring reached 11 days old. As with adults, all 

nestlings within the study area were given a unique combination of a Canadian Wildlife Service 

aluminum band and three coloured leg bands. 

During the autumn census, all territories (mean = 18, range 1-48) were surveyed to 

determine which individuals were still present, including whether they were still on the territory 

they occupied the previous breeding season or whether they had moved to a new territory. 

During this census, any unbanded jays (replacement breeders or immigrant nonbreeders) were 

colour-banded, measured, blood-sampled, provisionally sexed by weight (Strickland 1991), and 

aged as hatch-year (HY) or after-hatch-year (AHY) based on rectrix shape (Strickland and 

Ouellet 2020). All jays were caught using a Potter trap with a suet bait placed inside (100% 

capture success rate). During capture, jays were kept in small cloth bags when not being 

measured in order to minimize stress. All animal sampling and handling protocols were approved 
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by Environment Canada (Permit No. 10416) and the University of Guelph's Animal Care 

Committee (AUP No. 4003). 

 
5.3.2 Dispersal and site-fidelity 
 

Breeding dispersal events and distances were recorded only for reproductively active adults (i.e. 

breeders) that dispersed locally within the study area because we could not reliably survey and 

track individuals that moved outside of the study area. We considered local breeding dispersal to 

have occurred when an adult attempted to breed (i.e. at least built a nest with an opposite-sex 

individual sharing the same territory) on one territory and then did so on another territory within 

the study area in the next year. (Table 2). Due to the large territory size, (mean = 146 ha; 

Strickland and Norris 2015) of Canada jays in the study area, any permanent movement between 

territories was obvious and clearly indicated local breeding dispersal. We defined individuals as 

paired if they were breeding with a mate or occupying a territory with another opposite-sex adult. 

Because we conducted a second, autumn census every year (~ 15 October), we were able to 

classify local breeding dispersal as occurring either during the ‘summer’ (between 1 March and 

15 October) or the ‘autumn/winter’ (between 15 October and 1 March). We refer to the territory 

that a disperser left from as the ‘originating territory’ and the one it dispersed locally to as the 

‘receiving territory’ (Table 2). If an adult dispersed locally alone it was referred to as ‘single’ 

whereas if an individual moved with its mate to another territory it was considered ‘paired’. 

Individuals that remained on the same territory between late-winter censuses were considered 

‘site-faithful’. We analyzed data only from breeders that were detected in two successive 

breeding seasons (n = 81), including those that dispersed more than once in their lifetime. Thus, 

instances, where individuals were observed breeding in year t and then went undetected for two 
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or more censuses before being observed breeding on a different territory within the study area, 

were excluded from any analyses. To quantify breeding dispersal distance, we measured the 

Euclidean distance (km) between the nests on the originating and receiving territories 

(Greenwood and Harvey 1982). 

 

5.3.3 Potential causes of breeding dispersal 
 

We tested predictions from six hypotheses explaining the causes of breeding dispersal for 

Canada jays within the study area (listed in Table 1). Mate loss (1 = mate loss, 0 = mate present) 

was defined as any instance where a mate was no longer on the originating territory between 

censuses, having either dispersed locally within the study area or disappeared (i.e. was no longer 

detected in the study area; Table 2). Any instance where both breeders left the originating 

territory between two censuses was considered a ‘double disappearance’ (Table 2). Age was 

included as a quadratic function to examine whether senescence played a role in dispersal since, 

in APP, Canada jay reproductive performance improves until 8 years of age and then declines 

thereafter (Sorensen et al. 2022). Following Strickland et al. (2011), territory quality was defined 

as the proportion of conifers present within each territory. A previous field experiment using 

artificial storage chambers containing perishable foods known to be cached by Canada jays 

provided evidence that conifers, specifically black spruce, Picea mariana, performed best at 

preserving food over 4-5 summer-autumn months compared to deciduous trees (Strickland et al. 

2011). Analyses of Canada jays in APP also demonstrated that nest success was positively 

related to the proportion of conifers on territories (Strickland et al. 2011; Whelan et al. 2017). 

The distance to the nearest territory was estimated by calculating the Euclidean distance from an 

individual's territory centre (centroid of previous known nest locations) to the closest historically 
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occupied territory in the study area. We used population density at year t as a predictor because 

high local densities could promote dispersal due to saturation of breeding spots (Lindberg et al. 

1998; Fletcher 2009). In contrast, low densities might promote local breeding dispersal if an 

individual loses a mate that is not promptly replaced by a local pool of nonbreeders. Because of 

the small sample size of dispersal events, we encountered model convergence issues with nest 

success, which prevented us from testing hypotheses related to previous reproductive output as a 

cause of breeding dispersal. All breeding dispersal distances were log-transformed to achieve 

normality. 

 
5.3.4 Statistical analyses 
 
To evaluate how patterns of local breeding dispersal in the study area changed over time, we 

used logistic regression models to test whether the number of per capita double disappearances 

and the number of per capita dispersal events each year changed over the 55 years of monitoring. 

Additionally, we used a weighted linear regression with the sample size of dispersed birds each 

year as a weighted factor, to test whether mean dispersal distances each year changed over the 

long-term study. The per capita number of dispersal events each year was calculated by taking 

the number of birds that dispersed locally each year divided by the total number of breeding 

individuals within the study area during that breeding season. The per capita number of double 

disappearances each year was calculated by taking the number of double disappearances each 

year divided by the total number of breeding pairs in the study area each year. 

We examined the factors that influenced the probability of breeding dispersal using a 

series of generalized linear mixed models (GLMMs; Bates et al. 2015) with a binomial 

distribution and logit link function. To examine factors that determined breeding dispersal, we 

used all 2477 observations of adults and incorporated a binary response for every observation for 
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each individual (dispersed = 1, site-faithful = 0). The explanatory variables used were mate loss, 

individual age, individual age (quadratic), distance to the nearest territory, sex, territory quality, 

and breeding density. We also considered individual identity (ID) and year as random effects 

since individuals were observed over multiple years and the frequency of local dispersal events 

varied by year. Because this data set had a large number of zeros relative to the total sample size, 

zero-inflation models were considered instead of GLMMs. However, the zeros in these data were 

‘structural’ zeros (ecologically relevant) and recorded with no error rather than representing an 

absence of an individual that could be recorded with error (Blasco-Moreno et al. 2019), meaning 

that it would be unlikely that zeros were ‘inflated’. Nevertheless, to confirm this, we ran zero-

inflation models and there was no evidence that any of our parameters were causing zero-

inflation (ß ± SE = -18.03 ± 5589, p = 0.99), so we proceeded to use binomial GLMMs. 

We also tested what factors might have influenced breeding dispersal timing (summer 

versus the autumn/winter) using GLMMs with a binomial distribution and logit link function. 

For this analysis, we used only local breeding dispersal events (n= 81) and a binary response 

variable for each dispersal event such that summer dispersal = 0 (n = 43) and autumn/winter 

dispersal = 1 (n = 38). The fixed effects used were as follows: mate loss, individual age 

(quadratic), distance to the nearest territory, sex, territory quality, and breeding density. 

Individual ID and year were included as random effects for this set of models. 

To identify variables that influence variation in breeding dispersal distance, we used a 

linear mixed effect model (LME), with log-transformed dispersal distance (km) as the 

normalized response variable (n = 81). The fixed effects were distance to the nearest territory, 

sex, percentage of conifers on the receiving territory, breeding density, individual age, and year. 
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Individual identity was used as a random effect because some individuals dispersed more than 

once in their lifetime. 

For all three model sets, we constructed models that represented all possible 

combinations of fixed effects in addition to each variable alone. There was no evidence that any 

of the fixed effects in the models used to predict dispersal probability or dispersal distance were 

colinear (r < 0.3). For all GLMMs, we used the second-order Akaike's information criterion 

corrected for small sample sizes (AICc; Burnham and Anderson 2002) to rank competing 

models. We considered any model with DAICc < 2 to be a candidate model (Burnham and 

Anderson 2002). In addition, Akaike weights (wi) gave cumulative support for each model when 

accounting for all competing models. When there was no clear top model, to determine the 

direction and magnitude of the effect of each explanatory variable, we performed full model 

averaging over a candidate set of models using the model.avg function in the MuMIn package 

(Burnham and Anderson 2002). Statistical analyses were run in R v.3.3.2 (R Core Team 2017) 

using the lme4 (Bates et al. 2015), nlme (Pinheiro et al. 2020), MuMIn (Bartón 2018), and 

AICcmodavg (Mazorelle 2017) packages. All statistical tests were considered significant at p < 

0.05. To further avoid the inclusion of uninformative parameters in our model selection, we 

report the 85% confidence intervals (CIs) and explanatory variables when the unconditional CIs 

did not include zero (Arnold 2010). Confidence intervals of 85% are more appropriate than those 

of 95% when using AIC model selection because 95% CIs could discard variables in best-

approximating models that are supported by lower AIC values (Arnold 2010). 

 

5.4 Results 
 

5.4.1 Prevalence of breeding dispersal 
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Between 1964 and 2019, there were 2477 events of 530 adults (271 males, 259 females) 

breeding on or actively defending a given territory in a given year. In only 3% (81/2477) of these 

cases did an individual locally disperse as an adult to a different breeding territory within the 

study area the following year. Of the 530 adults, only 68 (13%) individuals exhibited breeding 

dispersal at least once in their lifetime. Of the 2477 breeding events, mate loss prior to the 

breeding event occurred in 12% (298/2477) and, of those instances, 12% (36/298) were followed 

by a breeding dispersal event. Among all dispersal events, 32% (26/81) involved both members 

of a pair moving to a nearby vacant territory together and 68% (55/81) involved an individual 

that locally dispersed alone. Of the single-bird dispersal events, 78% (n = 43) occurred when a 

mate had been lost beforehand and 22% (n = 12) resulted in the mate being left on the originating 

territory. There was no evidence for sex bias in the frequency of local breeding dispersal (males: 

n = 44; females: n = 37) and there was a similar number of local dispersal events in the summer 

(n = 43) versus the autumn/winter (n = 38). 

Concerning the originating territory, of the 55 cases where an adult dispersed alone, 13% 

(7/55) involved a disperser that was found to have been replaced by a new breeder that paired 

with the disperser's former mate (that remained on the originating territory). After dispersing, 

60% (49/81) of breeding dispersal events resulted in the originating territory being completely 

vacant in the next census and 23% (19/81) were followed by two new breeders taking over the 

vacated territory. In a further 16% (13/81) of cases, at the census following breeding dispersal, 

we found the former mate or remaining juvenile from the previous breeding event or a new adult 

alone on the originating territory. 

Concerning the receiving territories, in 20% (16/81) of breeding dispersal events, 

breeders moved to territories that were known to be completely vacant before breeding dispersal 
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occurred (8 dispersal events of paired birds and 8 of individual birds) and another 7% (6/81) of 

cases involved individuals that filled same-sex breeding positions known to have been vacant 

before dispersal. In addition, 67% (37/55) of single-bird dispersers were found breeding with 

partners that were known to have been breeding with a different partner on the receiving 

territories the year before the local dispersal event. 

The per capita number of breeding dispersal events (mean = 0.03 per year, range 0 – 0.2), 

per capita double disappearances (mean = 0.12, range 0 – 1), and mean breeding dispersal 

distance (mean = 1.7 km per year, range 0.6 – 3.4 km) per year did not significantly increase 

over time (per capita dispersal events: b = 0.02, t = 0.53, p = 0.59, n = 55, Figure S1a; double 

disappearances per year: b = 0.003, t = 0.15, p = 0.87, n = 55, Figure S1b; distance: b = -0.002, t 

= -0.35, p = 0.72, n = 55, Figure S1c).  

 

5.4.2 Factors influencing the probability of dispersal 
 
To explain the probability of breeding dispersal, there were four models within 2 DAICc of the 

top model (Table 3, Table S1). All of these models included mate loss, territory quality, and 

distance to the nearest territory as fixed effects. Based on model averaging, the mean relative 

variable importance (RVI) of mate loss, distance to the nearest territory, territory quality, age, 

density, and sex were 1.00, 0.90, 0.29, 0.50, 0.28, and 0.27, respectively. The model-averaged 

coefficients suggested the probability of breeding dispersal within the study area was positively 

related to mate loss (Table S1); individuals dispersed more often when their mate was not 

present anymore (Figure 2). Additionally, the probability of dispersal was inversely related to the 

distance to the closest territory (Table 3, Table S1). There was some evidence that breeding 
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dispersal was higher when individuals occupied low-quality territories, although the 85% 

confidence interval overlapped with zero (Table 3, Table S1). 

 

5.4.3 Timing of breeding dispersal 
 
 
Next, we examined the factors that influenced the timing of local breeding dispersal within the 

study area. For this analysis, there were two top models within 2 DAICc, and both included mate 

loss, sex, density, and age as predictors (Tables S2 and S3). Based on model averaging, the RVI 

of mate loss and sex were both 1.00, while age and density were 0.25. Individuals were more 

likely to disperse during the fall/winter if they lost a mate (b = 2.98, 85% CI = 0.77, 5.24; Tables 

S2 and S3) and were male (b = 2.27, 85% CI = 0.61, 3.95; Tables S2 and S3).   

 
 
5.4.4 Factors influencing dispersal distance 
 
Among all 81 local breeding dispersal events, distances ranged from 0.48 to 7.0 km (median = 

1.1 km; Figure 3). Only 11% (n = 9) of all detected breeding dispersal events within the study 

area were > 3 km. In 70% of cases (n = 57), receiving territories were directly adjacent to 

originating territories and in only 16% of cases (n = 13) was the receiving territory more than 

two territories away (range: 3-6). Female dispersal ranged from 0.4 to 5.4 km (median = 1.3 km, 

n = 37) and male dispersal ranged from 0.5 to 7.0 km (median = 1.1 km, n = 44). There was one 

top model predicting variation in breeding dispersal distances, with distance to the nearest vacant 

territory and sex as predictors. Canada jays tended to disperse greater distances as the distance to 

the nearest vacant territory increased (b = 1.03, 85% CI = 0.44, 1.61; Tables S4 and S5) and if 

they were female (b = -0.42, 85% CI = -0.78, -0.05; Figure 3, Tables S4 and S5). 
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5.5 Discussion 
 

Using a 55-year data set, we provide evidence that adult Canada jays are highly site-faithful, 

with local breeding dispersal occurring in only 3% of the cases in which individuals were 

observed defending a territory in consecutive years and only 13% of all breeding individuals 

dispersing at least once during their adult life. Even among adults that lost a mate, which we 

identified as a motivating factor for local dispersal, only 12% ended up dispersing to a new 

territory. In those rare cases where local dispersal did occur, it appeared to come in two general 

forms: birds dispersing alone, which comprised 68% of all breeding dispersal events, or birds 

dispersing with a mate, which comprised 32% of all events. Below, we discuss possible reasons 

for low breeding dispersal rates in this population, the motivations behind dispersal, and why 

dispersal rates and distance did not change over time. 

While we did not find any evidence for a linear increase in per capita dispersal rates over 

time, the steepest decline in the APP Canada jay population occurred between 1982 and 1995 

(Sutton et al. 2021a), which coincided with an increase in annual per capita dispersal 

frequencies, ‘double disappearances’ and dispersal distances (Figure S1). The number of 

dispersal events caused by mate loss also peaked between 1990 and 1994, which would be 

consistent with the idea that there was a diminishing number of potential replacements for 

widowed birds during the period of decline, potentially causing birds to disperse in search of a 

new partner rather than to remain on their territory. Further research is needed to determine both 

the short- and long-term fitness consequences of breeding dispersal and what, if any, 

consequences it might have at the population level. 

We propose that the primary reason for a low rate of local breeding dispersal is that 

overwintering Canada jays are critically dependent on the memory-accessed food items that they 
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cache on their territories during the summer and autumn. This constraint against abandoning 

their own cache-filled territories is supported by the fact that 70% of dispersers only moved to a 

neighbouring territory. Although we have no direct evidence, such short local breeding dispersal 

distances possibly allow individuals to retrieve food that was cached on their originating 

territory. Returning to the originating territory to access cached food may also explain the 

otherwise surprisingly high percentage of local breeding dispersal events that occurred in the 

autumn/ winter (47%) when little or no fresh food is available to sustain birds on a newly settled 

territory and the locations of caches made by previous occupants are unknown. Consistent with 

the idea that individuals may be more constrained by the availability of recovered cached food 

when dispersing in the autumn/winter, a slightly higher percentage of dispersal events were to 

neighbouring territories during the autumn/winter (76%) compared to the summer (65%), which 

could be attributed to the need to settle on an adjacent territory in order to access previously 

cached food. High levels of site-fidelity have been observed in other food-caching species, 

including Florida scrub-jays, Aphelocoma coerulescens (Woolfenden and Fitzpatrick 1984), 

wolverines, Gulo gulo (Aronsson and Persson 2018), American pikas, Ochotona princeps 

(Morrison et al. 2009), blue tits, Cyanistes caeruleus (Valcu and Kempenaers 2008), and 

Eurasian magpies, Pica pica (Molina-Morales et al. 2012), suggesting that investment in cached 

food on a territory could be a common driver of high breeding site fidelity. 

While mate loss is clearly not a predisposing factor contributing to the local breeding 

dispersal of intact pairs (pairs that dispersed together), our results provide evidence that it is one 

of the primary factors associated with single-bird dispersals. Among all local single-bird 

dispersal events, 78% (n = 55) involved the loss of a mate prior to the local dispersal and, despite 

the fact that not all breeding dispersal events involved single dispersers, mate loss was still in the 



 
 

111 
 

top model predicting the overall probability of breeding dispersal. Previous studies on birds have 

also found support for the ‘mate loss’ hypothesis as a driver of breeding dispersal (Wiklund 

1996; Forero et al. 1999; Kim et al. 2007; Pasinelli et al. 2007). Even though the overall 

probability of local breeding dispersal is low in this population, our results indicate that the loss 

of a mate is the primary factor driving breeding dispersal among birds that disperse alone.  

Interestingly, we also found that individuals were more likely to locally disperse after 

they lost a mate in the autumn/winter than in the summer. This may follow from the fact that, in 

summer, more second-year nonbreeders (i.e. juveniles surviving from the year before) are 

available to replace disappeared breeders, resulting in a greater likelihood that breeding 

vacancies are promptly filled in summer and making it unnecessary for widowed breeders to 

move. In contrast, even though adult mortality is much lower in winter than in summer (Norris et 

al. 2013), an autumn or a winter vacancy is correspondingly less likely to be filled because the 

pool of possible replacements may well have been already exhausted, especially in our declining 

population (Sutton et al. 2021b). This reduction in potential replacements, in combination with 

lower rates of mortality in autumn or winter, may explain why individuals disperse more often in 

autumn or winter when faced with mate loss. 

Our results provide some evidence that breeding dispersal distances in Canada jays are 

sex-biased, which is in concert with Greenwood's (1980) evolutionary hypothesis for female-

biased breeding dispersal distances in birds. The frequency of local breeding dispersal did not 

differ between sexes, but we provide evidence that female Canada jays tended to travel longer 

distances than males, which is consistent with studies of birds showing female-biased breeding 

dispersal distances (Newton and Marquiss 1982; Pärt and Gustafsson 1989; Paris et al. 2016). As 

suggested by Greenwood (1980), female-biased breeding dispersal distances may be due to 
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differences in competitive ability and resource-holding potential between sexes. Canada jay 

females are smaller than males and might have to prospect further distances when searching for a 

new breeding site if existing pairs are more likely to fend them off compared to intruding males. 

Additionally, Greenwood (1980) suggested that dispersing adult males are more likely to remain 

close to the natal area than females. In Canada jays, males delay natal dispersal more than 

females (Strickland 1991), so for adults born in the study area, shorter dispersal distances in 

males might be due to higher philopatric tendencies than in females. 

Our results demonstrate that territory quality appears to influence the local breeding 

dispersal of both paired and single dispersers. Paired dispersal appears to happen when a pair has 

the opportunity to upgrade the quality of their territory, particularly to one that is nearby and 

vacant (Carro et al. 2017). Additionally, our results provide some evidence that dispersal may be 

more likely when an individual is occupying a low-quality territory. These results are consistent 

with previous work on this Canada jay population demonstrating that individuals are more likely 

to move from low-quality into high-quality territories than vice versa (Norris et al. 2013). While 

occupying low-quality territories does not seem to affect survival (Norris et al. 2013), it may 

result in food caches of lower quality or quantity (Strickland et al. 2011), which, in turn, 

probably has a negative impact on reproductive success (Sutton et al. 2019). However, even if 

higher territory quality facilitates improved reproductive success, it does not seem to entice 

adults to disperse very frequently, even when there is a vacant, high-quality territory nearby. 

This, again, suggests that the cached food investment that Canada jays make on their territories 

plays an important role in their high territorial fidelity. 

We acknowledge that some aspects of our study limited our ability to gain a 

comprehensive picture of the patterns and causes of local breeding dispersal in Canada jays. 
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Perhaps most significantly, we were unable to record successful breeding dispersal events of 

birds that dispersed outside of the study area. This was likely accentuated by the east-west linear 

shape of the study area (it runs along the Highway 60 corridor through APP), which means that 

many local breeding dispersal events to the north or south of the study area would have been 

missed. For this reason, our estimates of the total number of breeding dispersal events and, 

therefore, the percentage of birds that dispersed in their lifetime are almost certainly 

underestimates. However, the magnitude of this underestimate may be lower than expected given 

that most Canada jays do not switch territories once they have acquired a breeding partner and, 

when they do disperse, the vast majority of individuals move to neighbouring territories, less 

than 2 km away. It is also important to note that, because of low sample sizes, we were not able 

to include nest success as a predictor of breeding dispersal. Several previous studies have 

demonstrated that nest failure can be a precursor for dispersal (Forero et al. 1999; Öst et al. 

2011), and while the exclusion of this variable inherently limits this study, we do not believe that 

it impacts the conclusions of our work. Among all dispersal events, only 19% (16/81) were 

known to be preceded by nest failure. Therefore, the low number of failed nests prior to local 

breeding dispersal suggests that this likely would not be a strong predictor of dispersal. 
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5.6 Tables 
 

5.6.1 Table 1 Hypotheses and predictions of breeding dispersal 
 
Summary of hypotheses and predictions examined to determine causes of breeding dispersal and 
variation in dispersal distances. 
 
 
 
 
Hypothesis name 
 

 
Hypothesized mechanism 

 
Predictions 

 
References 

 
Probability of 
breeding 
dispersal 

   

 
Territory quality  

 
Individuals disperse from a 
lower quality territory that 
they were occupying 

 
Dispersal is 
negatively 
correlated with 
territory quality 
on the originating 
territory 

 
Montalvo and 
Potti 1992, 
Stanback and 
Rockwell 2003 
 

 
Mate loss 

 
Individuals disperse to seek 
a new mate after loss of 
previous mate 

 
Dispersal is 
positively 
correlated with 
mate loss 

 
Wiklund 1996, 
Forero et al. 
1999, Paris et al. 
2016 

 
Age 

 
Individuals disperse more 
when they are young 
because they are more 
easily evicted 

 
Dispersal is 
negatively 
correlated with 
age  

 
Greenwood and 
Harvey 1982, 
Naves et al. 2006 

 
Territory 
Availability 

 
Individuals have a higher 
probability of dispersal if 
breeding vacancies are 
close by because of the 
ability to access caches on 
originating territories 

 
Dispersal is 
positively 
correlated with 
distance to 
nearest territory 

 
Spendelow et al. 
1995, Serrano et 
al. 2001  

 
Intraspecific 
competition 

 
Individuals disperse to 
escape high levels of 
intraspecific competition 

 
Dispersal is 
positively related 
to population 
density 

 
Payne and Payne 
1993, Mattisson 
et al. 2013 
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Sex 

 
Females show higher rates 
of dispersal because males 
invest more in resource 
defense 
 

 
Dispersal is more 
frequent among 
females 

 
Greenwood 1980, 
Greenwood and 
Harvey 1982 
 

 
Dispersal 
distance 

   

 
Territory quality 

 
Individuals disperse farther 
distances to access higher 
quality territories 

 
Dispersal 
distance is 
positively 
correlated with 
territory quality 

 
Forero et al. 
1999, Pasinelli et 
al. 2007 

 
Age 

 
Individuals that are older 
disperse shorter distances 
because they gain 
dominance with age and 
more easily can acquire a 
territory 

 
Dispersal 
distance is 
negatively 
correlated with 
the age of 
individuals  

 
Greenwood and 
Harvey 1982, 
Forero et al. 1999 

 
Territory 
Availability 

 
Individuals disperse shorter 
distances to more readily 
access caches on the 
originating territory 

 
Dispersal 
distance is 
positively related 
to distance to 
available 
territories 

 
Serrano et al. 
2001 

 
Intraspecific 
competition 

 
Individuals disperse further 
distances to escape high 
levels of intraspecific 
competition 

 
Dispersal 
distance is 
positively 
correlated with 
population 
density 

 
Serrano et al. 
2001, Öst et al. 
2011, Mattisson 
et al. 2013 

 
Sex 

 
Females disperse farther 
than males because they are 
smaller and traveling is less 
energy consuming than 
males 

 
Dispersal 
distances are 
positively 
associated with 
females 

 
Greenwood 1980, 
Greenwood and 
Harvey 1982 
 

 
Year 

 
Dispersal distances decline 
over time because of the 
population has declined, 

 
Dispersal 
distance is 
positively 

 
Waite and 
Strickland 2006 
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leaving a larger proportion 
of territories vacant 
 

associated with 
year 
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5.6.2 Table 2 Definitions of various adult Canada jay movements 
 
Summary of definitions and potential outcomes of adult Canada jays movements in Algonquin 
Provincial Park, Ontario. 
 
 
Term 
 

 
Definition 

 
Breeding dispersal 
 
 
 

 
Occurs when an individual breeds on an “originating” 
territory and, in a following late-winter census, breeds on a 
different, “receiving” territory such that:. 
 
On the originating territory, in yeart + 1  

a) the disperser is replaced by a new breeder  
b) the former mate is alone without a breeding partner 
c) the former mate is also no longer there, either 

because it has dispersed within the study area or 
disappeared (death or dispersed out of study area) 

d) a new pair occupies the originating territory 
 
On the receiving territory in yeart + 1 , the disperser 

a) is occupying a formerly vacant territory with a new 
bird with which it breeds  

b) is filling a same-sex vacancy and subsequently 
breeds with the already-resident, opposite-sex bird 

c) is occupying a vacant territory alone 
 
Double disappearance 
 
 
 
 
 
 
 

 
Occurs when both members of an apparent breeding pair are 
present on an “originating” territory at one fall, or late-
winter, census but are both absent from that territory at the 
following census. It includes cases where:  
 

a) Both birds disperse together to another territory 
within study area 

b) Both birds disperse to, and occupy, separate 
territories elsewhere in the study area.  

c) One disperses within study area and the other bird 
disappears (through either death or dispersal out of 
study area) 

d) Both disappear from the study area (through either 
death or dispersal out of study area. 
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5.6.3 Table 3 Model selection results predicting the probability of breeding dispersal in 
Canada jays 
 
Model selection results for demographic and environmental factors that influence the probability 
of breeding dispersal of Canada jays (Mate loss: loss of mate due to dispersal or death (binary); 
Nearest territory: distance (km) to the nearest vacant territory; Territory quality: habitat quality 
of territory measured as the percent of coniferous trees on the territory; Age: age of the focal 
individual at breeding (quadratic); Density: the number of individuals within the population in 
year t; Sex: sex of focal individual). Fixed effects for each model are listed as well as the total 
number of parameters in a model (K), AICc, DAICc, and AICc weight (wi).  
 
 
Model 
 

 
K 

 
AICc 

 
DAICc 

 
wi 

 
Territory quality + Nearest territory + 
Mate loss 

 
6 

 
506.99 

 
0.00 

 
0.35 

 
Territory quality + Nearest territory + 
Mate loss + Sex 

 
7 

 
508.58 

 
1.58 

 
0.16 

 
Territory quality + Nearest territory + 
Mate loss + (Age)2 

 
7 

 
508.71 

 
1.72 

 
0.15 

 
Territory quality + Nearest territory + 
Mate loss + Density 

 
7 
 

 
508.99 

 
2.00 

 
0.13 

 
Territory quality + Nearest territory + 
Sex + (Age)2 + Density 

 
8 

 
510.35 

 
3.35 

 
0.07 

 
Territory quality + Nearest territory + 
Mate loss + Sex + Density 

 
8 

 
510.58 

 
3.58 

 
0.06 

 
Territory quality + Nearest territory + 
Mate loss + Density + (Age)2 

 
8 

 
510.70 

 
3.71 

 
0.05 

 
Territory quality + Nearest territory + 
Mate loss + Sex + Density + (Age)2 

 
9 
 

 
512.35 

 
5.35 

 
0.02 

 
Territory quality + Mate loss 

 
5 
 

 
515.14 

 
8.15 

 
0.01 

Territory quality + (Age)2 + Mate loss 6 
 

516.61 9.62 0.00 
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5.7 Figures 
 

5.7.1 Figure 1 Canada jay range and study population in Algonquin Provincial Park, Ontario 
(a) Breeding distribution of Canada jays across North America. The black star denotes the study 
area in Algonquin Provincial Park, Ontario. (b) The park boundary and location of the Highway 
60 corridor. (c) Location of 48 historically occupied and monitored Canada jay territories along 
Highway 60 (black line) and associated secondary roads. Leafless photography shows areas 
dominated by tolerant hardwoods (light tan), chiefly sugar maple, Acer saccharum, and areas 
dominated by various conifers (green). 
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5.7.2 Figure 2 Effects of mate loss on the probability of breeding dispersal in Canada jays 
The proportion of times in which Canada jay breeding dispersal occurred prior to a breeding 
event (n = 2477 total events) in relation to whether the original mate was present on the 
originating territory between breeding seasons or the mate was absent (i.e. dispersed out of the 
study area or died). The numbers above boxes represent sample sizes for each category. The 
thick line in each box represents the median, the upper and lower limits represent the standard 
error and the vertical lines are the standard deviation. 
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5.7.3 Figure 3 Frequency histogram of breeding dispersal distances of Canada jays 
The frequency distribution of breeding dispersal distances (not log-transformed) as measured by 
(a) distance from the nest on the originating territory to the nest on the receiving territory in 
kilometers (km) and (b) the number of territories between the originating and receiving territory 
for male (green) and female (orange) dispersing adult Canada jays (Perisoreus canadensis). A 
value of one indicates that the disperser moved to a neighbouring territory adjacent to the 
originating territory. 
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5.8 Supplemental Information 
 

5.8.1 Table S1 Model averaging predicting factors driving breeding dispersal 

Model-averaged results of GLMMs predicting factors that influence the probability of breeding 
dispersal in Canada jays (Mate loss: loss of mate due to dispersal or death (binary); Territory 
Quality: habitat quality of territory measured as the percent of coniferous trees on the territory; 
Nearest Territory: distance to the nearest territory (km); Sex: sex of the focal individual; Age: 
age of the focal individual at breeding (quadratic); Density: the number of individuals within the 
population in year t). Candidate models selected have a DAICc of 2 or less. For each explanatory 
variable, the variable coefficient, estimate, upper, and lower 85% confidence interval (CI), z 
value, and relative variable importance (RVI) are listed. Relative variable importance for each 
variable is calculated by summing the Akaike weights of the candidate models, which include 
said variable. 

 

 
 
 
Coefficient 
 

 
Estimate 

 
Lower 
CI 

 
Upper CI 

 
z value 

 
RVI 
 

 
Intercept 

 
-3.03 

 
-4.24 

 
-1.83 

 
3.63 

 
- 

 
Mate loss 

 
2.60 
 

 
2.21 

 
2.99 

 
9.54 

 
1.00 

Nearest territory 
 

-1.34 -1.91 -0.77 3.38 0.90 

Age 
 

0.004 
 

-0.05 0.05 0.02 0.50 
 

Territory quality -0.005 
 

-0.01 0.00 0.63 0.29 

Density -0.003 -0.02 0.00 0.39 0.28 
 
Sex 

 
0.01 

 
-0.30 

 
0.47 

 
0.12 

 
0.27 
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5.8.2 Table S2 Model selection results predicting factors driving timing of breeding dispersal 
 
Model selection results for demographic and environmental factors that influence the timing of 
breeding dispersal among Canada jays (Mate loss: loss of mate due to dispersal or death (binary); 
Nearest territory: distance (km) to the nearest vacant territory; Territory quality: habitat quality 
of territory estimated as the percent of coniferous trees on the territory; Age: age of the focal 
individual at breeding (quadratic); Density: the number of individuals within the population in 
year t; Sex: sex of focal individual). Fixed effects for each model are listed as well as the total 
number of parameters in a model (K), AICc, DAICc, and AICc weight (wi). 

 

 
 
 
Model 
 

 
K 

 
AICc 

 
DAICc 

 
wi 

 
Mate loss + Sex 

 
4 

 
92.9 

 
0.00 

 
0.31 

 
Mate loss + Sex + (Age)2  

 
4 

 
94.9 

 
1.96 

 
0.11 

 
Mate loss + Sex + (Age)2 + Density 

 
6 

 
95.0 

 
2.07 

 
0.11 

 
Mate loss + (Age)2 + Territory quality 

 
5 
 

 
96.3 

 
3.42 

 
0.05 

Mate loss + Sex + (Age)2 + Density + 
Territory quality 

7 96.6 3.71 0.05 

 
Mate loss + Sex + Territory quality + 
Nearest territory + Density 

 
7 

 
96.7 

 
3.82 

 
0.04 

 
Mate loss + Sex + (Age)2 + Nearest 
territory 

 
6 

 
96.8 

 
3.89 

 
0.04 

 
Mate loss + Sex + (Age)2 + Nearest 
territory + Density 

 
7 
 

 
96.9 

 
4.02 

 
0.04 

 
Mate loss + Density 

 
4 
 

 
97.1 

 
4.22 

 
0.03 

Mate loss 3 
 

97.7 4.76 0.02 
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5.8.3 Table S3 Model averaging predicting factors driving timing of breeding dispersal 
Model-averaged results of GLMMs predicting factors that influence the timing of breeding 
dispersal in Canada jays (Mate loss: loss of mate due to dispersal or death (binary); Territory 
quality: habitat quality of territory estimated as the percent of coniferous trees on the territory; 
Sex: sex of the focal individual; Age: age of the focal individual at breeding (quadratic)). Models 
with DAICc of 2 or less were considered competitive. For each explanatory variable, the variable 
coefficient, estimate, upper, and lower 85% confidence interval (CI), z value, and relative 
variable importance (RVI) are listed. Relative variable importance for each variable is calculated 
by summing the AICc weights of the candidate models that include said variable.  
 

 
 
Coefficient 
 

 
Estimate 

 
Lower 
CI 

 
Upper 
CI 

 
z value 

 
RVI 

 
Intercept 

 
-3.57 

 
-5.90 

 
-1.03 

 
2.15 

 
- 

 
Mate loss 

 
2.98 
 

 
0.77 

 
5.24 

 
1.92 

 
1.00 

Sex 2.27 
 

0.61 3.95 1.94 1.00 

Age 0.09 -0.34 0.67 0.20 0.25 
 

Density 
 

0.09 -0.17 0.89 0.20 0.25 
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5.8.4 Table S4 Model selection results predicting variation in breeding dispersal distances 
Model selection results for factors that influence variation in breeding dispersal distances of 
Canada jays (Nearest territory: distance (km) to the nearest vacant territory; sex: sex of the focal 
individual; Territory quality: habitat quality of territory estimated as the percent of coniferous 
trees on the territory; Year: year of dispersal event; Age: age of the focal individual at breeding 
(quadratic); Density: the number of individuals within the population in year t). Fixed effects for 
each model are listed as well as the total number of parameters in a model (K), AICc, DAICc, 
and AICc weight (wi). Models with DAICc of 2 or less were considered competitive. 

 
 
 
Model 
 

 
K 

 
AICc 

 
DAICc 

 
wi 

 
Nearest territory + Sex 

 
5 

 
260.1 

 
0.00 

 
0.60 

 
Nearest territory 

 
4 
 

 
262.9 

 
2.75 

 
0.15 

Nearest territory + (Age)2 5 
 

264.1 3.98 0.08 

Nearest territory + Density 5 
 

264.8 4.60 0.06 

Nearest territory + (Age)2+ Sex 6 266.9 6.76 0.02 
 
Nearest territory + Year 

 
5 

 
267.2 

 
7.00 

 
0.01 

 
Nearest territory + Density + Sex 

 
6 

 
267.5 

 
7.35 

 
0.01 

 
Nearest territory + territory Quality 
 

 
5 

 
268.3 

 
8.16 

 
0.01 
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5.8.5 Table S5 Model estimates of a top model predicting variation in breeding dispersal 
distances 
 
Estimates and 85% confidence intervals of the top model (~ Nearest territory + Sex + 1|ID) 
predicting what factors influence variation in breeding dispersal distances (km) of Canada jays 
(Sex: sex of dispersing individual; Nearest territory: distance in kilometers to the nearest 
territory). 
 
 
 
Variable 
 

 
Estimate 

 
Lower 
CI 

 
Upper 
CI 

 
Nearest 
territory 

 
1.03 

 
0.44 

 
1.61 

 
Sex 

 
-0.42 
 

 
-0.78 

 
-0.05 
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5.8.1 Figure S1 Annual variation in long-term breeding dispersal patterns 
Annual variation (1964-2019; 55 years) of: (a) the total number of breeding dispersers  p < 
0.001); (b) the total number of double disappearances ( p < 0.001); (c) the proportion of potential 
breeding opportunities (p = 0.006): (d) the annual mean breeding dispersal distance (km), p = 
0.006) of Canada jays (Perisoreus canadensis) within the study area, Algonquin Provincial Park, 
ON. Shaded regions along the trend line represent standard error. 
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6 Chapter 6 – Breeding dispersal in a resident boreal passerine can 
lead to short- and long-term fitness benefits 

 

6.1 Abstract 
 

Whether an individual disperses or remains site-faithful between breeding seasons can have 

important impacts on individual fitness and population dynamics. While several studies have 

identified factors influencing the probability of breeding dispersal, the consequences of dispersal 

are much less certain, particularly over an individual’s lifetime. Here, we use 81 cases (13 paired 

and 55 single dispersals) of breeding dispersal across 55 years of breeding and re-sighting data 

from an individually-marked population of Canada jays (Perisoreus canadensis) at the southern 

edge of their range in Algonquin Provincial Park, Ontario to determine both the short- (year after 

dispersal) and long-term (lifetime) consequences of breeding dispersal. In the year following 

dispersal, adults had larger brood sizes and higher nest success compared to the year prior to 

dispersal. However, when adults dispersed during the fall/winter, they had significantly later lay 

dates and lower rates of nest success than adults that dispersed during the summer. Additionally, 

most breeders dispersed to territories of higher quality, and individuals that dispersed to a 

territory of lesser quality experienced lower rates of nest success. Importantly, individuals that 

dispersed at least once in their lifetime produced an average of 2.7 more young and recruited an 

average of 0.9 juveniles into the population compared to individuals that remained site-faithful 

throughout the rest of their lives. Our study provides rare evidence of both the short- and long-

term benefits of breeding dispersal in Canada jays and demonstrates how the timing of dispersal 

can also have consequences for individual reproductive performance.  
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6.2 Introduction 
 

Dispersal is a key ecological and evolutionary process that can have significant consequences for 

individual fitness, population dynamics, and gene flow (Ronce 2007; Bonte et al. 2012). 

Traditionally, two types of dispersal are recognized: natal dispersal, the movement of juveniles 

from their birth site to the site of first reproduction, and breeding dispersal, the movement of 

adults between breeding locations (as opposed to remaining site-faithful; Greenwood and Harvey 

1982). Breeding dispersal has been far less studied than natal dispersal, partly because it is less 

common than natal dispersal but also because of challenges involved with monitoring breeding 

individuals across space and time (Pärt and Gustafsson 1989; Forero et al. 1999; Robertson et al. 

2017).  

Previous work on wild animal populations has demonstrated both costs and benefits of 

breeding dispersal. Dispersal can be costly due to the energy used to travel to a new breeding site 

and find food in unfamiliar surroundings (Stamps et al. 2005; Öst et al. 2011; Mestre and Bonte 

2012; Robertson et al. 2017). Suboptimal timing of dispersal can lead to delays in settlement on 

new territories, and thus set back the initiation of reproduction (Stamps et al. 2005), resulting in 

a decrease in reproductive output (Robertson et al. 2017; Sutton et al. 2019). For example, 

Robertson et al. (2017) showed that in a race of snail kites (Rostrhamus sociabilis plumbeus), a 

species dependent on wetland hydrology for reproductive success, individuals that dispersed late 

in the breeding season settled on territories with lower water depths, which led to increased nest 

failure. Individuals can also be prone to high rates of mortality when in transience or settlement 

stages of dispersal (Jack and Fedigan 2004; Stamps et al. 2005; Palestis and Hines 2015). In 

contrast, breeding dispersal can be beneficial when it leads to the acquisition of a higher-quality 

territory or mate or improved breeding position; upgrades that can lead to improvements in 
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reproductive performance and probability of survival (Pärt and Gustafsson 1989; Payne and 

Payne 1993; Forero et al. 1999; Jack and Fedigan 2004; Rosenfield et al. 2016, Weitzman et al. 

2017; Williams and Boyle 2019). For example, adult grasshopper sparrows (Ammodramus 

savannarum) that exhibit within-year breeding dispersal have higher nest survival than site-

faithful breeders (Williams and Boyle 2019). Additionally, adult male white-faced capuchins 

(Cebus capucinus) that disperse display longer tenure as a dominant breeder and, thus, a greater 

number of reproductive opportunities compared to site-faithful counterparts (Jack and Fedigan 

2004).  

Even though the immediate consequences of breeding dispersal can be either positive or 

negative for individual performance, much less is known about the lifetime consequences of 

dispersal (Berteaux and Boutin 2000). Part of the reason for this is that most breeding dispersal 

studies are primarily restricted to cost-benefit analyses over short time frames (Payne and Payne 

1993; Pasinelli et al. 2007; Valcu and Kempenaers 2008; Öst et al. 2011; Palestis and Hines 

2015; Weitzman et al. 2017; Williams and Boyle 2019). Typically, such studies compare 

reproductive performance the year before and the year after dispersal (e.g. Payne and Payne 

1993; Pasinelli et al. 2007; Valcu and Kempenaers 2008; Öst et al. 2011) and face challenges 

with tracking individuals over large spatial scales or throughout an individual’s lifetime. Long-

term studies, though far and few between, provide the rare opportunity to examine the 

reproductive consequences of breeding dispersal immediately after an individual settles on a new 

territory and over the course of its lifetime. For example, Berteaux and Boutin (2000) used long-

term data from a resident population of red squirrels (Tamiascurius hudsonicus) in Kluane, 

Yukon, Canada to demonstrate that breeding dispersal leads to higher survival and lifetime 

juvenile recruitment among adult females. 
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 In this study, we used 55 years of data from a population of individually-marked Canada 

jays (Perisoreus canadensis) in Algonquin Provincial Park (APP), Ontario to examine how 

breeding dispersal influenced reproductive success and recruitment. Canada jays are year-round 

resident passerines of North American boreal forests. During late-summer and fall in APP, 

Canada jays scatter-hoard perishable food items such as berries, arthropods, fungi, and vertebrate 

flesh (Strickland and Ouellet 2020) that they rely on for over-winter survival and late-winter 

breeding (Waite and Strickland 2006; Sutton et al. 2019; Strickland and Ouellet 2020). Being 

perishable, food cached by Canada jays is susceptible to degradation over time, especially when 

exposed to warm temperatures during normally below-freezing periods (Sutton et al. 2019). This 

degradation of perishable cached food causes Canada jays to experience lower reproductive 

success when the fall and winter preceding the breeding season have had warmer temperatures 

and/or more freeze-thaw events than normal (Waite and Strickland 2006; Sutton et al. 2019; 

Sutton et al. 2021a).  

Breeding dispersal in the APP Canada jay study population is uncommon, only occurring 

in 3% of all cases (n = 2477; 1964-2019) where territories were monitored in consecutive years 

(Fuirst et al. 2021a). Of 81 cases of breeding dispersal reported in a previous paper (Fuirst et al. 

2021a), 26 (32%) were accounted for by 13 intact pairs that abandoned their “originating 

territory” (the territory a breeding individual occupied immediately before dispersal) and moved 

together into a newly vacant “receiving territory” (the territory an individual settles in after 

dispersing) adjacent to where they dispersed from (i.e. right next to the receiving territory). The 

other 55 cases involved the dispersals of single birds, 7 (13%) of which resulted from the 

eviction of the disperser by another individual that settled on the “originating” territory and 

paired with the disperser’s mate. All of the 48 remaining cases of breeding dispersal of single-
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birds occurred when a breeder lost its mate and a replacement failed to appear. A striking feature 

of the breeding dispersals observed in the long-term APP study is that, with the exception of the 

seven cases of eviction, most of them resulted in the originating territory usually remaining 

vacant for several years, with some never becoming re-occupied. There was also an even 

distribution of dispersal events between fall/winter (n = 38) and summer (n = 43; Fuirst et al. 

2021a) 

Fuirst et al. (2021a) reported that 70% of breeding dispersals were to adjacent territories 

(median distance: 1.1 km), a finding attributed to the strong likelihood that overwintering 

Canada Jays depend on memory to retrieve specific food items that they have cached the 

previous summer and fall (Bunch and Tomback 1986; Strickland 1991; Waite and Strickland 

2006). Because food stored by other individual jays is therefore not reliably discoverable, viable 

fall or winter options for dispersing jays appear to be largely limited to nearby territories from 

which the dispersers are able to frequently return to their originating territories to exploit their 

remembered but otherwise hidden stored food items. 

Our goal was to examine several hypotheses to explain the short- and long-term 

consequences of breeding dispersal in APP Canada jays. Since most dispersing breeders appear 

to settle on higher-quality receiving territories (Fuirst et al. 2021a), we hypothesized that 

breeding dispersal leads to short- and long-term improvements in reproductive performance after 

dispersal. Following this hypothesis, we predicted that dispersing adults would have higher rates 

of nest success, earlier lay dates, and larger brood sizes in the breeding season following 

dispersal. We also predicted that dispersing adults would have higher juvenile recruitment and 

offspring production over their lifetimes relative to philopatric breeders because, given high 

levels of site fidelity due to reliance on cached food, such benefits of acquiring a new and higher-
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quality territory should persist over the lifetime of many dispersers. An alternative hypothesis is 

that breeding dispersal leads to short-term declines in reproductive performance because, despite 

the potential of improving territory quality, dispersing individuals must expend extra energy 

retrieving cached food on their originating territory or systematically search for food on their 

new, unfamiliar, territory. Following this hypothesis, we predicted that dispersing adults would 

have lower rates of nest success, later lay dates and smaller brood sizes in the breeding season 

following dispersal.  

Additionally, we hypothesized that breeding dispersal of Canada jays would be costly 

when individuals disperse in the late fall or winter because settling on a new territory so late in, 

or after, the summer-fall food-storage season would correspondingly limit or eliminate the 

opportunity to stock the receiving territory with the caches necessary to support over-winter 

survival and late-winter reproduction. We, therefore, predicted that, compared to individuals that 

dispersed in the summer (and that therefore had the opportunity to build up food stores on their 

receiving territory), individuals dispersing in fall/winter would have lower reproductive success 

in the succeeding breeding season. We similarly predicted that, compared to individuals 

dispersing in fall/winter to adjacent territories, individuals dispersing in fall/winter to more 

distant territories would have lower reproductive success because such longer-distance dispersers 

would find themselves farther away from the remembered stored food locations on their 

originating territories. An alternative hypothesis is that breeding dispersal in fall/winter does not 

carry-over to negatively impact reproductive performance if there is little cost to individuals 

dispersing to a neighboring territory that is incurred when they access food previously cached on 

their originating territory. We tested predictions associated with these hypotheses using 

information on whether individuals dispersed or not, along with their respective dispersal 
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distances, the timing of dispersal, and the change in habitat quality between originating and 

receiving territories to predict reproductive performance from the 81 breeding dispersal events 

detected from 1964 to 2019. Using data from 104 breeding adults, we also compared metrics 

related to lifetime fitness between individuals that did and did not disperse during the study 

period. 

 

6.3 Materials and methods 
 

6.3.1 Study area and focal species 
 
We studied the dispersal of Canada jays at the southern edge of their range in Algonquin 

Provincial Park, Ontario (APP; 45.590°, -78.517°). In APP, an individually-marked population 

of Canada jays located along the APP’s highway 60 corridor has been monitored since 1964 with 

data on reproductive performance and survival collected annually (Figure 1; Rutter 1969; 

Strickland and Waite 2001; Derbyshire et al. 2015; Sutton et al. 2021a). The study area covers 

an east-west distance of approximately 55 km and extended a maximum distance of 8 km north 

or south of the highway 60 corridor. Canada jays occupy year-round territories and can live up to 

18 years (Strickland and Ouellet 2020). Each year (n = 56; 1964-2020), an average of 18 

occupied territories (range 2-48) were censused twice, once at the beginning of the breeding 

season in late winter (~ March 1 ± 1 week, hereafter “March census”) and once during the fall (~ 

October 15 ± 1 week, hereafter “October census”). Since Canada jays actively defend their 

breeding territory in fall and winter and often nest in close proximity to previous years' nests, we 

determined an individual to be an occupant with breeding status if it was seen within a given 

territory without being chased off by other individuals. During the March census, nests were 

accessed when nestlings were approximately 11 days old. At this time, we determined brood 
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size, collected morphometric measurements and blood samples, and gave all nestlings a unique 

combination of a standard Canadian Wildlife Service aluminum band and three coloured leg 

bands. Nest locations were recorded on subsequently geo-referenced high-resolution aerial 

photographs or using handheld GPS units with 5-10 m error (e.g., Garmin GPS Map 64st; 

Garmin International, Inc., Olathe, KS, USA). In June, ca six weeks post-fledging, intense intra-

brood dominance struggles result in the retention of a single Dominant Juvenile on the natal 

territory and the expulsion of the subordinate siblings (Ejectees), some of which succeed, singly, 

in forming close associations with unrelated breeding pairs elsewhere (Strickland 1991). In the 

October census, all territories were surveyed to determine which birds remained on each 

territory, had dispersed within the study area, or had disappeared between the March and October 

censuses (i.e. during the summer). Any unmarked individuals located during either census were 

captured using a potter trap and colour-banded, provisionally sexed by weight (Strickland 1991), 

and aged based on rectrix shape (Strickland and Ouellet 2020).  

 

6.3.2 Dispersal measurements 
 
Breeding dispersal was defined as any case where an adult attempted to breed (i.e. at least built a 

nest with an opposite-sex individual sharing the same territory) on an “originating territory” and 

then did so on another “receiving territory” within the study area in the following year. Our two 

annual censuses (March 1 and October 15) and observations of breeding each year also allowed 

us to identify two categories of dispersal events: “summer” dispersals (those occurring between 

the end of the breeding season (ca May 1) and before October 15) or “fall/winter” dispersals 

(those occurring between October 15 and March 1). In addition, we measured breeding dispersal 

distance by calculating the Euclidean distance (km) between the nests on the originating and 

receiving territories. We analyzed data only from breeders that were present in the study area in 



 
 

136 
 

two consecutive breeding seasons. Thus, any instances where individuals were observed 

breeding in one year and then went undetected for two or more censuses before being observed 

breeding again on a different territory within the study area were excluded from all analyses. 

These data were excluded because we were unable to determine the reproductive performance or 

breeding status of such individuals while they were out of the study area. We recognize that not 

detecting dispersal movements from originating territories in the study area to receiving 

territories outside the study area leads to an underestimate of dispersal events involving study 

area territories but we see no a priori reason why this would lead to biased estimates when 

comparing reproductive performance before and after dispersal or comparisons between 

individuals that dispersed versus those that remained site-faithful. If any individuals dispersed 

more than once in their lifetime, all cases of dispersal for that individual were included in the 

analysis (with the random effect of individual ID accounting for multiple dispersal events within 

an individual’s lifetime). Additionally, since there were no differences in breeding dispersal 

frequency between sexes (Fuirst et al. 2021a), we counted paired dispersal events as one data 

point to avoid double-counting spatially autocorrelated movements in relevant statistical models. 

 

6.3.3 Reproductive performance and territory quality 
 
To examine the consequences of breeding dispersal occurring, as well as the timing and distance 

of dispersal, we considered three different metrics of reproductive performance: (1) lay date, 

which was the Julian date of the first egg laid (Whelan et al. 2017), (2) brood size, which was the 

total number of nestlings in the nest at the time nests were accessed (Sutton et al. 2019), (3) nest 

success, which was, whether or not the nest had nestlings alive during the time nestlings were 

banded (Sutton et al. 2019), and (4) juvenile recruitment, which was the number of offspring that 

remained in the study area over an individual’s lifetime.  



 
 

137 
 

For each dispersal event, we also determined the change in territory quality by calculating 

the difference in the proportion of conifers between the receiving and originating territories. 

Following Strickland et al. (2011), territory quality was estimated as the proportion of land 

covered by conifers within each territory. A prior experiment using artificial storage chambers 

containing mealworms and raisins designed to simulate food cached by Canada jays on trees 

provided evidence that conifers, particularly black spruce (Picea mariana), performed best at 

preserving food over 4-5 months compared to deciduous trees (Strickland et al. 2011) and 

analyses of Canada jays in Algonquin Park showed that nest success was positively related to the 

proportion of conifers on territories (Strickland et al. 2011; Whelan et al. 2017).  

 
6.3.4 Statistical analysis 
 
To investigate whether breeding dispersal in Canada jays led to immediate improvements or 

reductions in reproductive performance, we constructed linear mixed effect models (LMEs; 

Bates et al. 2015) for lay date (Gaussian) and generalized linear mixed effect models (GLMMs; 

Bates et al. 2015) for brood size (Poisson) and nest success (binomial) and used a likelihood 

ratio to compare a model with a binomial fixed effect ‘before or after dispersal’ (0 = before vs 1= 

after dispersal. n = 68 paired cases) to an intercept-only model (Vuong 1989). Both models 

included individual ID as a random effect since some individuals dispersed multiple times 

throughout their lifetime. Support for the ‘before-and-after dispersal’ model would suggest that 

reproductive performance improved after breeding dispersal.  

One possibility with the above modelling approach is that improvement of reproductive 

measures might be due to age-related experience (i.e. the year after dispersal, by definition, is 

always later in life than the year before). To address this, we constructed similar mixed effect 

models and used likelihood ratio tests to compare a model with the binomial fixed effect ‘time 
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after dispersal’ (0 = first year after dispersal vs 1= second year after dispersal; n = 68 paired 

events) to an intercept-only model. Both models included individual ID as a random effect. Lack 

of support for the ‘time after dispersal’ variable would suggest that, if there was support for the 

improvement of reproductive performance related to dispersal in the previous model, it was 

likely not due to age-related experience. To test whether birds preferentially dispersed to higher-

quality territories, we also used binomial tests to compare the percentage of paired and single 

dispersers that moved to a receiving territory that was of higher quality than the originating 

territory against a null 50:50 ratio.  

We then examined how changes in territory quality, dispersal distance, and the time of 

year that individuals disperse influenced reproductive performance after breeding dispersal (n = 

68) using a series of GLMMs with brood size (Poisson distribution with identity link function), 

nest success (binomial distribution with logit link function), and lay date (Gaussian distribution 

with identity link function) as response variables. The predictor variables included in each set of 

models were dispersal distance (km), individual age (quadratic), change in territory quality (i.e. 

the difference in percent spruce between the originating and receiving territory), and timing of 

dispersal (i.e. summer or fall/winter). Age was included as a quadratic variable because the 

breeding performance of Canada jays in APP peaks at 8 years and then declines as birds senesce 

(Sorensen et al. 2022). We also included individual identity as a random effect because some 

individuals in the dataset dispersed multiple times.  

We further examined whether breeding dispersal influenced lifetime reproductive success 

using a series of GLMMs. For this set of models, we compared the lifetime reproductive success 

of individuals that dispersed at least once during their lifetime to those that remained site-faithful 

throughout the rest of their time detected alive within the study area (n = 104; 37 dispersers and 
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67 site-faithful). We analyzed only individuals that were 8 or more years old to ensure that we 

did not include young individuals, some of whom may have disappeared because they dispersed 

outside of the study area (and, thus, would have otherwise been considered site-faithful in the 

dataset). We used eight years as a cut-off since that age has been shown to be around when peak 

reproductive performance occurs in this Canada Jay population (Sorensen et al. 2022). We 

examined two response variables: the number of locally produced offspring recruited into the 

study population (Poisson distribution) and the total brood size over an individual’s lifetime 

(Poisson distribution). Offspring recruited into the population were any banded juveniles 

detected within the study area during the fall of their first year and did not include juveniles that 

dispersed out of the study area their first year and were never detected again. For each series of 

models, the explanatory variables were the binary variable of whether or not that individual 

dispersed once during its lifetime (1= dispersed, 0 = site-faithful), sex, and lifespan (i.e. 

maximum age of the focal individual). We also included territory ID as a random effect since 

multiple individuals bred on the same territory during their lifetime and territory boundaries in 

this population are relatively stable over time, irrespective of the composition of occupants 

(Strickland and Ouellet 2020; Sutton et al. 2021b). 

For the analyses that addressed how changes in territory quality, dispersal distance, and 

the season of dispersal influence reproductive performance on the receiving territory, and for 

analyses addressing whether breeding dispersal influenced lifetime reproductive success, we 

used an informatic-theoretic approach (Burnham and Anderson 2002) to evaluate each set of 

models. We used the second-order Akaike information criterion corrected for small sample sizes 

(AICc; Burnham and Anderson 2002) to rank competing models and considered any model with 

DAICc < 2 to be a candidate model (Burnham and Anderson 2002). In addition, Akaike weights 
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(wi) gave cumulative support for each model when accounting for all competing models. We 

used the Shapiro-Wilk normality test to determine if response variables fit a normal distribution 

and a Levene’s test to determine the homogeneity of variances. All GLMMs and LMEs were 

constructed using the lme4 (Bates et al. 2015) package. When there was no clear top model, we 

performed model averaging over the candidate set of models using the MuMIn (Bartón 2018) and 

the AICcmodavg (Mazorelle 2020) package to determine the direction and magnitude of the 

effect of each explanatory variable using relative variable importance from the summed model 

weights (Burnham and Anderson 2002). We made model inferences using 85% confidence 

intervals (Arnold 2010). All likelihood ratio tests were run using the lmtest package (Zeileis and 

Hothorn 2002). Statistical analyses were run in R v. 3.3.2 (R Core Team 2017) and all statistical 

tests were deemed significant at p < 0.05. Predictors in each model were not highly correlated 

(all r < 0.3; Dingemanse and Dochtermann 2013).  

 
6.4 Results 
 

6.4.1 Summary of breeding dispersal and reproductive metrics 
 
From 1964 to 2019 inclusive, we recorded 81 individual breeding dispersals associated with 68 

different individuals across 39 different originating territories. Of the 68 dispersing individuals, 

56 dispersed once in their lifetime, 11 dispersed twice, and one dispersed three times. Of the 11 

birds that dispersed twice, at least one of their movements was motivated by mate loss, while the 

other dispersal of that individual was either via paired dispersal, eviction, or divorce. For the 

individual that dispersed three times, the first two cases occurred with its mate and the third 

occurred after its partner disappeared.  

Among all breeding dispersal events, 68% (55/81) of cases involved an individual that 

dispersed alone while 32% (26/81) involved 13 breeding pairs that dispersed together into a 
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recently vacated receiving territory, all but one of which was adjacent to the dispersing pair’s 

originating territory. Concerning single-bird dispersal events, 87% (48/55) occurred when a mate 

had previously been lost and 12% (7/55) involved the disperser’s mate being left on the 

originating territory (i.e. divorce by (2/7, or eviction of (5/7), the disperser). The frequency of 

single-bird breeding dispersals was relatively similar for males (n = 31) and females (n = 24) and 

the age of dispersers ranged from 1-13 yrs (mean 4.8 ± 2.9).  

The number of dispersal events that occurred in the summer (i.e., between the breeding 

season of year t and the fall of the same year, n = 43) versus the fall/winter (i.e., between the fall 

of year t and the breeding season of year t + 1; n = 38) was similar. Among all dispersal events (n 

= 81), distances ranged from 0.5 to 7.0 km (median = 1.1 km) and, in 70% (n = 57) of cases, 

individuals dispersed to adjacent territories (mean territory size ~ 130 ha; Strickland et al. 2011). 

Both paired (62%, 8/13) and single (70%, 39/55) dispersers settled on receiving territories that 

were of higher quality than the originating territories more often than expected (i.e. when 

compared to the expected higher/lower of 50:50 ratio (Binomial test; pairs: p = 0.02, single: p < 

0.007). Receiving territories had, on average, 7% (SE = ± 17%) greater percent conifer coverage 

(estimate of territory quality) compared to originating territories.  

 
6.4.2 Short-term consequences of dispersal 
 
The inclusion of the binary variable for breeding dispersal (0 = before dispersal, 1 = after 

dispersal) improved model fit for brood size (X2 = 3.8, df = 1, p = 0.04; Table S1) and nest 

success (X2 = 3.9, df = 1, p = 0.04; Figure 2; Table S1) for dispersing adults (n = 68). Parameter 

estimates in both models were positive, suggesting that nest success and brood size were, on 

average, higher during the breeding season after dispersal. However, breeding dispersal did not 

significantly improve the model fit for lay date.  
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The variable representing the first versus second year after dispersal (0 = first year after 

dispersal vs 1= second year after dispersal) did not significantly improve model fit for any of the 

models predicting lay date, brood size, and nest success, suggesting that individuals did not have 

higher reproductive performance in the second year after dispersal compared to the first year 

after dispersal (n = 68; Table S2). This supported the notion that dispersal to a new territory itself 

(not greater age and, therefore, experience) was what improved reproductive performance.  

 

6.4.3 Effects of dispersal timing, dispersal distance, and territory quality on reproductive 
success 

 
There was one top model (< 2 DAICc) to explain variation in lay date and it included only the 

binary dispersal timing variable (Tables S3 and S4). Canada jays that dispersed during the 

fall/winter tended to initiate clutches later than those that had dispersed in the previous summer 

(n = 68, b = 0.40, 85% CI = 0.08, 0.72; Figure 3; Tables S3 and S4). On average, individuals that 

had dispersed during the previous summer began laying eggs 4 days earlier (March 20 ± 7 days) 

than individuals that dispersed in the fall/winter (March 24 ± 9 days).   

 We also examined factors that could influence variation in brood size after breeding 

dispersal (n = 68). There were nine models within 2 DAICc of the top model (Table S5). These 

models included change in territory quality, dispersal timing, dispersal distance, and age 

(quadratic) as predictors. Based on model-averaging, the mean relative variable importance 

(RVI) of dispersal timing, dispersal distance, change in territory quality, and age (quadratic) 

were 0.37, 0.37, 0.28, and 0.28, respectively. However, this support was weak because all model-

averaged estimates overlapped with zero.  

To explain the probability of nest success after breeding dispersal, there were five models 

within 2 DAICc of the top model (n = 68; Table S6). These models included fixed effects such as 
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change in territory quality, dispersal timing, dispersal distance, and age (quadratic). Based on 

model-averaging, the mean relative variable importance (RVI) of change in territory quality, 

dispersal timing, dispersal distance, and age (quadratic) were 0.77, 0.72, 0.10, and 0.09 

respectively. The model-averaged coefficients suggested the probability of nest success after 

breeding dispersal within the study area declined when individuals dispersed to a receiving 

territory of lower quality (compared to their originating territory; b = -0.03, 85% CI = -0.06, -

0.0005; Table S6). Additionally, the model-averaged coefficients suggested the probability of 

nest success after breeding dispersal within the study area was negatively correlated with 

dispersal timing (b = -1.14, 85% CI = -2.18, -0.10; Figure 3; Table S6), indicating that 

individuals that dispersed in fall/winter were more likely to have unsuccessful nests compared to 

individuals that dispersed in the summer.   

 
6.4.4 Long-term consequences of dispersal 
 
We then examined whether breeding dispersal influenced the lifetime reproductive success of 

adult jays (n = 104; 37 dispersers and 67 site-faithful). There was one top model (< 2 DAICc) to 

explain variation in the number of offspring that were recruited into the population and this 

model included both the variable indicating whether or not individuals dispersed at least once 

during their lifetime (b = 0.55, 85% CI = 0.28, 0.83; Tables S7 and S8) and lifespan (b = 0.08, 

85% CI = 0.02, 0.13; Figure 4; Tables S7 and S8), suggesting that individuals that dispersed and 

lived longer had higher rates of juvenile recruitment. Dispersing adults recruited an average of 

0.92 more offspring throughout their lifetime than site-faithful adults. Similarly, there was one 

top model explaining variation in the total number of nestlings produced by breeders over their 

lifetime, and, similar to the recruitment model, it included the positive effect of the breeding 

dispersal variable (b = 0.18, 85% CI = 0.07, 0.29; Tables S9 and S10) and lifespan (b = 0.06, 
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85% CI = 0.04, 0.08; Tables S9 and S10), suggesting that both were positively related to 

offspring production. Dispersing adults produced an average of 2.71 more offspring during their 

lifetime compared to site-faithful adults. 

 
 
6.5 Discussion 
 

Our study provides rare evidence that changes in breeding conditions due to dispersal carry over 

to improve reproductive performance immediately after dispersing and that dispersal can 

enhance fitness over an individual’s lifetime. We propose that the reason Canada jays 

experienced both short- and long-term benefits from dispersing is that they are highly selective 

of when they do disperse and that this selectivity is related to their unique reliance on food 

storage. Since Canada jays are long-lived and do not often disperse, short-term benefits from 

breeding dispersal likely lead to lifetime improvements in reproductive performance because 

they are most often permanent changes in breeding conditions. In a recent companion paper 

(Fuirst et al. 2021a), we suggested that individuals are constrained in their dispersal options by 

the need to remain on or near the territory where, during summer and fall, they have cached the 

food they will later recover (through the memory of specific cache locations) and use to survive 

the winter months. Dispersing long distances, therefore, could preclude access to caches on their 

originating territories and, depending on when dispersal occurred, make it difficult or impossible 

to accumulate food stores sufficient to ensure winter survival or successful reproduction on their 

receiving territories. For example, our results demonstrated that when breeders dispersed in 

fall/winter, they had lower rates of nest success and later lay dates, likely due to increased energy 

expended to retrieve cached food. Despite these constraints in dispersal options and potential 
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short-term effects, when breeders did disperse, a positive change in the proportion of conifers on 

the receiving territory (i.e. territory quality) usually led to improved reproductive performance.  

 Within these constraints, our results suggest that, depending on their circumstances, 

Canada jay breeders have wide latitude in their ability to choose whether to disperse and where 

to settle when they do disperse. Of the 81 dispersing breeders recorded in our study, 32% (13 

intact pairs) moved into adjacent newly-vacant territories and, since they were clearly not 

compelled to do so, it is reasonable to infer they were “voluntarily” choosing to occupy what 

they perceived as higher-quality habitat. In contrast, of the 55 single-bird dispersers, 7 (13%) 

were forced to leave by another breeder (Fuirst et al. 2021a). For the remaining 48 single-bird 

dispersers it was not always clear to what extent their departures could be called “voluntary”. 

There were 5 dispersals (10%, n = 48) associated with “divorce” (i.e., the “divorcee’s” former 

mate was still alive and occupying the originating territory alone after the focal individual had 

dispersed) but the remaining 43 birds (90%) dispersed to a new territory only after losing their 

mate and failing to attract a replacement. Strictly speaking, these dispersers were not compelled 

to leave their originating territories but, given the apparently overwhelming importance of not 

missing a breeding season, it is questionable whether the dispersals of such widowed individuals 

may be termed “voluntary”. Over the 55 years of data from APP, 88% of individuals that lost a 

mate remained on the same territory the following breeding season. The only individual breeders 

that dispersed were birds that, having lost their former mate, waited unsuccessfully, sometimes 

for many months and even missing a breeding season, before finally dispersing to a new 

breeding position elsewhere (Fuirst et al. 2021a). This result reinforces the notion that the 

benefits of territory familiarity often outweigh the costs of dispersing to a new area (Stamps et 

al. 2005; Öst et al. 2011; Robertson et al. 2017).  
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While our measures of breeding dispersal are informative, we do recognize that aspects 

of our study design might have biased dispersal estimates. First and foremost, we only recorded 

dispersal events within the study area, limiting the chance of detecting longer-distance events. 

The linear shape of the study site likely also contributed to our inability to detect such dispersal 

events and determine their reproductive consequences. However, we suggest that the short-

distance breeding dispersal events recorded here (median breeding dispersal distance of 1.1 km, 

with only 11% of breeding dispersal events > 3 km; Fuirst et al. 2021a) are still fairly 

representative of the breeding dispersal patterns in this population. We suspect that breeding 

dispersal in Canada jays, particularly when it occurs in the fall, is constrained by the need to 

retrieve cached food from originating territories, thereby preventing most individuals from 

moving too far from originating territories that they may need to access during winter months.   

Importantly, with the exception of the 7 dispersals by evicted breeders, all other 

‘voluntary’ breeding dispersals recorded in our study population resulted in the originating 

territory being left temporarily, and often ‘permanently’, vacant in subsequent, post-dispersal 

breeding seasons. Given that breeding dispersal and the associated losses of occupied territories 

are triggered by the failure of nonbreeders to promptly fill territorial or single-bird breeding 

vacancies, we may question whether breeding dispersals would occur at all, or at least as much 

as they do, in a stable (non-declining) population in which vacancies are quickly filled from 

nonbreeder ranks. We correspondingly suggest that breeding dispersal may be viewed as a 

demographic signature of the decades-long, slow decline in the number of occupied Canada jay 

territories in APP since a more stable population may not exhibit such a high rate of territorial 

vacancies after dispersal (Waite and Strickland 2006; Sutton et al. 2019).  
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While high rates of breeding dispersal at low densities may be a signature of decline, it 

could positively affect population growth rates given that, on average, individuals improve 

reproductive performance immediately after switching territories. In other words, dispersal could 

act as a negative density-dependent mechanism preventing or slowing down the population from 

further decline. Of course, for breeding dispersal to be a factor at the population level, the 

improvement in individual reproductive success would have to be strong enough to affect 

population growth rates. This could be the case in some declining populations of other species 

where breeding dispersal has been shown to be beneficial at the individual level (Palestis and 

Hines 2015; Williams and Boyle 2019), but it is probably unlikely in Canada jays given their 

relatively low annual reproductive output (Sutton et al. 2021b). Breeding dispersal acting as a 

mechanism for negative density-dependence would also rest on the assumption that most 

dispersal at low densities would occur within the population (i.e. short distances). While this 

could be possible given the high proportion of vacancies, other studies have noted the opposite 

pattern: an increase in emigration rates with declining population abundance (Matthysen 2005; 

Meester and Bonte 2010). Modelling the population consequences of adaptive dispersal 

strategies under different life histories would be a useful exercise for understanding how and 

when this behavior scales up to influence demography.     

Among vertebrates, improvements in reproductive performance during the breeding 

season after dispersal can come about through various mechanisms including improvements in 

mate or territory quality (Payne and Payne 1993; Forero et al. 1999; Berteaux and Boutin 2000; 

Valcu and Kempenaers 2008). In Canada jays, both territory quality and age of the breeding 

partner could play a role in an increase in short- and long-term reproductive performance after 

dispersal. From our analysis, many dispersing Canada jays settled on a territory with a higher 
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proportion of conifers than their originating territory, which has been previously shown to 

correlate with higher nest success (Strickland et al. 2011; Whelan et al. 2017). Nest success is 

likely influenced by the proportion of conifers on territories because conifers outperform 

deciduous trees at preserving cached food (Strickland et al. 2011) and prior experiments have 

shown that reproductive performance of Canada jays in APP is limited by the quantity and/or 

quality of food available during the late-winter breeding period (Derbyshire et al. 2015; Freeman 

et al. 2021). Alternatively, individuals may improve reproductive performance after moving to a 

territory with more conifers if higher densities of conifers are correlated with the quality or 

abundance of fresh food items. A second reason reproductive success could have improved after 

dispersal is that dispersers may have settled with an older, more experienced partner on the 

receiving territory compared to their originating territory. In Canada jays, reproductive success is 

correlated with the age of both males and females (Whelan et al. 2017) and, in an analysis of 

male senescence, reproductive performance was found to continue at high levels until ages 10-12 

years for Dominant Juveniles and 6 years for Ejectees (Sorensen et al. 2022). In our analysis, of 

the individuals that dispersed alone, 65% (36/55) joined a new breeder that was older than their 

previous mate by an average of 3 yrs (Fuirst et al. 2021a). Due to the strong territorial fidelity of 

Canada jays, these improvements in habitat and mate quality probably carry through an 

individual’s lifetime, thus contributing to increased long-term reproductive performance of 

dispersers.  
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6.6 Figures 
 

6.6.1 Figure 1 Canada jay study population in Algonquin Provincial Park, Ontario, and long-
term trends of dispersal 
(a) The location of the Canada jay (Perisoreus canadensis) study area, shown as a 1 km buffer 
on either side of Highway 60 within Algonquin Park in Ontario, Canada. (b) Per capita breeding 
dispersal events, by sex, each year from 1964 – 2019. 
 

 



 
 

150 
 

6.6.2 Figure 2 Boxplots comparing reproductive performance before and after breeding 
dispersal in Canada jays 
From 1964 – 2019 adult Canada jays (Perisoreus canadensis; n = 68) did not improve (a) lay 
date after dispersal, but showed significant improvements in (b) brood size and (c) nest success 
after dispersal compared to the year prior. Thick lines in boxes represent the median, upper and 
lower limits represent the standard error, and vertical lines are the standard deviation. 
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6.6.3 Figure 3 Boxplots comparing the reproductive performance of Canada jay breeding 
dispersal events across seasons 
From 1964 – 2019 adult Canada jays (Perisoreus canadensis) that dispersed in fall/winter had 
significantly (A) later lay dates compared to those that dispersed in summer but the timing of 
dispersal did not influence (B) brood size in the breeding season immediately after dispersal. (C) 
Individuals that dispersed in summer had higher rates of nest success. Thick lines in each box 
represent the median, upper and lower limits represent the standard error, vertical lines are the 
standard deviation, and the black dot is an outlier. 
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6.6.4 Figure 4 Boxplots comparing lifetime reproductive performance between dispersing and 
site-faithful Canada jays 
Breeding Canada jays (Perisoreus canadensis; n = 104) that dispersed at least once in their 
lifetime showed higher (A) total brood size and (B) total number of offspring recruited into the 
population compared to site-faithful breeders (did not disperse as adults during their lifetime). 
The thick line in each box represents the median, the upper and lower limits represent the 
standard error, vertical lines are the standard deviation, and black dots are outliers. 
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6.7 Supplemental Information 
 

 
6.7.1 Table S1 Model estimates predicting reproductive performance after breeding dispersal 
Estimates and 85% confidence intervals of the top models predicting changes in lay date, nest 
success, brood size, and territory quality of Canada jays between the breeding season before and 
after dispersal (Dispersal; a binary variable indicating the breeding season before (0) and after 
(1) breeding dispersal). 
 
 
 
Variable 
 

 
Estimate 

 
Lower 
CI 

 
Upper 
CI 

 
Lay date 

 
- 

 
- 

 
- 

 
Intercept 

 
-0.01 
 

 
-0.18 

 
0.16 
 

Nest success - 
 

- 
 

- 
 

Dispersal 
 

0.88 
 

0.29 1.47 
 

Brood size - 
 

- 
 

- 
 

Dispersal 0.30 
 

0.11 0.50 
 

Territory 
quality 
 

 
- 

 
- 

 
- 

Intercept 
 

0.25 
 

0.01 0.01 
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6.7.2 Table S2 Model estimates predicting reproductive performance two years after breeding 
dispersal 

Estimates and 85% confidence intervals of the top models predicting changes in lay date, nest 
success, and brood size of Canada jays between the first and second breeding season on the 
receiving territory after dispersal (Dispersal; a binary variable indicating the first breeding season 
(0) or second breeding seasons (1) after breeding dispersal). 

 

 
 
 
Variable 
 

 
Estimate 

 
Lower 
CI 

 
Upper 
CI 

 
Lay date 

 
 

 
 

 
 

 
Intercept 

 
-0.02 
 

 
-0.17 

 
0.12 
 

Nest success  
 

 
 

 
 

Intercept 
 

1.34 
 

0.93 1.87 
 

Brood size  
 

 
 

 
 

Intercept 0.79 
 

0.70 0.87 
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6.7.3 Table S3 Model selection results predicting variation in lay date after breeding dispersal 
 
Model selection results for explaining lay date in Canada jays (Dispersal distance: breeding 
dispersal distance (km); DTerritory quality: difference in percent spruce between originating and 
receiving territory; Age: age of the focal individual at breeding (quadratic); Dispersal timing: 
binary variable of whether an individual dispersed in summer or fall/winter ; Fixed effects for 
each model are listed as well as the total number of parameters in a model (K), AICc, DAICc, 
and AICc weight (wi). 

 

 
Model 
 

 
K 

 
AICc 

 
DAICc 

 
wi 

 
Dispersal timing 

 
4 

 
158.8 

 
0.00 

 
0.74 

 
Dispersal timing + Dispersal distance 

 
5 

 
163.3 

 
4.45 

 
0.08 

 
Dispersal distance 

 
4 

 
164.3 

 
5.44 

 
0.04 

 
DTerritory quality 

 
4 
 

 
164.8. 

 
5.98 

 
0.03 

Dispersal timing + DTerritory quality 5 165.6 6.82 0.02 
 
Dispersal timing + (Age2) 

 
5 

 
166.0 

 
7.15 

 
0.02 

 
(Age2) 

 
4 

 
166.2 

 
7.41 

 
0.01 
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6.7.4 Table S4 Model estimates predicting variation in lay date after breeding dispersal 
Estimates and 85% confidence intervals of the top model predicting the consequences of 
breeding dispersal on lay date in (Dispersal timing: whether an individual dispersed between 
winter of yeart and fall of yeart or between fall of yeart and winter of yeart+1 ). 
 
 
 
Variable 
 

 
Estimate 

 
Lower CI 

 
Upper CI 

 
Intercept 

 
-0.16 

 
-0.40 

 
0.07 

 
Dispersal timing 
 

 
0.40 

 
0.08 

 
0.72 
 

 
 
 
 

 
 

  



 
 

157 
 

6.7.5 Table S5 Model averaging predicting brood size after breeding dispersal 
 
Model-averaged results of GLMMs predicting factors that influence the brood size of Canada 
jays after breeding dispersal (Dispersal Distance: breeding dispersal distance (km); DTerritory 
Quality: difference in percent spruce between originating and receiving territory; Age: age of the 
focal individual at breeding (quadratic); Dispersal timing: whether an individual dispersed 
between winter of yeart and fall of yeart or between fall of yeart and winter of yeart+1). Candidate 
models selected have a DAICc of 2 or less. For each explanatory variable, the variable 
coefficient, estimate, standard error, adjusted standard error (SE), z value, p value, and relative 
variable importance are listed.  
 

 
Coefficient 
 

 
Estimate 

 
Lower CI 

 
Upper CI 

 
z value 

 
RVI 

 
Intercept 

 
0.75 

 
0.55 

 
0.96 

 
5.53 

 
- 

 
Dispersal 
timing 

 
-0.10 
 

 
-0.37 

 
0.16 

 
0.56 

 
0.37 

      
Dispersal 
Distance 

0.05 -0.09 0.20 0.53 0.37 

 
DTerritory 
Quality 

 
-0.001 
 

 
-0.008 

 
0.005 

 
0.22 

 
0.28 

 
Age 

 
0.006 
 

 
-0.03 

 
0.05 

 
0.22 

 
0.28 

      
 

 

  
  



 
 

158 
 

6.7.6 Table S6 Model averaging results predicting nest success after breeding dispersal 
 
Model-averaged results of GLMMs predicting factors that influence nest success of Canada jays 
after breeding dispersal (Dispersal Distance: breeding dispersal distance (km); DTerritory 
Quality: difference in percent spruce between originating and receiving territory; Age: age of the 
focal individual at breeding (quadratic)). Candidate models selected have a DAICc of 2 or less. 
For each explanatory variable, the variable coefficient, estimate, standard error, adjusted 
standard error (SE), z value, p value, and relative variable importance are listed. 
 

 

 
Coefficient 
 

 
Estimate 

 
Lower CI 

 
Upper CI 

 
z value 

 
RVI 

 
Intercept 

 
1.82 

 
0.81 

 
2.82 

 
2.58 

 
- 

 
DTerritory 
Quality 

 
-0.03 
 

 
-0.06 

 
-0.004 

 
1.63 

 
0.77 

 
Dispersal 
Timing 

 
-1.14 

 
-2.18 

 
0.10 

 
1.56 

 
0.72 

 
Age 

 
-0.03 
 

 
-0.20 

 
0.12 

 
0.32 

 
0.10 

Dispersal 
Distance 
 

0.07 -0.49 0.65 0.19 0.09 
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6.7.7 Table S7 Model averaging results predicting total lifetime offspring recruitment of 
dispersers and site-faithful individuals 

 
Model selection results for the total number of successfully recruited juveniles into the study area 
over an individual’s lifetime (Breeding dispersal: binary variable indicating if an individual 
dispersed at least once during their lifetime or not (1 = dispersed, 0 = site-faithful); Lifespan: 
maximum lifespan of the focal individual; Sex: sex of focal individual). Fixed effects for each 
model are listed as well as the total number of parameters in a model (K), AICc, DAICc, and 
AICc weight (wi). 
 
 

 
Model 
 

 
K 

 
AICc 

 
DAICc 

 
wi 

 
Breeding dispersal + Lifespan 

 
4 

 
316.6 

 
0.00 

 
0.55 

 
Breeding dispersal + Lifespan + Sex 

 
5 

 
318.7 

 
2.07 

 
0.19 

 
Breeding dispersal 

 
3 

 
319.2 

 
2.57 

 
0.15 

 
Breeding dispersal + Sex 

 
4 
 

 
321.2 

 
4.56 

 
0.05 

Lifespan 3 322.9 6.28 0.02 
 
Lifespan + Sex 

 
4 

 
324.8 

 
8.14 

 
0.01 

     
  



 
 

160 
 

6.7.8 Table S8 Model estimates of the top model predicting total lifetime offspring recruitment 
of dispersers and site-faithful individuals 
 
Estimates and 85% confidence intervals of the top model predicting the effects of breeding 
dispersal on the number of successfully recruited juveniles into the study area (Breeding 
dispersal: binary variable indicating if an individual dispersed at least once during their lifetime 
or not (1 = dispersed, 0 = site-faithful); Lifespan: maximum lifespan of the focal individual; Sex: 
sex of focal individual). 
 
 

 
 
Variable 
 

 
Estimate 

 
Lower 
CI 

 
Upper 
CI 

 
Intercept 

 
-0.85 

 
-1.47 

 
-0.24 

 
Breeding 
dispersal 

 
0.55 

 
0.28 

 
0.83 
 

 
Lifespan 

 
0.08 

 
0.02 

 
0.13 

 
 
  



 
 

161 
 

6.7.9 Table S9 Model selection predicting total lifetime egg production of dispersers and site-
faithful individuals 
 
Model selection results for the effects of breeding dispersal on the total brood size produced by 
breeding Canada jays (Breeding dispersal: binary variable indicating if an individual dispersed at 
least once during their lifetime or not (1 = dispersed, 0 = site-faithful); Lifespan: maximum 
lifespan of the focal individual; Sex: sex of focal individual). Fixed effects for each model are 
listed as well as the total number of parameters in a model (K), AICc, DAICc, and AICc weight 
(wi).  
 

 

 
Model 
 

 
K 

 
AICc 

 
DAICc 

 
wi 

 
Breeding dispersal + Lifespan 

 
4 

 
832.0 

 
0.00 

 
0.66 

 
Breeding dispersal + Lifespan + Sex 

 
5 

 
834.2 

 
2.20 

 
0.21 

 
Lifespan 

 
3 

 
836.0 

 
3.99 

 
0.09 

 
Lifespan + Sex 

 
4 
 

 
838.1 

 
6.08 

 
0.03 
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6.7.10 Table S10 Model estimates of the top model predicting total lifetime egg production of 
dispersers and site-faithful individuals 

 
Estimates and 85% confidence intervals of the top model predicting the effects of breeding 
dispersal on the total brood size produced by breeding Canada jays (Breeding dispersal: binary 
variable indicating if an individual dispersed at least once during their lifetime or not (1 = 
dispersed, 0 = site-faithful); Lifespan: maximum lifespan of the focal individual; Sex: sex of 
focal individual). 

 
Variable 
 

 
Estimate 

 
Lower 
CI 

 
Upper 
CI 

 
Intercept 

 
1.70 

 
1.43 

 
1.96 

 
Breeding 
dispersal 

 
0.18 

 
0.07 

 
0.29 
 

 
Lifespan 

 
0.06 

 
0.04 

 
0.08 
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7 Chapter 7 – Epilogue 
 

The objective of my thesis was to investigate the social and environmental drivers as well as 

fitness consequences of dispersal. Using a combination of long-term re-sighting data and radio-

telemetry techniques, I provide the first evidence of the causes and consequences of breeding 

dispersal, and an improved understanding of natal dispersal dynamics, in a population of Canada 

jays. To first understand the key uncertainties related to the causes and consequences of avian 

dispersal, I conducted a review that synthesized the current knowledge about the various factors 

that drive dispersal probabilities and how dispersal influences fitness (Chapter 1). This review 

showed that while some drivers of dispersal are common across bird species (sex, density, 

previous reproductive success), the consequences of avian dispersal are less understood. I used 

this review as a framework for subsequent chapters to understand the potential external and 

intrinsic factors that may influence dispersal patterns and the possible implications of dispersal in 

Canada jays. I then paired radio-tracking data with 58 years of demographic data to show that the 

sex and physical condition of individuals as a nestling determines whether they delay natal 

dispersal, which in turn, influences survival, lifetime reproductive success, and inclusive fitness. 

Specifically, individuals that were male and of above-average condition, were more likely to 

become a Dominant Juvenile and survive their first year of life (Chapter 2), which led to higher 

lifetime reproductive success compared to their subordinate siblings (Chapter 3). To explore the 

patterns and individual-level effects of dispersal once individuals become breeders, I used 55 

years of re-sighting data to demonstrate that breeding dispersal is driven by intrinsic factors, with 

younger breeders being more prone to dispersal, particularly after mate loss (Chapter 4). Though 

infrequent, breeding dispersal eventually led to improvements in short- and long-term 

reproductive performance, but only if individuals dispersed in spring or summer (Chapter 5). 
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Collectively, my research synthesizes what is known about the causes and consequences of avian 

dispersal, providing unique evidence that factors influencing dispersal vary across life-history 

stages and that certain dispersal strategies can enhance individual reproductive success.  

Dispersal theory suggests that the fitness implications of dispersal will vary depending on 

whether an individual makes the “voluntary” decision to disperse or is forced out of a territory 

(Howard 1960). The results of my thesis reinforce the notion that expelled individuals lose the 

potential benefits of access to their original territory (Chapter 4). Among juvenile Canada jays, 

Ejectees incurred a substantial loss of fitness by being forced out of the natal territory, which is 

likely associated with an increased risk of mortality and higher energy expenditure during the 

first year of life (Chapters 3 and 4). In comparison, “voluntary” dispersal, can be a gradual 

process, which eventually results in an individual’s decision to switch to a new site where 

breeding conditions may be better. The results of Chapter 6 indicate that, for adults, the decision 

to disperse is associated with significant short- and long-term reproductive benefits, further 

supporting the idea that there are fitness advantages to dispersing when individuals have the 

choice to move or not.   

Although comparisons in survival and reproduction have been made between philopatric 

and dispersing individuals in other species (Forero et al. 2002; Öst et al. 2011; Suh et al. 2020), 

my study is one among few to examine the causes and consequences of dispersal in juveniles and 

adults in a wild population. In this thesis, I highlight that the fitness consequences of dispersal 

vary depending on individual age. I provided evidence that for juveniles, natal dispersal leads to 

significant negative impacts on reproduction since individuals that disperse in their first year are 

forced out of the natal territory, leading to lower lifetime reproduction (Chapter 3) than 

philopatric offspring. I also demonstrated that adults experienced long-term reproductive benefits 
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by dispersing (Chapter 5). The improvements in reproduction by philopatric young and site-

faithful adults may be due to the fact that they are more familiar with the local habitat and thus 

have existing knowledge on where to find and store food and avoid predators prior to dispersal.  

In resident, food-caching species, such as Canada jays, the need to accumulate enough 

food stores to last throughout the winter may create constraints on where and when individuals 

can disperse. Further, in territorial species, high levels of site fidelity and short-distance dispersal 

movements can be beneficial to individual fitness because it allows individuals to remain 

familiar with resources nearby (Aronsson and Persson 2018). In this thesis, I reported relatively 

short breeding and natal dispersal distances relative to the scale of the study area (Chapter 4) and 

our search radius for radio telemetry (Chapter 3). Further, the finding that most breeding and 

natal dispersal events occur during the spring or summer is likely due to the fact that individuals 

must settle on a territory by fall in order to cache food. For juveniles, in particular, the brood 

reduction process reinforces the role of food-caching in the life-history of Canada jays. Since 

Dominant Juveniles have higher individual fitness, potentially due to the cached food they are 

able to accumulate on a territory they are familiar with, delayed dispersal may be an evolutionary 

response to the need to maximize food caches in your first year. Other songbird species, with 

different life-history strategies than Canada jays, have the flexibility to disperse long distances or 

at any time in the year, with little fitness consequence, since they are not constrained by food-

caching timelines (Wiklund 1996; Winkler et al. 2004; Studds et al. 2008). The reliance on 

cached food and the high levels of site fidelity observed in Canada jays (Chapter 4) are likely 

indicators that, at least for food-caching species, there may be more benefits associated with 

remaining site-faithful and avoiding or delaying dispersal until it is necessary. 
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 The influence of population density on dispersal patterns and the subsequent effects of 

dispersal on population dynamics has been the centre of many theoretical studies on dispersal 

(Matthysen 2005; Clobert et al. 2009; Bonte et al. 2012). Immigration and recruitment via 

dispersal movements can help buffer the risk of extinction for declining populations (Brown and 

Kodric-Brown 1977; Pavlacky Jr et al. 2012). In the Algonquin population of Canada jays, it is 

still uncertain how the documented long-term decline may be influencing the spatiotemporal 

patterns of dispersal. In this population, a need for high-quality territories for successful 

reproduction in the face of warming climates may lead to preferential dispersal outside the study 

area, thus leading to accelerated declines rather than growth (Sutton et al. 2021a). While 

Chapters 4 and 5 were able to examine long-term dispersal patterns, the radio-tracking data in 

this thesis was collected during a time of population decline. Thus, the dispersal dynamics 

presented in this thesis may be different from that of a more stable population. Therefore, earlier 

or additional telemetry data collection may have resulted in different estimates of survival and 

dispersal distance. When the Algonquin population had higher densities, juveniles may not have 

needed to disperse as far or as often to find potential mates. Additionally, if first-year survival is 

influenced by the proposed “hoard rot” hypothesis (Waite and Strickland 2006), then estimates 

of juvenile survival may have been higher in prior decades. A comparison of dispersal patterns 

between individuals from a declining population to those of a stable or growing population can 

disentangle the effect of population density on dispersal propensity.   

 One of the limitations of this thesis, and many studies examining the behavioural 

mechanisms of dispersal, is that it is difficult to observe interactions between conspecifics 

before, during, and just after attempted dispersal. In some species, the onset of dispersal is driven 

by intragroup dynamics such as competition between parents and offspring or between siblings 
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(Pasinelli and Walters 2002; Sarno et al. 2003; Zedrosser et al. 2007). While this thesis, has 

shown that physical condition at the time of banding, in addition to sex, predicts social 

dominance, this information does not account for variation in aggressive behaviours among 

siblings or differences in provisioning rates, which may lead to differences in the physical 

condition and subsequent social status among siblings. While it is known that early-life 

physiology can have a significant effect on first-summer survival and social status in Canada jays 

(Freeman et al. 2021), the effect of interactions between siblings and their parents at nests is still 

a missing piece of the story. Furthermore, observational studies and data on nestling diets, 

provisioning rates from parents, and competition for food among siblings could shed light on the 

mechanisms driving social dominance in jays. For example, Ellsworth and Belthoff (1999) used 

video cameras placed at the nest of western screech owls (Megascops kennicottii) to quantify 

rates of aggressive interactions between siblings and assign dominance ranks among brood mates 

prior to natal dispersal. Similarly, observational surveys and video recordings of spotted hyenas 

(Crocuta crocuta) have been used to show that differential feeding rates of the mother to her 

offspring can lead to social hierarchies among siblings (East et al. 2009; Benhaiem et al. 2012). 

Such information can also be useful for disentangling the behavioural drivers of breeding 

dispersal in Canada jays. Due to the nature of the long-term re-sighting data used to quantify 

causes of breeding dispersal in Chapter 4, this thesis was unable to determine how interactions 

among breeders and between breeders and local non-breeders may lead to breeding dispersal. 

Differences in social dominance and physical condition among adults can lead to higher 

probabilities of breeding dispersal. For instance, in male dragonflies (Pachydiplax longipennis), 

body size and rates of aggressive chases lead to higher probabilities of breeding dispersal 

(McCauley 2010). It is important to consider these factors when modelling dispersal patterns in 
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future studies and statistically incorporate the socio-temporal mechanisms that may drive 

dispersal.  

 The timing of seasonal resources and constraints on breeding phenology can have long-

lasting effects on dispersal strategies (Smith 1974; Greenwood and Harvey 1982; Langen 1996; 

Bonte et al. 2012; Norris et al. 2013). In some species, the need to settle on a territory before the 

onset of a period of food scarcity can lead to an adaptive response to disperse during the most 

opportune seasons (Caizergues and Ellison 2002; Ekman et al. 2002; Robertson et al. 2017; Behr 

et al. 2020). For example, natal dispersal of male African wild dogs (Lycaon pictus) was more 

pronounced during the wet season (November - March) due to the abundance of ungulate prey 

(Behr et al. 2020). In snail kites (Rostrhamus sociabilis plumbeus) breeders are constrained to 

disperse earlier in the year so that breeding can occur when water hydrology is high enough to 

support nest success (Robertson et al. 2017). Canada jays begin caching food in fall which they 

depend on for their late-winter breeding, and as a result, dispersers must settle on territories 

during the spring and summer to maximize their time to accumulate cached food for the winter. 

The findings of my thesis confirm that most individuals, regardless of age, disperse between June 

and August, likely to allow for time to cache food on their newly settled territory. If individuals 

do disperse after the commencement of the food-caching season, however, it is likely costly to 

their individual fitness (Chapter 6). Ultimately, further research should investigate the 

determinants for successful dispersal of Canada jays during the winter and how variation in the 

timing of dispersal among seasons leads to differences in individual success and, as a 

consequence, affects the long-term viability of the population.   

 In conclusion, this thesis provides evidence that while the causes of dispersal are widely 

studied across taxa, the fitness consequences of dispersal are often not able to be measured. This 



 
 

169 
 

thesis highlights the importance of considering both phenotypic and environmental factors when 

studying the evolution and ecology of natal and breeding dispersal strategies. Furthermore, 

empirical studies have shown that dispersal can either be costly or beneficial for a particular 

species or population. However, here I provide evidence that the costs and benefits of dispersal 

are dependent on various social and environmental contexts and that the causes and 

consequences of dispersal vary between juveniles and adults. This thesis will hopefully provide a 

framework to better understand the movement ecology of Canada jays and it should contribute 

valuable information to the advancing fields of conservation biology and evolutionary ecology.  
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