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Abstract 
Partial migration occurs when only some animals in a population migrate. While evidence suggests 

that migratory strategies are partially controlled by genes, individual and environmental conditions which 

alter the cost-benefit trade-off of migration among individuals are also likely to play a role. Three hypotheses 

have been advanced to explain condition-dependent partial migration: the arrival time, dominance, and body 

size hypotheses. In this study, we asked whether these hypotheses explained differences in migratory strategy 

among individuals in a partially migratory population of western bluebirds (Sialia mexicana) breeding in 

southern British Columbia, Canada. We used stable hydrogen isotope signatures in claw tissue to determine 

migratory strategy of individual bluebirds, and examined patterns of migration at both individual and 

population levels. The proportion of resident bluebirds varied significantly over the three years of the study, 

and across study sites. Several migrants switched to the resident strategy between years; however, we found 

no evidence of strategy switching in the opposite direction. Young birds were significantly more likely to be 

resident than older birds, a pattern which could arise if early arrival is particularly important for birds 

obtaining a territory for the first time. Furthermore, young females were the most likely of all sex-age classes 

to be resident, which may reflect a survival advantage of residency for young females.  Finally, birds mated 

assortatively by migratory strategy and isotopic evidence suggests that members of a pair often wintered in 

the same place. Our results provided no support for the dominance or body size hypotheses, and only limited 

support for the arrival time hypothesis in bluebirds. However, taken together, we suggest that our findings 

indicate that social factors may influence migratory strategies in this system. 

Keywords: partial migration, migratory strategies, arrival time hypothesis, dominance hypothesis, body size 

hypothesis, sociality, western bluebirds, hydrogen isotopes   
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Introduction 

Migration is an integral part of the annual cycle of many species, from invertebrates to mammals. 

However, although migration is typically thought of as a life history strategy shared by entire populations or 

species, migratory behaviour often varies among individuals – from direction (e.g., Berthold et al. 1992) and 

route (e.g., Sandberg and Moore 1996), to timing (e.g., Studds et al. 2008) and distance (e.g., Dale and 

Leonard 2011). An understanding of why migratory behaviour varies among individuals can reveal both 

proximate and ultimate causes of migration, and shed light on the evolution of long distance movement in 

animal populations (Lundberg 1988, Chapman et al. 2011a, Pulido 2011). Furthermore, because migration is 

inextricably linked to other parts of the annual cycle, variation in migratory behaviour may arise from 

individual differences in non-breeding (e.g., Studds et al. 2008) or breeding (e.g., Catry et al. 2013) 

experience, and may carry over to affect survival and reproductive success in other parts of the annual cycle 

(e.g., Dale and Leonard 2011). Thus, understanding the causes and consequences of variation in migratory 

behaviour is necessary to better predict population trends (Gilroy et al. 2016), and is particularly important in 

the current context of rapid, human-induced changes to climate and land-use (Chapman et al. 2011b), which 

have been linked to population declines in migratory species worldwide (Wilcove and Wikelski 2008, Mettke-

Hofmann 2017).  

Perhaps the most extreme example of variation in migratory behaviour occurs when individuals 

within one population adopt entirely different migratory strategies: some migrate, while others remain 

resident year-round. This “within population migratory dimorphism” (Chapman et al. 2011b; pg. 1764) is 

known as partial migration. It is perhaps the most common form of migration, found across a wide variety of 

taxa (Chapman et al. 2011b), and is particularly common in birds (Pulido et al. 1996, Berthold 2001). For 

example, > 50% of the migrant passerine species breeding at high latitudes (north of 39
o
N) in North America 

are thought to be partial migrants (Jahn et al. 2012).  

Despite the prevalence of partial migration in birds, the mechanisms determining individual 

migratory strategies are still not well understood. Captive breeding studies have demonstrated that incidence, 

amount, and direction of migratory activity are heritable in partial migrants (Berthold and Querner 1981, 

1982, Biebach 1983, Berthold et al. 1990, Helbig 1991), suggesting that migratory strategy is genetically 

determined (Berthold 1988, Pulido et al. 1996). However, field studies of partial migrants have provided a 
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wealth of evidence that migratory strategies are also shaped by individual or environmental condition. For 

example, in many species, variation in migratory behaviour appears to be driven by individual asymmetries in 

variables such as sex (e.g., Smith and Nilsson 1987, Belthoff and Gauthreaux 1991, Fudickar et al. 2013, 

Pérez et al. 2014), age (e.g., Lundberg 1985, Able and Belthoff 1998, Holte et al. 2016), and body size (e.g., 

Hegemann et al. 2015), or by environmental factors such as habitat (Adriaensen and Dhondt 1990). Moreover, 

longitudinal studies of several species show that some individuals can switch strategies between years (e.g., 

Chan and Kikkawa 1997, Able and Belthoff 1998, Gillis et al. 2008, Ogonowski and Conway 2009, Palacín et 

al. 2011, Pérez et al. 2014, Hegemann et al. 2015). These findings suggest that ecological factors, rather than 

genetics, may be the main determinant of individual migratory strategies.    

 Given the importance of individual and environmental condition in shaping migratory behaviour, 

much research has focused on identifying the ecological factors that result in some individuals migrating 

while others remain resident. Three hypotheses have commonly been advanced to explain the patterns in 

migratory strategy often seen in partially migratory populations. The arrival time hypothesis posits a selective 

advantage to residency for the sex that establishes territories, and thus predicts a correlation between 

migratory strategy and sex (Ketterson and Nolan 1976). The dominance hypothesis proposes that limited 

resource availability during the non-breeding season results in dominant individuals compelling subordinates 

to migrate (Ketterson and Nolan 1976, Gauthreaux 1982). Finally, the body size hypothesis suggests larger 

individuals may better tolerate the environmental challenges of residency, and predicts that smaller 

individuals will be more likely to migrate (Ketterson and Nolan 1976; ‘thermal tolerance hypothesis’ in 

Chapman et al. 2011b). 

While studies of partial migration have provided support for all three hypotheses, there are also 

many systems where observed patterns of migratory behaviour do not match the predictions generated by the 

arrival time, dominance or body size hypotheses, suggesting other factors are at work. For example, in 

Tasmanian silvereyes (Zosterops lateralis lateralis), an individual’s migratory strategy is not related to sex, 

age, or size, contrary to the predictions of the arrival time, dominance, and body size hypotheses (Chan and 

Kikkawa 1997). Thus, it is becoming increasingly apparent that we need to consider ecological factors beyond 

those encompassed in the three classic hypotheses when attempting to understand partial migration. In 

silvereyes, social influences may determine individual migratory strategy. Chan (1994) found that some birds 
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only developed migratory restlessness in the presence of others, an observation which led him to suggest 

interactions with other individuals may be a key cue for initiating migration in this species (Chan and 

Kikkawa 1997, Chan 2005). Social influences have been proposed to play a role in determining migratory 

strategies in other species, such as great bustards (Otis tarda; Palacín et al. 2011), and pied avocets 

(Recurvirostra avosetta; Chambon et al. 2018), where strategies appear to be influenced by an individual’s 

integration into winter flocks. 

In this study, we investigated the correlates of alternate migratory strategies in a population of 

western bluebirds (Sialia mexicana) breeding in the Okanagan Valley of British Columbia (BC), Canada. 

Western bluebirds occur throughout western North America from Mexico to BC, and migratory strategies 

vary throughout the range: southern bluebird populations are largely resident, while northern populations are 

partially or entirely migratory (Guinan et al. 2008). Our study site in southern BC is close to the northern limit 

of the species’ breeding range, and the population is partially migratory (Campbell et al. 1997). During the 

spring and summer, western bluebirds breed throughout the Okanagan; during the winter, some individuals 

migrate, while others remain (Cannings 2009). Data from Christmas Bird Counts indicate that overwintering 

bluebirds were relatively rare in the Okanagan prior to the mid-1980s, but numbers have been increasing since 

then (National Audubon Society 2010, Willis 2013, see Supplementary material Appendix 1, Figure A1), 

suggesting that residency is a recently established and increasingly used strategy in this population. 

We first determined whether individual western bluebirds were migrants or residents using hydrogen 

isotope ratios in claw tissue, and then examined population and individual patterns of migration to investigate 

the ecological factors shaping migration behaviour in this species. We asked whether migratory strategies 

varied over years or between sites, and whether individuals were consistently migratory or resident. We also 

examined sex, age, and size patterns in relation to migratory strategy and asked whether these patterns were 

consistent with the arrival time, dominance, or body size hypotheses. Finally, to investigate possible social 

influences shaping migratory behaviour, we asked whether birds paired assortatively by migratory strategy. 

The natural history of western bluebirds has been well-studied, allowing us to make predictions 

about the patterns expected under the arrival time, dominance, and body size hypotheses. Although both 

members of a pair defend the breeding territory against intruders (Guinan et al. 2008), male characteristics, 

such as aggression, have been linked to settlement on high quality territories (Duckworth 2006). Furthermore, 
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when bluebird pairs divorce, males typically remain on the territory while females leave (CAD pers. obs.). 

Taken together, these observations suggest that males are responsible for territory establishment; thus, under 

the arrival time hypothesis, we predicted that females would be more likely to migrate than males. 

Additionally, in male bluebirds, dominance is related to age: older birds displace younger birds on breeding 

territories in the spring (Brawn 1984). Thus, under the dominance hypothesis, we predicted that young males 

would be more likely to migrate than older males. Finally, under the body size hypothesis, we predicted that 

smaller individuals would be more likely to migrate. 

Methods 

Study sites and field methods 

We conducted this study across a 70 km range in the southern Okanagan Valley of British Columbia, 

Canada (from 49
o 
33’ N, 119

o 
39’ W to 49

o 
5’ N, 119

o 
36’ W; Figure 1). Western bluebirds are secondary 

cavity nesters, and readily breed in artificially constructed nest boxes. To access established breeding 

populations, we sought permission to use existing box trails from local bluebird enthusiasts. Because these 

trails were set up by different people over many years, boxes were unevenly distributed across a wide variety 

of habitats, from relatively undeveloped range lands to active vineyards and hiking trails. Sites also ranged 

widely in size (from approximately 0.5 to 66.5 ha) and number of nest boxes (from 12 to 116).  

 We captured birds during the winter (Feb – Mar) of 2011 and 2012, and the breeding season (Apr – 

Aug) of 2011, 2012, and 2013. During the winter, we used a passive mist-netting approach to catch birds at 

three sites frequented by small flocks of wintering bluebirds. Once birds began to defend nest boxes at the 

beginning of the breeding season (late March and early April), we switched to an active mist-netting approach 

at ten sites containing bluebird nest box trails, using a decoy and playback of male song to simulate a 

conspecific territorial intrusion. As the breeding season progressed, we also used box traps to catch females 

incubating eggs, and both males and females feeding nestlings.  

We banded captured birds with a numbered metal leg band and a unique combination of three 

coloured leg bands to allow individual identification from a distance. We sexed individuals by plumage, and 

assessed molt limits to age them as second year (SY; individuals hatched the previous summer and in their 

first breeding season) or after second year (ASY) as described by Shizuka and Dickinson (2005). We weighed 

each individual with a spring balance, measured tarsus length with callipers, and measured wing chord and 
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tail length with a ruler. For isotopic analyses, we plucked the eighth secondary feather from one wing, and 

clipped a 1-2mm segment from the tip of the rear claw (C1) on both feet. In total, we sampled 203 adult 

western bluebirds: 123 males (112 captured once, 11 captured twice) and 80 females (61 captured once, 16 

captured twice, and 3 captured in all three years of the study).   

Hydrogen isotope analysis 

 To distinguish between migrant and resident western bluebirds, we analyzed stable hydrogen 

isotopes in claw tissue. The ratio of heavy to light hydrogen in precipitation (δDp) varies with latitude in 

North America (Sheppard et al. 1969, Bowen et al. 2005). The isotopic signature at a given location is 

incorporated into the food web and into animal tissues grown at that location (Estep and Dabrowski 1980, 

Hobson and Wassenaar 1997). Thus, hydrogen isotope ratios in tissue can act as a record of an individual’s 

geographic history (Chamberlain et al. 1997, Hobson and Wassenaar 1997) and can be used to distinguish 

between individuals using different movement strategies (e.g., dispersers vs. site-faithful individuals: Hobson 

et al. 2004, Studds et al. 2008; individuals wintering in different areas: Bearhop et al. 2005; migrants vs. 

residents: Hegemann et al. 2015).  

In partially migratory systems, hydrogen isotope analysis enables us to distinguish between 

individuals wintering in different locations (i.e., migrants vs. residents), as long as the tissue analyzed was 

grown on the wintering grounds. Western bluebirds molt once a year, on the breeding grounds in the late 

summer and early fall (Pyle 1997), so feather isotope signatures reflect breeding ground values. However, 

unlike feathers, claws grow continuously throughout the year, and claw keratin isotopic ratios reflect an 

individual’s location over the previous several weeks to months (Bearhop et al. 2003, Fraser et al. 2008, Hahn 

et al. 2014). Therefore, claw hydrogen isotope (δDc) signatures of bluebirds captured in the early spring 

should reflect their location during the previous winter. 

We conducted isotope analyses at the Queen’s Facility for Isotope Research (QFIR) in Kingston, 

Ontario. We soaked claw samples in a 2:1 chloroform:methanol solution for 24 hours, then rinsed them with 

the same solution and allowed them to equilibrate with lab air for approximately 72 hours. After cleaning, we 

weighed samples into silver capsules (at approximately 0.10 mg), which we then outgassed in a 100
o
C oven 

for 24 hours to remove surface water. Samples underwent pyrolysis at 1450
o
C in a reduction furnace 

(Finnigan TC/EA) to produce hydrogen gas. This gas was delivered to an isotope ratio mass spectrometer 
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(Finnigan MAT Delta
Plus

 XP) via a Conflo III interface. Results of hydrogen stable isotope analysis are 

expressed in parts per thousand (‰) relative to Vienna Standard Mean Ocean Water (VSMOW).  

For every 18 claw samples, 7 laboratory standards with known δD ratios were weighed into silver 

capsules and analyzed alongside sample material. We used both mineral (brucite from the University of 

Michigan and Georgia kaolinite clay), and organic (double-crested cormorant (Phalacrocorax auritus) feather 

keratin) standards. Standard deviations for repeated measurements of standards were 4-5‰ (kaolinite: -60 ± 

4‰, n=74; brucite: -95 ± 5‰, n=58; cormorant: -59 ± 5‰, n=29). Within each run, we also ran duplicate 

samples for 1-3 individuals. Because claw samples were too small to divide for analysis, we used the samples 

from C1 on different feet as duplicates. Duplicated claw samples (n=32) differed by 5.0 ± 3.6‰; visual 

inspection of duplicate values indicated that none of the birds would have been assigned to different 

migratory strategies based on the two claw samples. For duplicated claw samples, we included only the first 

isotopic signature obtained in further analyses. 

Assigning migratory strategies 

 We first tested the prediction that claw isotope signatures would differ between migrant and resident 

bluebirds by comparing the δDc signatures of birds with known migratory strategies. Most western bluebird 

populations in British Columbia are migratory (Campbell et al. 1997), and overwintering birds are locally 

common only in the southern Okanagan (Cannings 2009, Cannings pers. com.); thus, we defined birds as 

known residents if they were captured or seen in the Okanagan Valley during the winter (1 January – 15 

March), and as known migrants if they were captured at Rock Creek, a site approximately 50 km east of the 

Okanagan Valley, during the breeding season. In total, we obtained claw samples from 12 known residents 

and 10 known migrants.  

 We tested whether claw hydrogen isotope signatures differed between known migrants and residents, 

and found that migrant δDc signatures were significantly heavier than resident δDc signatures (t=7.68, 

df=19.62, p<0.001; Figure 2a). The ranges of migrant and resident δDc signatures overlapped slightly, and the 

isotopic signatures of known migrants and residents varied by 10-15‰ between years. However, the 

difference in signatures between strategies was considerably larger than the interannual variation: the mean 

claw signature of known migrants was approximately 34‰ heavier than that of known residents (Table 1).  
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We then used a likelihood assignment testing approach (Royle and Rubenstein 2004), incorporating 

analytical error (Wunder and Norris 2008), to determine the migratory strategy of bluebirds captured during 

the breeding season. First, we used isotope signatures of individuals with known migratory strategies to 

establish the mean and standard deviation of the distribution of δDc values for migrant and resident birds. 

These individuals included the 22 western bluebirds with known migratory strategies (n=10 migrants; 12 

residents) described above. To strengthen our assignment, we followed the approach of Wassenaar and 

Hobson (2001) and included the isotope signatures of six heterospecifics with known migratory strategies, all 

captured in the Okanagan in the winter and spring of 2011.  The isotope signatures of these six heterospecifics 

– two European starlings (Sturnus vulgaris; resident) and four mountain bluebirds (Sialia currucoides; 

migrant) – fell within the range of known migrant/resident western bluebirds.  

For each unknown origin individual sampled, we then calculated the probability that it belonged to 

the migrant or the resident group using a normal likelihood function (Royle and Rubenstein 2004). Because 

we did not have prior information about the relative abundance of migrants and residents, we used a uniform 

prior probability (i.e., prior probability = 1). To incorporate analytical error, we used our repeated 

measurements of laboratory standards (brucite, kaolinite, and cormorant feather keratin) to establish a 

standard deviation for δD measurements. Then, for each stable isotope observation of each individual, we 

simulated 10000 values by drawing randomly from a distribution with a mean equal to the original stable 

isotope observation, and a standard deviation equal to the SD of the lab standards (Wunder and Norris 2008; 

Franks et al. 2012), generating 10000 datasets. For each individual in each dataset, we then determined the 

probability that it was a migrant or a resident as described above, and assigned it to the strategy with the 

greater probability of origin. Finally, we examined the distribution of assignments from the simulated 

datasets, and considered individuals to have employed the strategy with the greatest number of assignments 

out of 10000 simulations.  

We tested our assignment using leave-one-out-cross-validation of individuals of known migratory 

strategy (Franks et al. 2012, Bugajski et al. 2013). This approach removes one sampled individual from the 

analysis and redefines the distribution of δDc values for migrants and residents using the remaining 

individuals, then attempts to classify the removed individual based on this new distribution. During cross-

validation, 26 of 28 individuals (93%; 13 migrants and 13 residents) were assigned to the correct migratory 
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strategy. Of the 26 correctly assigned individuals, 19 (73%) were assigned correctly 100% of the time (i.e., in 

all simulations), and all 26 (100%) were assigned correctly at least 80% of the time. Based on the results of 

our cross-validation, and approaches used in similar studies (Wunder and Norris 2008, Franks et al. 2012, 

Bugajski et al. 2013), we included bluebirds with unknown migratory strategy in subsequent analyses only if 

they were assigned to a migratory strategy with at least 80% confidence (i.e., in ≥8000 of the 10000 

simulations).  

We also accounted for the fact that claws grow continuously, so while they maintain an ongoing 

record of the isotopic composition of an individual’s diet, they only retain that information for a limited time. 

Thus, we needed to determine the date after which claws no longer provided reliable information about winter 

location. Previous studies indicate that passerine claws grow at a rate of approximately 0.04 mm d
-1,

 and 

therefore retain information about winter location for one to two months after individuals return to the 

breeding grounds (Bearhop et al. 2003, Fraser et al. 2008, Hahn et al. 2014). Using the formula detailed in 

Hahn et al. (2014), we determined that the time period represented by the tip of the rear claw in bluebirds was 

approximately 71 days, meaning that within the first six to eight weeks after birds return in the spring, claw 

isotope ratios should represent their winter location. Most migrant western bluebirds return to the Okanagan 

Valley between mid-March and mid-April (Campbell et al. 1997), suggesting the cut-off date should be in 

mid-May. To verify this, we investigated the rate of isotopic change in western bluebird claws by sampling 

the claws of six known migrants at our Rock Creek site several times over the course of the 2012 breeding 

season. We found that the claws of these known migrants ceased to reflect the individuals’ true migratory 

strategy between 9 May and 2 June 2012, again suggesting that a cut-off date in mid-May would be 

appropriate. Almost all of the bluebirds we captured in May were caught before 17 May; thus, we established 

a cut-off date of 17 May for assigning resident status based on claw isotope signatures. 

Although we could not assign residency after our cut-off date, five of the thirty bluebirds captured 

after 17 May were assigned to the migratory strategy with 70-90% confidence, and we chose to include these 

individuals in analyses as migrants. Since claw growth during the breeding season leads to δDc signatures 

resembling those of residents for all individuals, regardless of migratory strategy, birds with ‘migrant’ claw 

isotope signatures after the cut-off date must have migrated. 
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Using a likelihood assignment approach allowed us to assign the majority of sampled bluebirds to 

either the migrant or resident strategy. However, because the δDc distributions for known migrants and known 

residents overlapped, individuals with claw signatures in the area of overlap could not be assigned with >80% 

confidence to either strategy. The unassignable range (or gap between the assigned resident with the most 

enriched δDc signature and the assigned migrant with the most depleted δDc signature) was 6‰ (Table 1). 

This gap is somewhat smaller than those used to define individuals with different movement strategies in 

other, similar studies (e.g., Hegemann et al. (2015) viewed migrant and resident skylark claw δD signatures to 

be separated by a minimum of ~15‰; Studds et al. (2008) considered American redstarts (Setophaga 

ruticilla) to be dispersers only if feather δD signatures differed by more than 9‰ between years, otherwise 

individuals were considered site-faithful). The smaller unassignable gap in our study could pose a concern, 

given other studies where high levels of inter-individual variation in δD signatures were reported in tissues 

grown at the same location (e.g., Wunder et al. 2005, Rocque et al. 2006, Langin et al. 2007). 

To address this possible issue, we analyzed hydrogen isotope signatures in feathers for a subset of 

individuals (n=30; 20 migrants and 10 residents), to determine whether the differences we observed in δDc 

values could be explained simply by variation among individuals, rather than differences in location. Western 

bluebird feathers are molted on the breeding grounds (Pyle 1997); as such, we predicted that feather δD 

signatures would be similar across individuals if location is the most important factor leading to variation in 

δD, but variable if differences among individuals contribute significantly to variation. The subset of 

individuals for which we analyzed feather δD values consisted of birds breeding across the majority of the 

range of study, and included both individuals with known migratory strategies (7; all resident) and individuals 

with assigned migratory strategies (23; 20 migrants and 3 residents). Feathers were analyzed using the 

methods outlined above for claw samples. We found no difference between the feather δD signatures of 

migrant and resident birds (t=0.28, df=16.59, p=0.79; Figure 2b), suggesting that differences in claw δD 

signatures are reflective of true differences in location, and not simply variation among individuals.    

Data analysis 

All statistical analyses were conducted in R (version 3.1.3, R Core Team 2015).  

Individual and population patterns of migration 
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For a subsample of recaptured birds (n=23), we were able to assign individuals to a migratory 

strategy in two or more years. For these individuals, we used Fisher Exact tests to determine whether sex or 

previous migratory strategy influenced migration in subsequent years. Although we recaptured three of these 

individuals in two consecutive years, only data from the first recapture were included in analyses, to reduce 

pseudoreplication.  

We used Spearman rank correlation tests to determine whether the proportion of residents was 

correlated across years within sites, and a Cochran-Mantel-Haenszel test to determine whether the proportion 

of residents varied across years after controlling for site effects.  

Individual correlates of migratory strategy 

To investigate whether individual characteristics were correlated with migratory strategy in 

bluebirds, we used a generalized linear mixed model with a binomial error structure (function glmer, R 

package lme4). We used migratory strategy (migrant vs. resident) as the response variable, and sex, age, and a 

measure of body size (tarsus length) as fixed effects. We also included the interaction between sex and age as 

a fixed effect, because studies have demonstrated that the relationship between age and migratory strategy can 

vary for males and females (e.g., Jahn et al. 2010, Palacín et al. 2011). We included year and site as random 

effects to account for temporal and spatial patterns in migratory strategy, and individual nested within site as a 

random effect to account for the individuals caught and assigned to a migratory strategy in multiple years. We 

started with the full model and worked backward, eliminating fixed effects based on likelihood ratio testing to 

arrive at the minimum adequate model. We checked model assumptions on the residuals of the minimum 

adequate model. 

We excluded birds with known migratory strategies (the winter captured birds and the Rock Creek 

migrants; n=21) from this analysis. We also excluded birds whose breeding site was unknown (birds captured 

at one of our study sites but not seen again during the breeding season; n=6), and individuals for which we did 

not have a tarsus measurement (n=4).   

Breeding correlates of migratory strategy 

We monitored birds over the breeding season, and considered individuals to be paired if they were 

observed engaging in any nesting behaviour together (e.g., nest building, box defence, feeding nestlings). For 

54 pairs, we obtained claw samples and isotope signatures for both members of the pair, and in 44 of those 
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cases we could assign a migratory strategy to both the male and the female. Eight of the 54 pairs were seen 

breeding together in multiple years (7 pairs in two years, 1 pair in three years); however, we included each 

pair only once in analyses to reduce pseudoreplication.   

We tested for assortative mating by migratory strategy in these 44 pairs using a chi-squared test. To 

determine whether members of a pair wintered in the same area, we also asked whether the δD signatures of 

members of a pair were correlated, using all 54 of the pairs from which we obtained male and female claw 

samples. Because neither female nor male δD values were normally distributed, we used a non-parametric 

Spearman rank correlation to test for an association between the δD signatures of the members of a pair. 

Results 

Individual and population patterns of migration 

Over the course of the study, we captured 203 western bluebirds; using δDc signatures, we 

determined migratory strategy for 158 (78%) of those individuals.  We caught 30 of our banded birds more 

than once (27 in two years; 3 in three years), and were able to assign migratory strategy in all years of capture 

for 23 of the 30 recaptures (7 males and 16 females).  

Of these 23 birds for which we had information about migratory strategy in multiple years, 9 were 

consistently resident and 9 were consistently migratory. However, 5 of the 23 birds (22%) switched migratory 

strategies between the first and second years of capture. While it is difficult to draw inferences from this small 

sample, we found birds that had migrated the previous winter were significantly more likely to switch 

strategies than those that had remained resident (Fisher’s exact test, p=0.003); all five of the individuals that 

switched strategies changed from migration to residency. We only observed strategy switching in females; 

however, statistically, there was no difference between sexes in the proportion of birds that switched 

strategies (Fisher’s exact test, p=0.27), likely due to our small sample size of recaptured males in particular.  

The proportion of captured individuals assigned to the resident strategy varied widely, from 18% in 

2011 to 73% in 2013 (Table 2). However, this variation is likely partly due to changes in sampling effort 

across sites and years, because proportion of residents also varied widely between study sites: birds at some 

sites were almost exclusively resident (e.g., Summerland, Figure 1), while those at other sites were entirely 

migrant (e.g., Thomas Ranch, Figure 1). Furthermore, the proportion of residents at a site was significantly 

correlated between years (2011-2012: n=9 sites, ρ=0.96, p<0.001; 2012-2013: n=8 sites, ρ=0.92, p=0.001), 
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suggesting that within sites, migratory patterns were consistent over time. The relationship between site and 

migratory strategy informed our sampling efforts: because very few residents were captured in 2011, we 

focused on sites with higher proportions of residents in later years, biasing our sample against migrants. 

However, even after controlling for the effects of site, the proportion of residents still varied significantly 

across years (Cochran-Mantel-Haenszel test, M
2
=14.6, df=2, p=0.0007).  

Individual correlates of migratory strategy  

To determine whether individual characteristics affected migratory strategies, we used a dataset of 

131 bluebirds (20 of which were captured multiple times) to conduct a logistic regression with migratory 

strategy as the response variable. The minimum adequate model included age, sex, and the interaction 

between age and sex as fixed effects; tarsus length was excluded from the final model. Age and the age-sex 

interaction were the only significant variables; sex was not significant as a main effect (z=-1.56, p=0.12). 

Young (SY) birds were less likely to migrate than older (ASY) birds (z=-2.54, p=0.01; Figure 3), and SY 

females were less likely to migrate than SY males (z=1.96, p=0.05; Figure 3). 

Breeding correlates of migratory strategy 

Western bluebirds paired assortatively by migratory strategy (chi-squared test; Χ
2
=23.10, df=1, 

p<0.001). Of the 44 pairs in which we assigned migratory strategy to both the male and the female, 39 were 

mated assortatively (22 were both migrants and 17 were both residents), and only 5 were mated 

disassortatively (2 had a male migrant and female resident, and 3 had a male resident and a female migrant). 

In addition, δDc signatures were correlated between members of a pair (Spearman rank correlation; ρ=0.74, 

p<0.001; Figure 4), suggesting that they wintered in the same place.  

Discussion 

Individual and population patterns of migration  

Claw hydrogen isotope signatures allowed us to determine the migratory strategy of 158 of the 203 

western bluebirds we captured (78%). Of those 158, 86 (54.4%) were migrants and 67 (42.4%) were 

residents. We also determined that strategy was not fixed: 5 of the 23 birds captured in multiple years changed 

strategies between winters. While studies of some partially migratory systems have found strategy switching 

to be uncommon (e.g., Gillis et al. 2008, Townsend et al. 2018), our results are consistent with the larger 

number of studies that have found individual strategies are flexible (e.g., Able and Belthoff 1998, Ogonowski 
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and Conway 2009, Palacín et al. 2011, Hegemann et al. 2015). The occurrence of strategy switching in 

western bluebirds suggests that migratory strategy is not controlled by a simple genetic dimorphism in this 

system.  

 Although our sample size was small, all five of the birds that switched strategy changed from 

migratory in the first winter to resident in the second winter. While this pattern has been observed in other 

species (Able and Belthoff 1998, Ogonowski and Conway 2009), it usually occurs in systems where young 

birds are more likely to migrate than older birds. In species where age and migratory strategy are not 

correlated, birds have been observed to switch both from migration to residency and the reverse (Palacín et al. 

2011, Hegemann et al. 2015). In our study, younger birds were less likely to migrate than older birds (Figure 

3), and we observed strategy switching in both young (SY, n=1) and older (ASY, n=4) individuals, suggesting 

that switching may be independent of age. The single direction of switching could be explained if there is a 

fitness advantage to residency in bluebirds, as has been found in other partial migrants (e.g., Adriaensen and 

Dhondt 1990, Warkentin et al. 1990, Gillis et al. 2008, Grist et al. 2017). 

 All of the strategy switchers in our study were female. There is limited evidence regarding sex 

differences in migratory consistency in other systems, although Fudickar et al. (2013) reported that female 

European blackbirds were more likely than males to be obligate migrants, and Palacín et al. (2011) found that 

female great bustards switched migratory strategies in both directions, while males tended to move in one 

direction (from residency to migration) only. Our results raise the possibility that female migratory strategy is 

more flexible than male migratory strategy in bluebirds. However, because male bluebirds do not incubate 

and thus could not be box-trapped prior to our cut-off date, our sample size of recaptured males (in particular 

migrants) was quite small (n=7 males; 2 migrants and 5 residents). If migrant bluebirds are more likely to 

switch strategies than residents, we would have been unlikely to detect strategy switching in males even if it 

were occurring. Further studies are required to determine whether individual flexibility in migratory strategy 

differs between male and female bluebirds.  

The proportion of bluebirds remaining resident during the winter varied significantly across the 

three years of the study. This variation was at least partly an artefact of annual differences in the distribution 

of sampling effort across sites; however, it remained significant after controlling for the effect of site, 

suggesting it may reflect real changes in migratory strategy. Christmas Bird Count data indicate that the 
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number of winter resident bluebirds in the Okanagan has been increasing over the past thirty years (Willis 

2013; see Supplementary material Appendix 1, Figure A1), but Willis (2013) found that the increase was best 

explained by increases in the breeding population, rather than a shift in migratory strategies. Nonetheless, 

increasing levels of residency have been observed in other partially migratory species (Berthold 1996, 2001, 

Pulido and Berthold 2010, Heath et al. 2012, Gilbert et al. 2016, Holte et al. 2016 – but see Nilsson et al. 

2006, Meller et al. 2016), and are thought to be a response to recent changes in climate and land use. 

Continued monitoring of the Okanagan and Rock Creek western bluebird populations is necessary to 

determine whether variation in the proportion of residents is a reflection of a shift in strategies in British 

Columbia.    

The proportion of individuals remaining resident also varied across study sites: while both strategies 

were observed at all sites (with the exception of Thomas Ranch and Central Valley; Figure 1), in most cases, 

one strategy dominated. Furthermore, the proportion of residents at a site was highly correlated across years. 

The variation between and consistency within sites could be explained if sites differ in quality. For example, 

migration strategy could determine settlement patterns if sites vary in quality during the breeding season, such 

that resident birds may claim high quality sites before migrants return (e.g., Warkentin et al. 1990). 

Alternatively, territory quality during the nonbreeding season could shape migratory strategy, if birds with 

territories allowing access to high quality food are likely to stay (e.g., Aparicio 2000). 

Individual correlates of migratory strategy 

Our results did not support the dominance or body size hypotheses; however, they may provide 

some support for the arrival time hypothesis. Sex and body size were not related to migratory strategy, but age 

was: second year birds were significantly more likely to be resident than older birds (Figure 3). This was 

unexpected, as when migratory strategy differs between age classes, younger birds are usually more likely to 

migrate (e.g., Smith and Nilsson 1987, Able and Belthoff 1998, Ogonowski and Conway 2009). However, the 

pattern we detected is at least partially consistent with the arrival time hypothesis. Older (ASY) bluebirds 

usually return to the same territory, and often to the same box, to breed each year (Keyser et al. 2004, CAD 

pers. obs.), while SY males have a harder time establishing territories and are often supplanted by older males 

(Brawn 1984). Thus, SY birds may benefit more than ASYs from residency, as they are competing for the 

available high quality territories.   
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However, the arrival time hypothesis cannot explain our finding that SY females were the sex-age 

class most likely to remain resident (Figure 3). If the importance of early arrival were driving the age patterns 

observed, we would expect SY males, not females, to be most likely to remain resident. One explanation for 

our results is that residency could be linked with increased overwinter survival in juvenile females. Our 

sample sizes provide circumstantial support for this hypothesis: the total number of birds captured in all other 

sex-age classes were relatively consistent (ASY males: n=48, SY males: n=45, ASY females: n=43), while 

the total number of SY females captured was notably smaller (n=17; ratio of ASY:SY females=2.5). The 

relative paucity of SY females may suggest that winter survival is particularly low in this sex-age class. 

Alternatively, however, migratory SY females may simply be less likely to return to the Okanagan to breed 

than ASY females. Natal dispersal is female biased in western bluebirds (Dickinson et al. 2016), and if 

migrant females disperse farther than resident females, they may be more likely to disperse beyond the 

bounds of our study site to breed. Currently there are no data to suggest that migrants disperse farther than 

residents in partially migratory systems; however, both natal dispersal distance (Dingemanse et al. 2003) and 

migratory tendency (Nilsson et al. 2010, Chapman et al. 2011c) have been linked to individual characteristics 

such as boldness. 

Breeding correlates of migratory strategy  

We found strong evidence of assortative mating by migratory strategy in western bluebirds: in 39 of 

44 pairs, the male and female shared the same migratory strategy. Assortative mating by migratory strategy 

has been observed in a number of other species (e.g., Eurasian blackcaps (Sylvia atricapilla), Bearhop et al. 

2005; American kestrels (Falco sparverius), Anderson et al. 2016). However, in these species, assortative 

mating appears to be a result of differences in the timing of arrival and breeding initiation. In species where 

breeding phenology does not differ between migrants and residents, studies have found no evidence of 

assortative mating (e.g., skylarks, Hegemann et al. 2015). In Okanagan bluebirds, migratory strategy is not 

related to the timing of breeding (C. Dale, unpublished data), suggesting that assortative mating in our system 

is not an artefact of breeding phenology. It is possible that assortative mating in bluebirds could be a result of 

the variation among sites in the proportion of residents: if local populations are composed primarily of only 

migrants or only residents, assortative mating by migratory strategy would inevitably result.  However, we 
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also found that δDc signatures were significantly correlated between members of a pair (Figure 4), suggesting 

that members of a pair shared a winter location.  

This correlation in δDc signatures could arise in two (non-mutually exclusive) ways. First, birds 

could pair during the winter and return to the breeding grounds paired, resulting in assortative mating by 

migratory strategy. Studies of western bluebirds in California suggest that pairing begins in winter flocks; 

aggressive interactions both within flocks (Kleiber et al. 2007) and towards intruders (Dickinson et al. 2009) 

are best explained by sexual competition, and males often pair with females from their winter flocks 

(Kraiijeveld and Dickinson 2001). Alternatively, the reverse might be true: a bluebird’s migratory strategy 

might be affected by social influences, such as the migratory strategy of its mate. The pattern we observed 

was similar to that reported in Tasmanian silvereyes. As in bluebirds, patterns of migration in silvereyes do 

not match the predictions of the arrival time, dominance, or body size hypotheses (Chan and Kikkawa 1997). 

To explain variation in migratory strategy in this species, Chan (2005) proposed the “genetic-social” 

hypothesis, which suggests that social influences play a role in migratory decisions. Silvereyes mate for life, 

and members of a pair are often recaptured on the same date in the spring, suggesting they winter together 

(Chan and Kikkawa 1997, Chan 2005). Chan (2005) proposed that in silvereyes with intermediate migration 

thresholds (facultative migrants), the decision to migrate depends on social influences, and they are likely to 

migrate only if their mates or winter flock are migrating.  

Although social or cultural influences have been suggested as drivers of migratory decisions in a 

few studies (e.g., Palacín et al. 2011, Barnowe-Meyer et al. 2013, Chambon et al. 2018), the importance of the 

social environment in partial migration remains relatively unexplored. However, our results suggest that 

social influences may help to explain individual variation in migratory behaviour in western bluebirds, where 

– like silvereyes – pairings may persist over multiple breeding seasons (Dickinson et al. 1996, C. Dale, 

unpublished data). Anecdotal evidence from our study also hints at the importance of social factors: in four of 

the five cases of strategy switching we observed, the male’s migratory strategy was also known, and in three 

of these four cases, switching was associated with either disassortative mating, mate switching, or both.   

Conclusions  

Our study adds to a growing number of partial migration studies that have found the mechanisms 

shaping individual variation in migratory strategies are rarely as simple as the arrival time, dominance, and 
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body size hypotheses. Future studies should aim to consider a wider variety of environmental variables, 

including the social environment, when attempting to disentangle the causes of individual variation in 

migratory behaviour. Understanding this variation is an important goal, particularly given recent observations 

of human-induced changes to the incidence, amount, direction and distance of migration in migratory birds 

worldwide. Without an understanding of the factors that drive migration decisions in partially migratory 

species, it will be virtually impossible to predict how these species – and the many ecosystems with which 

they interact – will respond to future changes in climate and land use.  
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Figure Legends 

Figure 1. Map of study sites in the Okanagan Valley. Inset shows the location of the Okanagan Valley 

(outlined in red) in British Columbia, Canada, and overlaid pie charts show the proportion of migrants, 

residents, and birds that switched strategies captured at each site. The size of the pie charts reflects the total 

number of individuals assigned to a strategy at each site (all years pooled). Sample sizes range from 4 

(Central Valley) to 35 (OK Falls Vineyards). 
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Figure 2. (a) Claw δD signatures of known migrant (n=10) and known resident (n=12) western bluebirds; (b) 

Feather δD signatures of assigned migrant (n=20) and assigned and known resident (n=10) western bluebirds. 

Midlines indicate median values, the whiskers extend to 1.5x the interquartile range, and open circles 

represent outliers. Significant differences are indicated by an asterisk. 
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Figure 3. Effect of sex and age on migratory strategy of western bluebirds in the Okanagan Valley. SY refers 

to second year birds, hatched the previous summer and in their first breeding season, while ASY refers to 

after second year birds. Bolded numbers in bars indicate sample sizes in each sex-age class. SY birds, 

particularly SY females, were significantly less likely to migrate than ASY birds. 
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Figure 4. Relationship between male and female claw δD signatures for 54 western bluebird pairs. 

Assortatively mated pairs include migrant-migrant (n=22) and resident-resident pairs (n=17). Disassortatively 

mated pairs include those where the male was a resident and the female was a migrant (n=3), and those where 

the male was a migrant and the female was a resident (n=2). Unassigned pairs (n=10) are those where, despite 

having δD signatures for both the male and female, we were unable to assign one or both birds to a migratory 

strategy with sufficient confidence. 
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Table Legends 

Table 1. Mean and range of claw δD signatures by migratory strategy for bluebirds with known migratory 

strategies, and bluebirds assigned to migratory strategies using likelihood assignment testing. 

 n Mean (‰) SD Range (‰) 

Known migrants 

 

10 -49.5 10.07 -67 to -37 

Assigned migrants 

 

92 -52.6 7.00 -63 to -36 

Known residents 

 

12 -83.4 10.61 -105 to -63 

Assigned residents 

 

70 -85.5 8.89 -105 to -69 
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Table 2. Number of known and assigned migrant and resident bluebirds by year of capture. Proportion of 

birds assigned to the resident strategy varied significantly over the course of the study. 

Year 2011 2012 2013 

Known Migrants 

 

6 4 0 

Assigned Migrants 

 

50 32 10 

Known Residents 

 

7 5 0 

Assigned Residents 

 

11 32 27 

Total 

 

74 73 37 
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