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Abstract 

Climate change is advancing spring phenology but it remains unclear whether migratory birds 

are able to adjust their timing to match these changes. Purple martins (Progne subis) are long-

distance migrants, and part of a functional taxon (aerial insectivores) that are undergoing 

population declines. My objectives were to: 1) determine if environmental variability during 

spring migration predicts individual timing of migration, and 2) determine if laying date is 

phenotypically plastic to spring temperatures. I found that spring migration phenology was not 

predicted by environmental factors and individual martins had repeatable spring migration 

timing. Laying date was earlier with warmer temperatures, fledgling numbers increased with 

earlier laying dates, and selection pressure for earlier breeding did not change with temperature. 

Overall, my results suggest that timing is constrained through much of the annual cycle, but 

purple martins can adjust to current climate conditions by varying their laying date with 

temperature during the breeding period. 
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 This thesis is written in manuscript format. Chapters one and two are written exclusively 

of each other and each have their own introduction, methods, results, conclusion and references, 

tables and figures. I have also included an overall thesis introduction and conclusion, which 

introduces the study organism, summarizes background information, conclusions and future 

research. The data for chapter 2 is from the Purple Martin Conservation Association’s Project 

MartinWatch, which contains long-term breeding data for Purple Martins across North America. 
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Thesis Introduction 

In recent years, the impacts of global climate change have become increasingly apparent. 

The shift towards warmer temperatures, changing rainfall patterns, and more numerous and 

increasingly severe weather events (Easterling et al. 2000, IPCC 2014) have been predicted to 

play a key role in changing abundances and ranges as well as interspecific and intraspecific 

interactions in a wide range of species (Parmesan 2006, Chambers et al. 2013, Sunday et al. 

2015). If species fail to match their physiological needs and adapt to changing abiotic factors 

they risk population declines, extirpation, or extinction (Huntley et al. 2008). There are several 

ways migratory species can match their physiological needs to changing conditions. With 

warming conditions, some migratory species may become more sedentary (Main 2000, Berthold 

2001), while others may shift their historical ranges (Parmesan and Yohe 2003, Parmesan 2006), 

or shift phenology (Parmesan and Yohe 2003, Parmesan 2006), such as migrating earlier or later 

than historically observed (Gordo 2007, Knudsen et al. 2011). 

Migratory birds are thought to be at risk, due to the importance of seasonally timed 

events in their life cycles (known as phenology). Life history theory hypothesizes that organisms 

should match energetically costly life events with available resources, both temporally and 

spatially (Roff 2002). For migratory birds, energetically significant life events include spring and 

fall migration, moult timing, and breeding (Newton 2008, Kelly et al. 2013). The timing of life 

events may depend highly on factors affected by climate change (e.g. rainfall, temperature), 

independent factors (e.g. photoperiod), factors endogenous to the bird (e.g. age or sex), or any 

combination of the three (Knudsen et al. 2011). Thus, if climate change is altering their 

environment and resources migratory birds may experience conditions outside their 
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physiological range. Additionally, the prey of migratory birds, such as insects, plants, 

amphibians, and other birds also experience the local effects of the changing weather, and may 

be shifting their phenology in response (Parmesan 2006, Both et al. 2009). With multiple levels 

of the food chain responding to a changing spring phenology, the phenology of birds is likely 

changing at a different rate than the phenology of organisms lower in the food chain. These 

mismatches have been documented in the literature (Both and Visser 2001, Sanz et al. 2003, 

Both et al. 2009, Visser et al. 2012).  

The impacts of changing climate and associated weather patterns are especially relevant 

to long-distance migratory birds. Long-distance migrants may be unable to predict the conditions 

at their destinations before departing on migration due to the distance between their departure 

and arrival sites (Knudsen et al. 2011, Fraser et al. 2013a), leading to birds arrive at a period in 

the breeding season with fewer resources available than needed to survive and reproduce. A 

mismatch in timing between birds and their environment may have strong fitness implications, as 

the timing of arrival and breeding should match the seasonal pulse of resources in temperate 

habitats due to the high degree of seasonality (Both et al. 2009, Knudsen et al. 2011). Although, 

for some individuals having earlier or later timing could be beneficial. This may be the case for 

subadult birds avoiding competition with adult birds (Morton and Derrickson 1990), or when 

other parts of the annual cycle effect fitness more strongly (Morton and Derrickson 1990, Visser 

et al. 2015). Conversely, resident and short-distance migratory species do not travel as far from 

their breeding areas, and thus are thought to be more attuned to local conditions throughout the 

year (Butler 2003, Both et al. 2010b). 

Additionally, timing in each part of the annual cycle for long-distance migratory birds 

may carry forward due to the time constraints of long migrations between the breeding and 
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nonbreeding ranges (Knudsen et al. 2011). This constraint has been hypothesized to be one of the 

contributing factors to the mismatch in timing between breeding phenology and spring 

phenology. Some long-distance migrants are able to arrive at the breeding ground after spring 

migration with residual fat reserves (Smith and Moore 2003). However, for small passerine birds 

unable to carry additional weight and/or for individuals that arrive in poor body condition, the 

period of time between arrival and breeding (spring interval) is often important to recover 

energetic resources before the breeding period (Langin et al. 2005, Newton 2008). For some 

species the spring interval is very short, and thus the laying date (the date the first egg is laid) 

and breeding cannot be advanced due to a lack of energetic resources and time constraints (Both 

and Visser 2001). Some species with a long spring interval have been able to breed earlier 

(Rubolini et al. 2007, Townsend et al. 2013), but further advancement in spring phenology may 

eventually cause birds to fall behind and be unable to initiate breeding at a time that allows them 

to be successful (Townsend et al. 2013, Mayor et al. 2017).  

If spring migration departure date for long-distance migratory birds is flexible, then birds 

may be able to advance their spring migration, so long as conditions along migration continue to 

be favourable (Both 2010a). However, climate change has variable local impacts so the 

correlation between departure from the nonbreeding site and arrival at the breeding site may be 

disrupted if birds encounter poor weather or late spring phenology on their migration (Ahola et 

al. 2004, Both 2010a). Alternatively, if spring migration departure date is not flexible and spring 

phenology is advancing, then the migration schedule may become decoupled with the local 

resources that birds need at their breeding grounds (Both and Visser 2001).  

Mismatches in timing between migratory birds and their environment may have 

important negative consequences on their survival and fitness. The timing of energetically 
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expensive periods, such as migration and breeding, must match the availability of resources for 

birds to be successful (Knudsen et al. 2011, Visser et al. 2012, Charmantier and Gienapp 2014). 

If migration and breeding are phenotypically plastic to new conditions, such as earlier springs, 

birds may be able to adjust migration and breeding times to fit the changing conditions, whereas 

an evolved response may be too slow to prevent the decline of songbird populations (Knudsen et 

al. 2011, Charmantier and Gienapp 2014). However, some studies suggest that species may be 

able to adapt quickly through evolved responses as well if the selection pressure is high (Brown 

and Brown 2000, Pulido et al. 2001, Pulido 2007). Others suggest that the mismatch between 

birds and their environment may be an adaptive response (Visser et al. 2012, Lany et al. 2016) 

where the fitness costs of incubation and egg-laying earlier in the spring outweigh the benefits to 

matching peak energy needs to peak prey abundance (Visser et al. 2012), although an adaptive 

mismatch can become non-adaptive if the mismatch grows too large (Visser et al. 2012). 

Mathematical modeling of the relationships between spring arrival date, hatching, and date of 

peak prey abundance show changes in the relationship of those three factors depending on their 

relative timing, and whether food is a limiting resource (Kristensen et al. 2015). There is 

currently a deficit of knowledge about the mechanisms of adaptive change (microevolutionary 

and/or phenotypic plasticity) in response to environmental conditions during migration (Pulido 

and Berthold 2004) and the impact of longer-scale climatic effects on the flexibility of migration 

patterns and the annual life cycle (Knudsen et al. 2011), especially for long-distance Nearctic-

Neotropical migrants. 

The purple martin (Progne subis) is a Nearctic-Neotropical long-distance migrant, 

traveling over 7000 km one-way on migration (Stutchbury et al. 2009b, Fraser et al. 2013b). This 

study focuses on the eastern sub-species P. subis subis, which breeds across midwestern and 
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eastern North America (Tautin et al. 2009) and overwinters mainly in the Amazon Basin and 

eastern Bolivia in South America (Brown and Tarof 2013). Purple martins are aerial insectivores, 

birds that catch and consume insects while in the air. Aerial insectivores as a group are 

experiencing steep population declines (Nebel et al. 2010). Rates of population decline vary 

across the breeding range, with populations in some areas (such as the Great Lakes and 

Maritimes areas) declining rapidly since 1966 (Tautin et al. 2009, Michel et al. 2016). The purple 

martin is an excellent study species for tracking year-round life events because of their close 

association with humans. The eastern sub-species of purple martins are colonial breeders that 

nest almost exclusively in human-made nest boxes (Brown and Tarof 2013) and show a high 

fidelity (84-94%) to the same nest sites the following year (Stutchbury et al. 2009a), facilitating 

nest monitoring and allowing for relative ease of retrieval of archival migration tracking units 

and multi-year tracking of the same individuals. This study examines the effects of climatic 

variables on the spring migration and breeding phenology of purple martins breeding at sites 

across North America, over multiple years.  

Many studies that examine spring migration phenology have studied birds in the 

Palearctic-African migration system, migrating between Europe and Africa. As Nearctic-

Neotropical long-distance migrants that travel across the Americas, purple martins likely face 

different migration barriers and constraints than Palearctic-African migrants. For many 

Palearctic-African migrants, one of the primary barriers that must be crossed is the Sahel region, 

and timing seems to be limited primarily by rainfall (Newton 2008, Both 2010a). For Nearctic-

Neotropical migrants, a large migration barrier is the Gulf of Mexico, where factors such as 

pressure (denoting weather changes) and wind speed play a more important role in determining 

migration decisions and success (Deppe et al. 2015). Because of these possible differences in 
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migration constraints and systems, my study will fill important gaps in the understanding our 

Nearctic-Neotropical migration system. 

Breeding timing has been well studied in both Nearctic-Neotropical and in Palearctic-

African migrants at the population level. Multiple studies have found birds responding to 

warming temperature both in Europe and in temperate North America (Both et al. 2004), 

although there have been differences in response trends even among populations of the same 

species, suggesting that further work within and among species is much needed. My study of 

breeding timing in response to increasing temperatures is unique, due to the breeding range-wide 

scope of my examination of selection pressure on laying dates. 

The main objective of this thesis is to examine whether a long-distance migratory 

songbird can adjust migration timing and breeding phenology to match changing environmental 

conditions during spring migration and at their breeding colonies. Chapter 1 examines if spring 

arrival date at the breeding grounds is best predicted by their departure date at the nonbreeding 

grounds or if environmental conditions encountered on migration disrupts the correlation 

between departure and arrival (test of the migration constraint hypothesis; Both 2010a). Chapter 

1 also examines if the spring migration timing of individual purple martins is repeatable between 

years. Using a 20-year data set with over 28 000 nest records, chapter 2 examines whether purple 

martins are advancing the timing of their laying date with year or temperature, and whether 

selection is shifting laying dates earlier, due to the advancing spring phenology with climate 

change in the northern hemisphere. 
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Chapter 1: Testing the migration constraint hypothesis in a long-

distance migratory songbird 

Abstract 
Climate change is altering spring phenology and long-distance migratory songbirds must adjust 

their migration timing to these changes or face negative fitness consequences. The migration 

constraint hypothesis postulates that environmental conditions along migratory routes are 

expected to have a large impact on migration timing thus diluting the influence of departure date 

on arrival date at the breeding grounds. If conditions along migration drive breeding arrival 

dates, then spring green-up, wind speed, or precipitation will predict more of the variation in 
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arrival date and individual repeatability will be low. I tested these predictions by using light-level 

geolocators to track the spring migration of 158 purple martins (Pronge subis subis) that traveled 

between their South American nonbreeding and North American breeding grounds. Additionally, 

data from 30 repeat-tracked individuals were used to calculate the repeatability of spring 

migration timing. I found that spring migration timing was predicted best by departure date from 

South America and all aspects of migration timings measured were repeatable. Arrival date at the 

breeding site could also be predicted by the date of departure on the previous fall migration, 

despite an intervening 5-6 month-long overwintering season and over 1400 kilometres of 

migration. The strong relationship between departure and arrival timing and strong repeatability 

in spring migration timing are evidence for inherent or constrained individual schedules during 

spring migration. Thus, purple martins may not be able to adapt their spring migration timing to 

the environmental variability they encounter on spring migration and at their breeding grounds. 

Introduction 
In recent years, earlier springs have become increasingly common at north-temperate 

latitudes due to global climate change (Romero-Lankao et al. 2014). Consequently, many species 

across diverse taxa are altering their phenology and life history strategies to adaptively match to 

changing climate and habitats (Parmesan and Yohe 2003, Parmesan 2006). For migratory 

animals, the challenges caused by climate change can be greater as they must synchronize their 

movements adaptively across broad spatial scales to match individual phenology to 

environmental phenology, as optimal annual timing is crucial to a successful migratory lifestyle 

(Newton 2008, Walther et al. 2002).  

For migratory birds on spring migration in Nearctic-Neotropical and Palearctic-African 

systems arriving early at breeding sites increases the chance of an individual successfully 
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competing for high quality habitat and mates (Smith and Moore 2005, Kokko 1999, Lozano et al. 

1996). However, early arrival may pose a trade-off if individuals face unstable and unfavourable 

weather during migration or upon arrival at breeding sites if they arrive too early, leading to 

reduced fitness or even survival (Brown and Brown 2000, Newton 2008). Individuals migrating 

later generally face more favourable and stable conditions during migration and upon arrival 

(Newton 2008), but may put breeding timing at odds with peak resource production at the 

breeding grounds (Sanz et al. 2003, Goodenough et al. 2011).  

For long-distance migrants, advances in spring migration timing may be limited by the 

availability of local environmental cues as to the conditions at the breeding site before birds 

depart from the nonbreeding site on spring migration (as conditions at the breeding ground are 

thousands of kilometers away from the bird’s nonbreeding sites; Fraser et al. 2013a). However, it 

is important that long-distance migrants be flexible in order to match spring migration timing to 

changing spring phenology caused by climate change. Mismatches in timing may have 

consequences for fitness, and may contribute to population declines (Both et al. 2006). The 

ability of long-distance migrants to advance spring migration is much debated (Knudsen et al. 

2011) with two main hypotheses in the literature.  

The first hypothesis postulates that departure date from the nonbreeding ground is driven 

primarily by factors endogenous to the bird (Ouwehand and Both 2017), or non-climatic controls 

such as breeding or nonbreeding latitude (Pedersen et al. 2016, Conklin et al. 2010, Both et al. 

2010), or photoperiod (Gwinner 1996, Both et al. 2010, Coppack et al. 2001). All of these 

predictors suggest that departure date from the nonbreeding grounds will be relatively inflexible 

to local variability in environmental conditions along migration. In support of this, several 

laboratory studies have shown that migratory activities can be largely controlled by circannual 



 

13 
 

rhythms and are unrelated to environmental variables such as precipitation and temperature and 

even to some extent, food availability (Gwinner 1996, Berthold 1984). Several recent field 

studies using direct-tracking methods have revealed that nonbreeding or breeding latitude were 

strong predictors of migration timing. Pedersen et al. (2016) found that red-back shrikes (Lanius 

collurio) that wintered closer to their breeding grounds departed later than those wintering 

farther away, although this trend was lost as migration progressed. Similarly, Conklin et al. 

(2010) found that timing of migration for bar-tailed godwits (Limosa lapponica baueri) was 

correlated with breeding latitude. Since endogenous controls may enact an influence on timing 

that is independent of seasonal or inter-annual variation in environmental conditions, they may 

not be responsive to new conditions with climate change. If migration timing is largely 

controlled by endogenous factors, microevolution may be required to promote adaptive 

responses to new conditions, which would be much slower than phenotypic adjustments 

(Knudsen et al. 2011, Charmantier and Gienapp 2014). However, Ouwehand and Both (2017) 

also suggest that intrinsic quality differences in birds may affect migration schedules, as males 

that bred in the previous year returned from spring migration earlier and were more likely to 

breed in the current year than males that were unpaired in the previous year. 

The second hypothesis is the migration constraint hypothesis which postulates that there 

may be phenotypic plasticity in migration departure timing in response to climate change due to 

the impact of birth date and corresponding photoperiod experienced by the nestlings (Both 

2010), but weather conditions and environmental constraints experienced along spring migration 

routes mask and limit the adaptive impact of these phenotypic adjustments in migration timing 

(Both 2010). Under laboratory conditions blackcap nestlings (Sylvia atricapilla) that were 

exposed to a photoperiod simulating an earlier time of year began their moult and fall migration 
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earlier compared to a control group (Coppack et al. 2001). Both (2010) found an effect of the 

interaction between birth date and latitude on spring recovery dates on pied flycatchers (Ficedula 

hypoleauca), which was unrelated to genetic effects. He proposed that this interaction was due to 

the photoperiod the nestlings experienced, where birds born earlier advance their annual cycle, 

and this carries over to earlier spring migration timing. However, Both (2010) infers that the 

phenotypic advancement of departure date shown was moot in the case of pied flycatchers 

because environmental conditions along the route constrain and determine migration duration, 

thus preventing advancement in spring arrival date at the breeding grounds. For migrants in the 

Palearctic-African migration system temperature, rainfall and the normalized difference 

vegetation index (NDVI) have been shown to be important factors influencing migration, 

particularly where migrants must pass the Sahel region of northern Africa on their journeys to 

and from European breeding areas. In years with high Sahel rainfall pied flycatchers were 

recovered earlier in northern Africa (Both 2010) and migrated according to temperature trends 

(Ahola et al. 2004). Robson and Barriocanal (2011) found that spring departure and migration of 

13 trans-Saharan passerine migrants was correlated with vegetation growth in the Sahel and 

northern Africa. Environmental conditions at wintering or breeding sites have also been shown to 

constrain spring migration timing. Tøttrup et al. (2012) found that drought conditions at the 

nonbreeding grounds delayed returns to the breeding ground for two migratory songbird species 

compared to non-drought years, while Pedersen et al. (2016) found individuals wintering in drier 

habitats (high isotope δ13C) departed earlier on migration than those in moister habitats. 

Emmenegger et al. (2014) found local measures of vegetation greenness at the breeding site 

matched the arrival date of common nightingales (Luscinia megarhynchos). Finally, Thorup et 

al. (2017) found migratory birds track levels of vegetation greenness throughout their annual 
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cycles between Europe and Africa. These environmental constraints may uncouple the 

relationship between departure and arrival on annual migrations, and thus disrupt any 

advancement in spring arrival that birds may have gained as nestlings (Both 2010). 

The environmental constraints that birds face on migration are unique to the barriers in 

the areas in which they migrate. In the Nearctic-Neotropical system, where migration phenology 

has generally been less studied as compared to the Palearctic-African system, migrants are likely 

to encounter different migration constraints or barriers, such as the Gulf of Mexico (Rappole 

1995). Deppe et al. (2015) tracked three songbird species (during fall migration) from Alabama 

across the Gulf of Mexico to the Yucatan peninsula and found that fat reserves, atmospheric 

humidity and changes in humidity (relating to passage of a cold front bringing clear skies, cooler 

temperatures and favorable southward winds), and wind profit were associated with the 

songbirds’ departure decisions. These results suggest that environmental variability during 

migration may have important impacts on the ability of individual birds to advance their spring 

migration timing, but whether conditions on migration year-to-year disrupt migration timing for 

long-distance Nearctic-Neotropical migrants is still unknown. 

Insight can be gained into which processes control most of the variation in migration 

timing through repeat-tracking of individuals in two or more years. As each repeat-tracked 

individual has the same genotype, between-year migration variations may be the result of 

phenotypic plasticity caused by individuals responding to environmental variation. Repeatability 

is the fraction of variation in behavior that can be attributed to an individual compared to the 

group. Thus, high repeatability can suggest that migration is mostly controlled by endogenous 

factors, and with relatively low plasticity if environmental conditions along migration vary 

between years. Previous studies have focused mainly on repeatability (r) in spring arrival date, 
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which has varied widely both within and among migratory species (r=0.05-0.21 for eastern 

kingbirds (Tyrannus tyrannus), Cooper et al. 2009; r=0.04-0.39 for pied flycatchers, Potti 1998, 

Potti 1999, Both et al. 2016). For swallow species (Hirundinidae), spring arrival repeatability is 

also variable, with barn swallows (Hirundo rustica) showing strong repeatability (r=0.50-0.51; 

Møller 2001, Ninni et al. 2004) compared to cliff swallows (Petrochelidon pyrrhonota, r=0.09, 

Brown and Brown 2000). One study has examined repeatability for departure from the wintering 

ground for American redstarts (Setophaga ruticilla) and detected a repeatability of r=0.38 for 

individuals (Studds and Mara 2011). These previous studies have determined the arrival or 

departure dates with field observations at the breeding or nonbreeding territories respectively, 

thus leaving a critical gap in our knowledge of how timing is connected or limited across all of 

spring migration. Few studies have used direct tracking to determine repeatability of timing 

across migration. One recent example used geolocators to repeat-track 10 wood thrush 

(Hylocichla mustelina) at three points during spring migration and found repeatable timing in 

spring migration (spring departure: r=0.71, spring arrival: r=0.66) by individuals from year to 

year (Stanley et al. 2012). Timing was found to be less repeatable at the date of crossing the 

Tropic of Cancer (r=0.49) and they inferred this may have been due to the variable impact of 

weather and the quality of migration stopover sites leading up to and within this region (Stanley 

et al. 2012). Overall, the high variation in the repeatability of spring migration phenology 

suggests there may be species-specific constraints or responses to climate change, and thus 

requires further investigation. 

Several studies have found heritability for migratory traits may be quite high (h2=0.4-

0.45, Pulido and Berthold 2004), which could suggest that little genetic variation may be 

available for birds to adjust their migration timing. However, other studies conducted both in the 
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lab and in the wild have found that genetic change can occur rapidly with strong selection events 

(Brown and Brown 1999, Pulido et al. 2001). Also, even strong endogenous control can be 

somewhat flexible. Barn swallows have low genetic variation in the Clock gene that controls 

migration timing; however, the degree of methylation in the poly-Q loci of Clock genes was 

associated with timing of spring departure from the nonbreeding grounds and spring arrival at the 

breeding grounds, allowing variation in gene expression without changes in the genes themselves 

(Saino et al. 2017). 

This study focuses on spring migration timing of purple martins (Progne subis subis), a 

trans-hemispheric migrant that breeds across central and eastern North America and that spends 

the nonbreeding period in the Amazon basin of Brazil and Bolivia. Purple martins reach sexual 

maturity after their first spring migration as subadults (Brown and Tarof 2013) and year-to-year 

survivorship ranges from 0.48-0.64 depending on the sex and age of the individual (Stutchbury et 

al. 2009a). Martins are aerial insectivores, a guild that has some of the steepest population 

declines out of ecological bird guilds in Canada (North American Bird Conservation Initiative 

Canada 2012); however, population trends for purple martins are not consistent across their 

breeding range (Michel et al. 2016). Direct tracking by using geolocators revealed that in an 

abnormally warm spring (2012) individual martins did not advance their spring migration, with 

overall migration timing best predicted by the non-ecological cues of breeding latitude and sex 

(Fraser et al. 2013a). However, martins did not encounter weather cues of an early spring until 

arrival at the final North American leg of migration when individuals would no longer have the 

ability to advance their migration at this late stage (Fraser et al. 2013a). At a population level 

Butler (2003) and Arab and Courter (2015) found that purple martins had advanced their arrival 

dates in the United States between 1-18 days depending on the timeframe and populations 
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studied. Butler (2003) proposed that purple martins may act similarly to short-distance migrants 

once they reach North America, with flexible migration strategies in response to local conditions 

once they have entered the southern United States and moved northward. It therefore remains 

unclear as to the degree to which spring migration may be flexible to environmental conditions 

in this species and whether birds can advance schedules with climate change. 

The aim of this study is to investigate whether spring migration is flexible or constrained 

by the environmental conditions that birds encounter en route by testing the migration constraint 

hypothesis (Both 2010) using a large data set of geolocator-tracked individual birds (n=158). 

This is the first test of this hypothesis in a Nearctic-Neotropical migrant where environmental 

barriers and conditions that may impose different constraints than migrants in the Palearctic-

African migration system. A second aim is to examine the repeatability of spring migration 

timing by tracking individuals over more than one spring migration. This represents the first time 

a North American trans-hemispheric migratory species has been repeat-tracked over multiple 

migrations using geolocators (30 birds, 61 tracks total) allowing precise estimates of 

repeatability to be calculated at departure from the nonbreeding grounds, along spring migration, 

and arrival at the breeding grounds. 

I hypothesize that environmental conditions on spring migration are more important 

predictors of breeding arrival date than inherent migration schedules for purple martins because 

en route conditions disrupt the correlation between departure and arrival dates (Both 2010). If 

migration timing en route is driven largely by inherent migration schedules and not 

environmental variability encountered en route, then I predict that spring departure date and/or 

migration distance will determine most of the variation in breeding arrival date, and repeatability 

will be high. However, if spring migration timing is largely impacted by conditions encountered 
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during migration, then I predict that spring departure date will be a poor predictor of arrival date 

at the breeding grounds, and repeatability will be low.  

Methods 
Field Methods 

Purple martins were studied at 22 breeding colonies across North America from 2007-

2016 (Table 1.1, Figure 1.1). Martins were caught at their nest cavities with trap doors and pole 

traps during the breeding season after the eggs have hatched, when adults are entering the 

cavities to feed their young. Birds caught were banded with federal bands and field-readable 

colour bands, aged (subadult or adult individuals) and sexed using plumage characteristics (Pyle 

1997), and fitted with archival, light-level geolocators weighing 1.1g (<5% of bird’s body mass, 

Fair et al. 2010) before release. Geolocators were attached to the bird with a leg-loop style 

harness constructed of Teflon™ ribbon (Stutchbury et al. 2009b, Fraser et al. 2012). Geolocators 

were retrieved when birds returned to their breeding colonies and were captured in the year 

following deployment to obtain spring migration tracks from 2008-2016. Geolocators have an 

accuracy of 40-60 km latitude and 38-48 km longitude (Fraser et al. 2012). The number of 

returning birds with geolocators varied by site and year (Table 1.1). Return rates for purple 

martins with geolocators have not been found to be lower than birds that are banded only (Fraser 

et al. 2012). The effect of weather on the arrival date at the breeding colony was examined for a 

total of 158 spring migration tracks using archival light-level geolocators deployed at breeding 

colonies across the North American breeding range. In addition, 30 individuals (61 tracks total) 

were tracked in two consecutive years, except for one individual track in three spring migrations. 

These 30 individuals were used to examine individual repeatability in spring migration timing.  

Geolocator Analysis 
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Geolocators record the intensity and duration of light along with Greenwich Mean Time, 

and are corrected for clock drift using the program Decompresser (BAStrak software, British 

Antarctic Survey). Geolocator models included MK10, MK12, MK14, MK20 or MK5490 

(British Antarctic Survey) and geolocator data records were analyzed according to British 

Antarctic Survey’s geolocator manual (Fox and Philips 2010) with a light threshold of 32 lux and 

locations at midnight (as purple martins are diurnal migrants; Fraser et al. 2013a). Transitions at 

sunrise and sunset were manually described in the program TransEdit (BAStrak software, British 

Antarctic survey) allowing the calculation of latitude and longitude. Latitude could not be 

determined 15 days before and after the equinoxes due to similar day length worldwide. 

Locations that were greater than 1000 km from the previous location were considered outliers 

and discarded (Fraser et al. 2012). The resulting latitudes and longitudes from BAStrak were 

then manually interpreted to determine spring migration routes, stopover locations, and timings. 

Birds were considered stationary (at breeding site, nonbreeding site or stopped-over) when 

latitude and longitude were consistent (within 2o) and migration was determined by rapid shifts 

in latitude and/or longitude (Fraser et al. 2012).  

Single-track birds whose geolocators malfunctioned or who migrated during the spring 

equinox were not included in this study, as stopover locations were needed to determine the 

environmental variables experienced by the birds. Repeat-track birds who migrated during the 

equinox were used if the date passing the Topic of Cancer (23.4oN) was identifiable. Individual-

level data records from birds tracked with geolocators have been described by Knudsen et al. 

(2011) as less biased than other methods such as data collected by banding stations (where birds 

may only be moving through, not a true arrival date) or citizen science collection which could 

have biased sampling effort. In addition, arrival is likely better estimated for colonial species 
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(Brown and Brown 2000, Møller et al. 2008), such as purple martins, where the effect of nest 

cavity shading on arrival at the breeding grounds is easily identifiable in the light level curves. 

The departure date from the nonbreeding grounds was considered the date each purple martin 

departed from their last winter roost. The last winter roost was described as a bird having stayed 

in an area for greater than 11 days before departing on migration (as determined by rapidly 

moving latitude and/or longitude of greater than 2o). 

Environmental Variables 

Wind speed may help or hinder temperate breeding birds in their migration depending on 

whether birds face a headwind or tailwind (Newton 2008). Additionally, wind is thought to be 

important to birds that migrate over large open water crossings, such as the Gulf of Mexico that 

could act as a barrier to long-distance Neotropical migrants (Deppe et al. 2015). Average daily 

wind speed was obtained from an historical database (Weather Underground 2016) for each day 

birds were stopped on migration at the weather station closest to the stopover site, and then 

averaged over the entire spring migration period. Precipitation was chosen as an important factor 

that may influence migration timing, as it may cause delays when wet birds are forced to land 

(Newton 2008). Total daily precipitation was obtained from an historical database (Weather 

Underground 2016) for each day birds were stopped on migration at the weather station closest 

to the stopover site, and then averaged over the entire spring migration period. Together wind 

and rain may be important factors predicting migration timing, as two-thirds of the variation in 

daily fall migration volume was explained by wind and rain in Germany (Erni et al. 2002). 

Historical daily average wind speed and daily total precipitation were taken from the closest 

weather station to the martins’ stopover location. The average distance of the weather station 

from the birds’ position as determined by the geolocators was 133±70 km.  
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The normalized difference vegetation index (NDVI) has been a reliable indicator of 

habitat quality and has been used to predict migration phenology in past studies (Emmenegger et 

al. 2014, Sanz et al. 2003, Mayor et al. 2017, Thorup et al. 2017). This technique measures red 

and infrared surface reflectance of the earth (which is correlated to the level of photosynthetic 

activity of plants) via satellite to determine timing of vegetation maturation (Weier and Herring 

2000). Thus, a high value of NDVI would indicate better habitat quality of stopover sites. The 

data sets are available from NASA Earth Observation’s Vegetation Index (2016). The NDVI data 

set uses a vegetation index compiled during a 16-day period at a 1 km resolution and values were 

recorded for each spring stopover site used by the purple martins in ArcMap v.10.2 (Esri 2013) 

and then averaged over the spring migration period.  

Correlations between temperature, precipitation and NDVI have been found in global 

analysis of NDVI and environmental variables (Ichii et al. 2002, Kawabata et al. 2001) except at 

equatorial regions. Several studies in North America have found correlations between 

precipitation, temperature and NDVI (Wang et al. 2001, Wang et al. 2003 and Wang et al. 2011). 

The correlation between NDVI and precipitation in my study was low (-0.04), and thus 

precipitation was also included. 

Test of migration constraint hypothesis 

Breeding colonies within the same state/province had similar arrival dates and were 

combined for analysis for a total of 11 categorical locations. Variables were checked for 

collinearity during data exploration (Grueber et al. 2011) using correlation coefficients less than 

0.7 (variance inflation factor of 3.3; Dormann et al. 2013). Model suitability and assumptions 

were checked graphically though QQ-plots and residual plots (Zuur et al. 2009). In all cases 

variables were given with 95% confidence intervals (CI) and were effect sizes not considered 
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different from zero if their confidence intervals bounded zero (Arnold 2010). Standardized 

parameter estimates (β) and unstandardized parameter estimates (B) are given as estimates ± 

standard error. 

To determine if conditions along migration constrained migration timing linear mixed 

effects models (lme4, Bates et al. 2015) were used. Factors examined included the effects of 

departure date, distance traveled during migration, and weather variables (average NDVI, 

average total precipitation, and average wind speed) on the date birds crossed the Tropic of 

Cancer (23.4oN) and the date birds arrived at their breeding colony. Age (subadult and adult) and 

sex were included as fixed effects to account for differences between the birds studied as adult 

birds arrive before subadult birds, and males may arrive earlier than females (Morton and 

Derrickson 1990). The interaction between year and sex was investigated but was not found to 

have a consistent impact, and was not included. Year and breeding colony were included as 

crossed random-intercept effects to control for the variation among data collected in multiple 

years and multiple breeding colonies. 

Second order Akaike’s Information Criterion corrected for small sample sizes (AICC) 

was used to identify the best supported models for both analyses (Burnham and Anderson 2002) 

using the package MuMIN (Barton 2016). The random effects of breeding colony and year were 

included in all models as well as the fixed effects of age and sex to control for differences among 

individuals. Comparing all possible combinations of variables could result in spurious models 

(Burnham and Anderson 2002 and Grueber et al. 2011), therefore models were determined a 

priori (Burnham and Anderson 2002) based upon the two predictions tested in this study, where 

1) departure from the wintering ground predicts arrival at the breeding ground or 2) the 

correlation between departure and arrival is disrupted by conditions on migration. Top models 
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were selected using a cut-off value of 7AICC (Burnham and Anderson 2002). This resulted in 

two top models for each response variable (Table 2.2). Model averaging was done using the 

zero-method (Grueber et al. 2011) as I was mainly interested in the strength of the effect sizes. 

Each predictor variable was centered and standardized with a mean of zero and standard 

deviation of unity with standard errors (represented by β±SE), however unstandardized values 

are also given in the text with standard errors (represented by B±SE). Averages are given with 

one standard deviation. 

To see if spring arrival date can be predicted even earlier in the annual migration cycle, a 

linear mixed model was used to examine if the date of departure from the breeding grounds in 

the fall predicted the arrival date at the breeding grounds in the following spring. As in the 

previous models, fixed effects were age and sex of the migrating birds, while year and colony 

site were once again treated as random effects. This model was run separately from the previous 

model testing for effects on arrival date as a response variable (spring departure on spring 

arrival), due to multicollinearity between fall and spring departure dates. 

Repeatability of spring migration phenology 

To investigate if individuals are consistent in their migration timing between years, 

repeatability was examined for birds tracked for least two spring migrations. The repeatability of 

the date of departure from the nonbreeding grounds (individuals=30, geolocator tracks=61), date 

passing the Tropic of Cancer (23.4oN; individuals=28, tracks=57), and date of arrival at the 

breeding grounds (individuals=30, tracks=61) were calculated using the package lme4 (Bates et 

al. 2015) in the program R. Repeatability was calculated as the fraction of variation in behavior 

that can be attributed to an individual compared to the group (Nakagawa and Schielzeth 2010). 

Repeatability is a proportion between 0 and 1, where low values indicate most of the variation is 
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due to differences among individuals. The adjusted repeatability (value of repeatability 

calculated after controlling for confounding effects) of aspects of migration timing were 

calculated in a linear, mixed-effects models. In this case the confounding effects of sex and age 

were set as fixed effects with year and individual nested in breeding colony as random effects to 

control for repeated measures. Confidence intervals for repeatability were estimated by 

parametric bootstrapping with 1000 replications. Results were replicated in the package 

MCMCglmm (Hadfield 2010) with an uninformed prior which produced quantitatively similar 

results (Table 1.6) with overlapping 95% credibility intervals.  

All analyses were done in R version 3.4.0 (R Core Team 2017). 

Results 
Arrival and departure dates were determined from 158 different individual birds tracked 

with geolocators with an additional 30 birds tracked at least twice in consecutive years. Most 

purple martins had their last nonbreeding roost in the Amazon basin of Brazil (151/158), but two 

had their last roost in Venezuela, four in Bolivia and one in Argentina. In Brazil, the majority of 

the martins’ last roosts were in the states of Amazonas (82/151) and Pará (42/151). In both of my 

analyses most purple martins migrated across the Gulf of Mexico at least once (constraint 

analysis study: 72%, repeatability study: 80%). The average departure date from the last 

nonbreeding roost was March 28 (range: January 3- May 8). The average date crossing the 

Tropic of Cancer was April 15 (range: January 28- May 28). The average arrival date at the 

breeding colonies was April 20 (range January 28- June 9). The earliest arriving population was 

generally the most southern breeding population in each year, followed by northward 

populations as the spring progressed. Spring migration at the individual level took on average 

23.44 (±9) days with an average distance of 7887 (±1798) km covered.  
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There were two top models for both the date passing the Tropic of Cancer and date of 

arrival at the breeding grounds. The top models included the global models that contained a 

combination of endogenous factors (migration distance and departure day of year from the 

nonbreeding grounds), environmental variables (average NDVI, average wind speed and average 

total precipitation), and models containing departure date and migration distance only (Table 

1.2).  

After averaging the models that examined the crossing of the Tropic of Cancer departure 

date had a strong positive effect compared to the other variables with a standardized coefficient 

of βWinterDOY = 31.17±0.88 (z= 36.37, CI= 30.44 to 33.90; Table 1.3). Migration distance had a 

positive effect on arrival date (βDistance = 4.13±0.78, z= 5.28, CI= 30.44 to 33.40; Table 1.3). 

Results for environmental variables showed that wind speed, precipitation, and NDVI all had 

comparatively weak and variable effects (Table 1.3). Departure date from the nonbreeding 

ground once again had the largest effect on arrival date as compared to the other variables 

(βWinterDOY = 30.24±1.23, z=24.68, CI= 27.84 to 32.64; Table 1.3). Migration distance had a 

moderate effect compared to the other variables in the model with a standardized coefficient of 

βDistance = 6.19±0.88 (z=6.97, CI= 4.45 to 7.93; Table 1.3). Wind speed, NDVI, and, precipitation 

all had relatively small impacts on arrival date at the breeding grounds (Table 1.3).  

Birds that traveled longer distances on their migration crossed the Tropic of Cancer later 

(BDistance = 2.22x10-3±4.33x10-4, z= 5.09, CI= 1.36x10-3 to 3.08x10-3; Table 1.3) and arrived later 

at their breeding colonies (BDistance = 3.43x10-3±4.89x10-4, z= 7.00, CI= 2.46x10-3 to 4.40x10-3; 

Table 1.3). For every day later that birds departed from the nonbreeding grounds, they arrived 

0.86 days later at the Tropic of Cancer (BWinterDOY = 0.86±0.02, z= 35.31, CI= 0.82 to 0.91; 

Figure 1.2a), and 0.81 days later at their breeding grounds (BWinterDOY = 0.81±0.03, z= 24.70, CI= 
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0.75 to 0.88; Figure 1.2b). The departure date leaving the breeding grounds on fall migration 

predicted the arrival date back at the breeding grounds after the next spring migration (BFallDOY = 

0.57±0.09, z= 6.21, CI= 0.39 to 0.77). Thus remarkably, the timing of individual migration is 

maintained around the annual cycle, through an average of 248±22 days across fall migration, 

the nonbreeding period, and spring migration. 

Birds tracked as subadults in the first year and adults in the second year had average 

absolute mean differences among individuals of 18.67±11.28 days for departure, 20.13±10.93 

days passing 23.4o latitude, and 18.36±12.04 days for arrival at the breeding grounds. Birds 

tracked as adults in both years had absolute mean differences among individuals of 8.53±6.21 

days for departure, 5.58±3.59 days passing 23.4o latitude, and 6.95±4.05 days for arrival at the 

breeding grounds. 

Spring migration timing was found to be repeatable during all three time periods 

measured. Repeatability was similar for departure from the nonbreeding grounds (r= 0.66, CI= 

0.30 to 0.83), the date of arrival at the breeding grounds (r= 0.64, CI= 0.28 to 0.83), and the date 

passing the Tropic of Cancer (r= 0.78, CI= 0.54 to 0.90). 

Discussion 

After tracking 158 purple martins on their long journey from their nonbreeding range in 

South America to their breeding colonies across North America in eight spring migrations I did 

not find support for the hypothesis that spring migration arrival is constrained by environmental 

conditions experienced en route. Instead, after a migration that lasted on average 23.54±9 days 

and 7887±1798 km, I found that departure date from the nonbreeding grounds was the primary 

driver of spring migration timing. Weather variables encountered at stopover sites did not disrupt 
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the strong correlation between departure from the nonbreeding grounds and arrival at the 

breeding grounds. Thus, departure timing was not detectably masked by conditions encountered 

during migration, as was previously found in pied flycatchers that must cross the Sahel region 

during spring migration (Both 2010). Additionally, I found that individual timing is conserved 

across the annual cycle, with fall departure date from the breeding grounds predicting spring 

arrival back at the breeding grounds in the subsequent year. The year to year repeatability of 

spring migration timing provides further evidence for individual migration schedules that are 

little influenced by environmental factors, suggesting that individual-level responses to climate 

change will likely not happen on the spring migration portion of their annual cycle. However, at 

the population level and over longer time-scales than examined in my study, the mean arrival 

dates of purple martins have advanced between 1-18 days depending on the region and time-

period examined (Butler 2003, Arab and Courter 2015), so plasticity or adaptation during spring 

migration or elsewhere in the annual cycle should be possible. 

The consistency in arrival dates within individuals across multiple years (repeatability) 

has been noted as evidence for genetic control of migration timing (Newton 2008). The 

repeatability of purple martin spring arrival dates was similar to barn swallows (r=0.51, Møller 

2001; r=0.5, Ninni et al. 2004), but more repeatable than cliff swallows (r=0.09, Brown and 

Brown 2000). However, few studies have examined repeatability at points other than arrival on 

spring migration and with the accuracy of geolocators. In a study that repeat-tracked wood thrush 

with geolocators (Stanley et al. 2012), similar repeatability values to martins were found at 

spring departure from the nonbreeding grounds (r = 0.71), date crossing the Tropic of Cancer 

(r=0.49), and arrival at the breeding site (r = 0.66). The repeatability and the strong impact of 

departure date from the nonbreeding grounds seen in spring migration timing of purple martins 
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suggests that they may have limited phenotypic plasticity, but the impact of weather conditions 

on the repeatability of spring migration timing was not examined.  

Heritability for the timing of departure from the wintering grounds has been estimated as 

fairly low (h2=0.10, wild population of Bewick’s swans (Cygnus bewickii), Rees 1989), while 

heritability estimates for arrival at the breeding grounds have variable from low (h2<0.03, wild 

population of pied flycatchers, Potti 1998) to high depending on the species (h2=0.52, wild 

population of barn swallows, Møller 2001). The mean heritability of traits related to migration 

timing in birds is moderate (h2=0.34+/-0.24, Pulido 2007), with long-distance migrants 

exhibiting a slightly higher heritability in migration related traits (h2 = 0.39+/-0.27, Pulido 2007). 

As martins are repeatable it is likely migratory timing is at least somewhat heritable and could 

lead to individual endogenous migration timing. While genetic responses to changing conditions 

may be slower than phenotypic responses (Charmantier et al. 2008), there is evidence that in 

situations with intense selection genetic changes can happen rapidly (Pulido et al. 2001, Pulido 

2007). Brown and Brown (2000) showed that natural selection following a severe cold snap 

altered the spring arrival dates for a population of cliff swallows, where colony start times and 

individual capture date distributions (both for bird who were adults and nestlings during the 

selection event) were significantly later the year after the selection event.  

Migratory birds have been shown to experience endogenous circannual rhythms cueing 

seasonal changes in behaviour even in the absence of external cues to determine seasonal 

rhythms (Gwinner 1996, Berthold 1984). These triggers for migratory restlessness were found to 

be stronger for longer distance migrants (Bethold 1984, Newton 2008, Van Doren et al. 2017), 

and as such are likely to be strong for purple martins. These endogenous differences may be set 

through genetic differences and modified/cued by photoperiod. Several genes (Clock genes) have 
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been identified as controlling circannual fluctuations in conjunction with photoperiod in birds, 

(Caprioli et al. 2012, Saino et al. 2013) such as with barn swallows, where most individuals are 

homozygous (Q7/Q7). Individuals with rarer heterozygous Clock variations either delayed or 

advanced some aspects of their migration timing (Bazzi et al. 2015) compared to the 

homozygous individuals. Furthermore, in salmon there is also evidence that Clock polymorphism 

is related to breeding latitude, giving populations at different latitudes different reproductive 

timing (O’Malley et al. 2010). That breeding colonies at different latitudes have different spring 

migration timing is also evident in purple martins based upon direct tracking data and prior 

observations. The strong impact of departure date from the nonbreeding grounds and 

repeatability for all three measures of spring migration timing studied in purple martins suggest 

martins base spring migration around endogenous cues specific to the individual. Low genetic 

diversity in Clock genes (or other genes that prescribe migration timing, Mueller et al. 2011) and 

latitudinal variation in genes that control migration timing could explain the observed 

synchronous and latitudinal-based pattern of spring arrival seen in purple martins, and may 

provide little flexibility in migration timing. 

However, there may be some flexibility in migration phenology that is endogenously 

controlled without genetic change through epigenetic effects, which were recently shown to 

impact the migration phenology of barn swallows in Europe (Saino et al. 2017). These epigenetic 

modifications do not change the underlying DNA sequence but modify the DNA (Duncan et al. 

2014). Birds with higher levels of methylation (modifications of DNA base by the additions of 

methyl groups, Duncan et al. 2014) at several loci in their Clock genes had earlier spring 

departures from their wintering area and earlier spring arrival at their breeding sites (Saino et al. 

2017). Epigenetic responses to changing conditions due to climate change may allow martins to 
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express variation in phenology even though genetic variation may be low. Epigenetic responses 

may allow adaptive adjustments to climate change by holding gene regulatory events in reserve 

throughout an organism’s life, and in some instances these events can be passed across 

generations (Jablonka and Raz 2009, Duncan et al. 2014). However, further investigation is 

needed to see how epigenetic modifications impact purple martins and other long-distance 

migrants, as it may further illuminate and allow predictions of responses to continuing climate 

change without genetic adaptation or phenotypic plasticity. 

The strong impact of nonbreeding departure date on breeding arrival date has also been 

seen in old-world species such as pied flycatchers (Ouwehand and Both 2017) and great reed 

warblers (Acrocephalus arundinaceus, Lemke et al. 2013), as well as new world species such as 

wood thrush (Stanley et al. 2012), red-eyed vireos (Vireo olivaceus, Callo et al. 2013) and 

western kingbirds (Tyrannus verticalis, Jahn et al. 2013). However, Ouwehand and Both (2017) 

did not find that individual timing was conserved across the annual-cycle, while for purple 

martins I found that the fall departure date from the breeding grounds predicted the spring arrival 

date the next year. Similar annual-cycle effects have been shown in red-eyed vireos where the 

fall arrival date at the South American nonbreeding grounds is correlated with spring departure 

date from the nonbreeding grounds (Callo et al. 2013).  

Multiple studies hypothesize that these tightly-timed schedules are driven by the need to 

arrive as early as possible to be competitive with conspecifics during the breeding season (Callo 

et al. 2013, Lemke et al. 2013, Ouwehand and Both 2017) and that during spring migration birds 

are already flying at or close to maximum speed (Fraser et al. 2013a, Ouwehand and Both 2017) 

and thus departure timing predicts arrival timing on a seasonal scale. For purple martins there 

could be competition for mates as well as for cavities, as the highest cavities may provide the 
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best protection from predators (Morton and Derrickson 1990). Additionally, there was more 

variation in the mean difference between individual birds that were tracked as first as subadults 

and then as adults than birds that completed both migrations as adults. Unlike with pied 

flycatchers (Ouwehand and Both 2017) and wood thrush (Stanley et al. 2012) however, there 

were no consistent trends in the impact of age or sex on any migration timing in purple martins 

in my study, which is opposite to the expected if competition drives arrival timing (Morton and 

Derrickson 1990) Alternatively, the correlations of timing around the annual cycle could also be 

due to inherent migration schedules, where birds may be consistently either early or late 

individuals, as proposed for red-eyed vireos (Callo et al. 2013). 

Consistent, constrained migration timing may also be due to extrinsic conditions faced by 

purple martins. The circannual periods of migratory restlessness can be modified by photoperiod 

(Gwinner 1996), where autumn migration is triggered by lengthening photoperiod and spring 

migration by shortening photoperiod in order for individual migration to become somewhat 

synchronous with the environment (Gwinner 1996). Blackcap nestlings exposed to a photoperiod 

regime simulating an earlier hatch date advanced their autumn migration timing compared to the 

control group, although not proportionately (Coppack et al. 2001), showing that different 

photoperiods could result in different migration schedules for their offspring. If the laying dates 

of purple martins are flexible, then photoperiod at the nest could entrain timing dependent on the 

phenotypic plasticity in the laying date of females (and thus the hatch date of chicks, Both 2010), 

which could then carry through into migration allowing adaptation to climate change with each 

generation. If the biological clocks of birds are permanently impacted by the photoperiod they 

received as nestlings then the advancement caused by phenotypic plasticity in laying date carries 

through the annual life cycle in purple martins. As spring migration of martins was not 
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constrained by weather in my study advancement in laying date in response to earlier spring 

phenology could result in earlier timing in the following spring (as departure date strongly 

predicts arrival date) for the offspring. This could lead to a possible mechanism for more rapid 

adjustment to early springs without the need for a genetic response and allow populations at 

different latitudes to respond in different ways (Both 2010).  

Purple martins showed repeatable timing at all three measured points during spring 

migration. I hypothesize that this repeatability may be due to inherent migration schedules. Most 

of the birds tracked did an over-water crossing of the Gulf of Mexico. The Gulf of Mexico is 

likely the primary barrier for Neotropical migrants (Rappole 1995), as it is an approximately 

1000 km open water crossing, and as such, I would expect birds to cross the gulf when weather is 

favourable, as seen in other species (Deppe et al. 2015). However, repeatability was highest at 

the Gulf of Mexico (although not significantly so), possibly because the large, open-water 

crossing may regulate migration timing, as there is less opportunity for individual variability in a 

non-stop flight. 

Departure date from the nonbreeding ground had the strongest effect of all variables in 

the models examining the time passing the Tropic of Cancer and arrival at the breeding site. As 

the relationship between the date of departure and date of crossing the Tropic of Cancer and the 

arrival date are not proportional, this may reflect some flexibility in the timing of migration, as 

birds respond to environmental conditions as they encounter more variable spring conditions as 

they reach temperate North America. Alternatively, this variability may be the result of the 

condition of individual birds at departure, which may not be apparent in the timing until 

migration is partially completed. Conditions at the nonbreeding ground may lead some birds to 

be more successful over the season (Studds and Marra 2007) leading to earlier departure (Studds 



 

34 
 

and Marra 2011), allowing them to continue to do well on migration, and arrive with better body 

condition (Smith and Moore 2005). These carry-over effects from the nonbreeding grounds may 

also decrease the repeatability of when purple martins depart on migration compared to their 

repeatability in crossing the Tropic of Cancer if birds that departed in worse condition need to fly 

slower and/or stop more often to re-fuel. Deppe et al. (2015) found during autumn migration that 

fat score in three bird species was strongly related to the decision to make the Gulf of Mexico 

crossing and that birds with higher fat scores crossed more successfully across the gulf.  

Spring migration timing was also impacted by the distance martins traveled during spring 

migration. Even departing from the same nonbreeding area and arriving at the same breeding 

site, migratory birds can travel different distances by taking different migration routes (Fraser et 

al. 2013b), or drift due to wind (Newton 2008). For each kilometer purple martins travel overall 

on spring migration, they were later in crossing the both the Tropic of Cancer and arriving at the 

breeding site. The breeding range of purple martins spans a large latitudinal gradient. With 

several studies finding high migratory connectivity in purple martins, most of the birds 

overwinter in the same geographic area (Amazon basin of Brazil and Bolivia: Fraser et al. 2012, 

Fraser et al. 2017). This results in birds from northern breeding colonies traveling much further 

than southern breeding birds. In this study birds breeding in Alberta traveled on average 4050 km 

further than birds breeding in Florida. Per the model estimate, it would take a bird from Alberta 

14 days longer to arrive at its breeding site than a bird from Florida. Flying farther uses more 

energy, which could result in different migration pacing and/or may also mean more stopovers 

are needed to refuel.  

Another factor that may be relevant with regards to endogenous migratory control and 

migratory distance for long-distance migrants is the inability to predict the conditions at the 
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breeding grounds from the wintering site (Newton 2008, Fraser et al. 2013a). The purple martins 

in this study traveled on average across two continents from the Amazon basin in South America 

to the breeding grounds from Florida to Alberta. Environmental cues at the breeding grounds 

would only add variation near the very end of their migration (Conklin et al. 2013, Fraser et al. 

2013a), at which point they may be too time-constrained to be able to adjust by flying faster 

(Fraser et al. 2013a).  

In both top models the coefficients of the weather variables showed a weak effect of 

weather on the migration timing of purple martins, as they were included in the top models but 

individual variable estimates did not show consistent trends. In both models birds generally 

arrived later when they stopped over with higher wind speeds, and wind speed impacted the date 

passing the Tropic of Cancer more strongly than the arrival date at the breeding site. Birds may 

stopover when winds are strongest, as it would be energetically costly to fly in those conditions 

and birds may need to stopover longer to refuel (Liechti 2006, Newton 2008). When 

investigating departure decisions during fall migration across the Gulf of Mexico, Deppe et al. 

(2015) found that three species crossed the Gulf of Mexico significantly faster when wind profit 

(how favorable winds were for crossing the Yucatan Peninsula) was high. The response to wind 

was also variable, possibly due to the difference in impact on migration between headwinds and 

tailwinds on birds. A study of nocturnally migrating European birds have found that migrants do 

not change their airspeed or ground speed with wind direction, instead suggesting that birds rely 

on powered flight so that they can avoid the delays associated with waiting for specific wind 

conditions (Alerstam et al. 2011).  

The impact of NDVI on purple martin migration was weak but positive at the Tropic of 

Cancer and at arrival at the breeding colonies, while the impact of precipitation on martins was 
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weak but negative at both time periods. Central America and Mexico are at the end of the dry 

season as purple martins are passing through on spring migration (Janzen 1967), thus 

precipitation events could lead to better habitat conditions and more food resources along the 

migration routes resulting in less time spent at stopovers to replenish food resources. The impact 

of precipitation on migration can be variable depending on the length and severity of the 

precipitation event (Erni et al. 2002), so while prolonged rain may disrupt migration birds may 

still fly after a brief heavy rainstorm. As I used total daily precipitation my results do not 

differentiate whether the precipitation event was prolonged or brief. The negative relationship 

between NDVI may be due to the fact birds may spend longer stopped over if the habitat is of 

higher quality, as seen with long distance migrants in Africa (Thorup et al. 2017). NDVI has 

been linked to food availability for insectivorous birds (Sanz et al. 2003 and Szép et al. 2006). 

Stopping over in areas of high NDVI may be providing martins with a higher quantity and 

quality of food to refuel with.  

As the weather at stopovers had little impact on spring migration timing and repeatability 

of migration timing was high, it may be that purple martins have a time-selected migration 

strategy (Alerstam and Lindström 1990). Purple martins have age-dependent arrival timing, with 

adult birds arriving earlier than subadult birds (Morton and Derrickson 1990). The advantage to 

early arrival would be a competitive advantage through the first pick of nest-cavities and mates 

(Morton and Derrickson 1990) relating to breeding success through lessened nest predation 

(Morton and Derrickson 1990), multiple mates (Brown 1975), and/or higher parental care 

(Brown 1979, Stutchbury 1991). Additionally, it would be less beneficial for subadult birds to 

arrive earlier compared to adult birds, as they have lower parental success (Morton et al. 1990, 

Morton and Derrickson 1990) to offset the risk of earlier arrival (poor weather, large energy 
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expenditures), however I did not see any impact of age or sex in my study. Also, as diurnal 

migrants, purple martins must balance migratory flight and foraging into the same period 

(Newton 2008). Strandberg and Alerstam (2007) have suggested that swallows may use a fly-

and-forage strategy on migration, which would reduce need to stopover in general (Nilsson et al. 

2013) and allow for a time-selected migration strategy. Birds may also employ pre-migratory 

fattening (obtaining large fuel reserves prior to migration) allowing them to complete migration 

faster and without energy constraints (Nilsson et al. 2013). Additionally, in the spring migratory 

birds experience longer day length than on autumn migration which may give birds more time to 

forage especially at high latitudes (Bauchinger and Klaassen 2005) such as Canada and parts of 

the United States of America. As purple martins are diurnal migrants, longer daylight hours 

reduce the need to trade-off between migration and foraging, and thus the quality of the stopover 

habitat may become less important. Selection therefore seems to favour migration strategies that 

result in earlier arrival at the breeding sites. 

Conclusion 

The timing of arrival at the breeding grounds for purple martins is critical to be able 

compete for mates and nest cavities, and to time nesting to match spring phenology (Newton 

2008, Walther et al. 2002). With the ongoing impact of global climate change, spring phenology 

in the northern hemisphere is advancing and local weather is becoming more variable (IPCC 

2014). If migration timing is phenotypically plastic birds may be able to more quickly respond to 

changing conditions and successfully match their arrival at the breeding grounds to spring 

phenology, than through evolved responses (Charmantier and Gienapp 2014, Knudsen et al. 

2011). However, in purple martins I found that in spring migration the date passing the Tropic of 

Cancer and arrival at the breeding grounds was largely controlled by the departure date from the 
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nonbreeding grounds and the spring migration distance, with minimal impact from 

environmental variables. As well, purple martins have repeatable spring migration timing during 

departure from the breeding grounds, passing the Tropic of Cancer, and arrival at their breeding 

colonies. These results provide strong evidence for individual migration schedules that may limit 

flexibility to new conditions with climate change. However, whether this will contribute to 

timing mismatches and further population declines in a warming world requires further 

investigation.  

Since departure date predicted most of the variation in spring migration timing future 

research should focus on investigating factors that control or constrain departure timing. 

Research is needed on the impact of photoperiod experienced by purple martins as nestlings and 

how this impacts their annual timing as adults (Both 2010). Additionally, research into how 

artificial light impacts migration timing at both the breeding and nonbreeding grounds is needed 

as purple martins are highly associated with humans (Brown and Tarof 2013) and artificial light 

is pervasive world-wide (Falchi et al. 2016). Due to the time constraints in the yearly cycle of 

long-distance migrants, investigating repeatability and the impact of consecutive stages across 

the entire annual cycle and the impact of carry-over effects may be important in understanding 

variation between individuals and across populations. Other ways of adapting individual 

migration schedules to climate change such as epigenetic and micro-evolutionary responses may 

also be important to investigate, due to the lack of flexibility to weather en route during spring 

migration. 
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Table 1.1 Purple martin (Progne subis) geolocator deployment sites across the breeding range 
from 2007-2015 (spring migrations from 2008-2016). Geolocators (British Antarctic Survey, 
models MK10, MK12, MK14, MK20 or MK5490) were attached to the birds with backpack-
style harnesses at 22 breeding colonies in 11 states/provinces. 

Location Latitude Longitude Geolocators 
Retrieved* 

Geolocators used 
in study* 

Years deployed 

AB 
 

52.68 -113.51 38 28 2012-2015 
53.02 -112.83 10 8 2013-2014 

FL 
 

28.37 -81.59 33 31 2013-2015 
26.15 -81.75 3 2 2013 

MB 50.17 -97.13 3 3 2014-2015 
49.73 -97.13 8 8 2014-2015 
49.83 -96.98 5 5 2015 
49.78 -97.17 2 2 2015 

MN 
 

46.36 -94.19 4 3 2011-2013 
46.16 -93.73 4 3 2011-2013 
45.12 -95.05 4 2 2011-2013 
45.28 -92.99 2 1 2011 

NJ 46.39 -74.03 13 6 2011-2012 
PA 41.8 -80.09 65 38 2007-2013 
SD 

 
43.55 -96.70 6 4 2011-2012 
45.61 -98.31 21 8 2011-2014 

TX 
 

27.70 -97.41 21 3 2009, 2013 
35.04 -101.933 13 4 2013, 2015 

VA 38.36 -77.15 51 17 2010-2015 
SC 33.89 -80.39 27 4 2012-2014 
ON 

 
42.60 -82.53 7 4 2014 

 45.33 -75.72 4 4 2014 
*Contains individuals tracked in one year and repeat-tracked in multiple years
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Table 1.2 Models selection tested with ΔAICC<7 used to evaluate factors influencing the arrival day of year of purple martins at the 
Tropic of Cancer (23.4o latitude) and at arrival at their breeding colonies during spring migrations from 2008-2016. Weather variables 
were averaged across spring migration stopovers for each bird. 

Tropic of Cancer Log 

Likelihood 

AICC ΔAICC AICC Weight 

NDVI + Wind Speed + Precipitation + Migration Distance + Departure Date -502.97 1029.8 0.00 0.64 

Departure Date + Migration Distance -506.97 1030.9 1.14 0.36 

Departure Date -518.87 1052.5 22.71 0.00 

Migration Distance  -599.67 1214.1 184.29 0.00 

Wind Speed + NDVI + Precipitation -600.11 1219.5 189.67 0.00 

Null -604.02 1220.6 190.81 0.00 

Breeding Colony     

Departure Date + Migration Distance -517.65 1052.3 0.00 0.80 

NDVI + Wind Speed + Precipitation + Migration Distance + Departure Date -515.63 1055.1 2.79 0.20 

Departure Date -537.97 1090.7   38.41 0.00 

Migration Distance  -607.32 1229.4 177.11 0.00 

Null -615.08 1242.7 190.45 0.00 

Wind Speed + NDVI + Precipitation -612.03 1243.3 191.01 0.00 

*All models contained Age and Sex as fixed effects and Year and Breeding Colony as random effects to account for non-

independence of measurements within sites and years
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Table 1.3 Zero-method (full) averages of model coefficients from model averaging for ΔAICC>7 
for factors influencing the arrival day of year of purple martins at the Tropic of Cancer and their 
breeding colonies (See Table 1.2) during spring migrations from 2008-2016. Coefficients are 
zero-centered and have a standard deviation of unity to allow for comparisons of the strength of 
coefficients within the models. Weather variables were averaged across spring migration 
stopovers for each bird. 

Tropic of Cancer β SE β z-value Confidence Interval 

Intercept 107.12 1.57 67.68 104.01, 110.22 

Wind Speed -0.52 0.59 0.87 -1.92, 0.30 

NDVI 0.37 0.54 0.69 -0.56, 1.72 

Precipitation -0.45 0.55 0.82 -1.77, 0.35 

Migration Distance 4.13 0.78 5.28 2.60, 5.66 

Departure Date 31.17 0.88 36.37 30.44, 33.90 

Breeding Colony     

Intercept 112.68 2.08 53.73 108.42, 116.63 

Wind Speed -0.03 0.26 0.14 -1.26, 0.91 

NDVI 0.07 0.29 0.24 -0.78, 1.50 

Precipitation -0.13 0.35 0.37 -1.68, 0.40 

Migration Distance 6.19 0.88 6.97 4.45, 7.94 

Departure Date 30.24 1.22 24.68 27.84, 32.64 

*All models contain Age and Sex as fixed effects. Year and Breeding Colony were included as 
random effects to account for non-independence of measurements within years and sites 
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Table 1.4 Unstandardized model coefficients predicting the impact of fall migration departure 
date from the breeding grounds on the spring arrival date at the breeding grounds for purple 
martins (n=158) tracked with geolocators collecting spring migrations from 2008-2016. 

 B SE t-values Confidence Intervals 
Intercept -18.80 22.35 -0.84 -65.34, 25.60 
Fall Departure Date 0.57 0.09 6.21 0.39, 0.77 
Age (Adult) -1.49 2.02 -0.74 -5.45, 2.46 
Sex (Female) -0.27 1.68 -0.16 -3.55, 3.01 
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Table 1.5 Unstandardized zero-method (full) averages of model coefficients from model 
averaging for ΔAICC>7 for factors influencing the arrival day of year of purple martins at the 
Tropic of Cancer and their breeding colonies (see Table 1.2) during the spring from 2008-2016. 
Weather variables were averaged across spring migration stopovers for each bird. 

Tropic of Cancer B SE z-value Confidence Interval 

Intercept 14.06 3.66 3.85 6.90, 21.24 

Wind Speed -4.53x10-4 1.13x10-2 0.04 -0.45, 0.07 

NDVI 4.05x10-5 1.17x10-3 0.04 -0.02, 0.05 

Precipitation -3.28x10-4 8.44x10-3 0.04 -0.34, 0.07 

Migration Distance 2.22x10-3 4.33x10-4 5.09 1.36x10-3, 3.08x10-3 

Departure Date 0.86 0.02 35.31 0.82, 0.91 

Age (Adult) -2.38 1.33 1.78 -5.02, 0.25 

Sex (Female) -0.37 1.12 0.33 -2.57, 1.84 

Breeding Colony     

Intercept 15.07 4.76 3.14 5.66, 24.49 

Wind Speed 1.41x10-5 2.53x10-3 0.01 -0.30, 0.22 

NDVI 3.56x10-6 3.65x10-4 0.01 -0.02, 0.04 

Precipitation -4.25x10-5 2.99x10-3 0.01 -0.33, 0.08 

Migration Distance 3.43x10-3 4.88x10-4 7.00 2.46x10-3, 4.40x10-3 

Departure Date 0.81 0.03 24.7 0.75, 0.88 

Age (Adult) -2.05 1.31 1.56 -4.63, 0.54 

Sex (Female) -0.63 1.09 0.57 -2.79, 1.53 

*Year and Breeding Colony were treated as random effects to account for non-independence of 
measurements within sites and years 
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Table 1.6 Adjusted repeatability estimates and 95% credibility intervals for nonbreeding 
departure (n=61 migration tracks), crossing the Tropic of Cancer (n=57 migration tracks) and 
arrival at the breeding site (n=61 migration tracks) during spring migration (2008-2016). 
Individuals were tracked for two spring migrations, except one individual tracked for three 
spring migrations. Estimates and credibility intervals were calculated using MCMCglmm 
(Hadfield 2010*), controlling for non-independence of year and individuals within breeding 
colonies as random effects. Uninformed prior distributions (V=1, nu=0.002) were used for all 
variables. 

 Adjusted Repeatability 95% CI 

Nonbreeding Departure 0.70 0.29, 0.89 

Tropic of Cancer 0.77 0.58, 0.93 

Breeding Arrival 0.66 0.13, 0.84 

*Hadfield, J. 2010 MCMC methods for multi-response generalized linear mixed models: the 
MCMCglmm R package. J. Stat. Softw. 33(2): 1-22 
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Figure 1.1 Map of breeding sites of purple martins tracked with geolocators on spring migration 
between 2008 and 2016. Squares represent colonies where individuals were tracked during one 
spring migration, while stars represent colonies where individuals were repeat-tracked during 
two or more spring migrations. 
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Figure 1.2 The impact of independent variable of departure from the wintering grounds (day of 
year = DOY) on (a) the date crossing the Tropic of Cancer (ToC), and on (b) the arrival date at 
the breeding grounds of purple martins tracked with geolocators in the spring from 2008-2016. 
The trend line has a 95% confidence interval. Regression lines on the above models are for the 
purpose of illustration. Results in text and Table 1.5 are based on linear mixed models with year 
and colony as random effects.  
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Figure 1.3 Adjusted repeatability estimates and 95% confidence intervals were for repeatability 
purple martins during spring migration (2008-2016) of nonbreeding departure date (Depart; 
N=61 tracks, 30 individuals), date passing the Tropic of Cancer (ToC; N=57 tracks, 28 
individuals) and breeding arrival date (Arrive; N=61 tracks, 30 individuals) all with two 
observations per individual, except one individual tracking in three years. Estimates and 
confidence intervals were calculated within lme4 controlling for year and breeding colony with 
1000 bootstrap replications. 
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Chapter 2: Can a long-distance migratory songbird shift its 

breeding phenology to keep up with a changing climate?  

Abstract 
With the progression of global climate change, weather patterns and their associated effect on 

environmental conditions are also changing. Mismatched timing between the activities of 

migratory birds and their environment may have important negative consequences on their 

fitness, as the timing of breeding should match the availability of resources for birds to maximize 

productivity. If the timing of breeding is phenotypically plastic to new conditions birds may be 

able to adjust to keep pace with the changing conditions, whereas an evolved response may be 

too slow to prevent the decline of songbird populations. However, the degree to which migratory 

birds can flexibly adjust their timing is poorly known. The purple martin (Progne subis) is a 

Nearctic-Neotropical long-distance migrant and an aerial insectivore; a group experiencing steep 

population declines. I investigated the impact of climate change on the breeding phenology of 

purple martins by using a 20-year data set with 28 000 records of nest timing and fledgling 

number collected by Citizen Scientists, spanning the entire eastern breeding range, from Florida 

to Alberta. I determined that purple martins lay earlier in warmer springs, and fledge more young 

when they lay earlier. I found that selection favoured earlier breeding in most years; however, 

there was not increasing pressure to select for earlier breeding over the 20-year period. These 

results indicate that this species may, to a degree, be able to adjust their breeding timing to 

earlier spring conditions. 
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Introduction 
In recent years global climate change has been differentially impacting organisms 

through changes in local weather. Migratory animals, such as birds, can be impacted by climate 

change through mismatches in timing with environmental conditions as they move through time 

and space. This can have detrimental impacts on the resources needed during energetically 

demanding times in the seasonal cycle, such as the breeding season, due to the costs of producing 

and providing for offspring (Kelly et al. 2013). If birds arrive and commence breeding too early 

at the breeding grounds compared to the local environmental conditions, they risk facing adverse 

weather conditions and low food abundances that could result in lower survival (Newton 2008, 

Visser et al. 1998). In addition to the thermoregulatory cost of cold, early spring temperatures, 

there are higher energetic costs to egg laying (te Marvelde et al. 2012) and incubation (De Heij et 

al. 2008) at cooler temperatures.  However, timely arrival at the breeding site after spring 

migration is important for birds to be competitive for prime mates and territories at the breeding 

grounds (Lozano et al. 1996, Kokko 1999, Smith and Moore 2005), allowing higher survival of 

offspring and better breeding success. As well, early nesting birds may have the opportunity to 

re-nest, if the first nest failed (Lozano et al. 1996) or in some species to fledge a second brood 

(Townsend et al. 2013). 

Warming temperatures are advancing spring phenology (Parmesan and Yohe 2003, 

Schwartz et al. 2006) causing cascading effects through trophic levels (Both et al. 2009). In 

aerial insectivores warming temperatures could result in the earlier emergence of insects 

(Parmesan 2006) causing a mismatch between the timing of peak energetic requirements and the 

abundance peak of prey, if birds do not adjust their phenology to match that of their prey (Visser 

et al. 1998, Both et al. 2009). If birds are not able to advance the timing of their nesting during 

years with earlier springs, then they may not overlap the breeding period with peak food 
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abundance (Newton 2008), leading to decreased fitness with fewer eggs laid, lower nestling 

survival, or an increased chance of mortality on autumn migration due to poor body condition at 

departure (Newton 2008). Additionally, to offset this cost, it is hypothesized that insectivorous 

birds match the timing of the breeding season to the time of peak prey abundance (Lack 1968, 

van Noordwijk et al. 1995). 

Heritability of laying date in songbirds has been seen to range from 0.33 in pied 

flycatchers (Ficedula hypoleuca; Visser et al. 2015), 0.19 in collared flycatcher (Ficedula 

albicollis; Sheldon et al. 2003) to 0.16 in great tits (Parus major; McCleery et al. 2004) showing 

that genetic variation has influenced the variation between individuals, but with possibility of 

considerable environmental influence. However, genetic responses alone have been postulated to 

be too slow to advance egg-laying dates adequately to environmental conditions in the face of 

current rates of climate change, leading to possible population decline (Charmantier et al. 2008, 

Charmantier and Gienapp 2014). Phenotypic plasticity may allow a faster response to climate 

change than genetic adaptation, if birds can modify the timing of egg-laying so that prey peaks in 

abundance when birds need large amounts of resources. Additionally, breeding time could be 

constrained by the annual migration cycle where spring arrival at the breeding site cannot be 

adjusted due to time constraints or carry-over effects (Knudsen et al. 2011), leading to 

constraints on the timing of breeding and egg-laying. 

Long-distance migrants are experiencing stronger population declines than birds that 

migrate shorter distances (Both et al. 2010, Nebel et al. 2010). Both et al. (2010) examined long-

distance migrants, short-distance migrants and resident birds in European forests and found 

stronger population declines in long-distance migrants as compared to short-distance migrants or 

residents in the same habitat. Goodenough et al. (2011) studied pied flycatchers and blue tits 
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(Cyanistes caeruleus), concluding that the flycatchers (the long-distance migrants) did not 

change their breeding phenology while the resident blue tits advanced their breeding timing. Part 

of this trend may be that short-distance migrants spend the nonbreeding season closer to their 

breeding grounds than long-distance migrants, and therefore may be more flexible to changes in 

spring phenology or able to act on signs of earlier springs without being confined to a tight 

migration schedule (Knudsen et al. 2011, Pulido and Widmer 2006). Indeed, other resident 

species such as the great tit and other populations of blue tits have been found to be 

phenotypically plastic and able to adjust their breeding to track spring phenology (Charmantier et 

al. 2008, Matthysen et al. 2011).  

There is evidence for selection for earlier breeding across time in Nearctic-Neotropical 

and Palearctic-African birds (Visser et al. 2012, Townsend et al. 2013). However, the impact that 

this has on the interaction between breeding phenology and the environment varies greatly. For 

some species there is an adaptive mismatch between the measure of spring phenology and 

breeding phenology, where reproductive success is highest when breeding timing is 

asynchronous with peak resource abundance (Lany et al. 2016) or where the fitness costs of 

reproduction earlier in the spring do not make up for the fitness benefits of matching 

reproduction to prey phenology (Visser et al. 2012). Other birds are mismatched and 

reproductive output declines (Sanz et al. 2003, Goodenough et al. 2011), and still others have 

been able to shift breeding phenology to keep up with the changing climate (Visser et al. 2012, 

Townsend et al. 2013). These studies listed examine one or a few populations of breeding birds, 

extrapolating the results to populations across the breeding range or examine multiple bird 

species in a relatively small geographic area. There have been few continent-wide studies of bird 

breeding phenology conducted previously. Dunn and Winkler (1999) studied a short-distance 
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migrant, the tree swallow (Tachycineta bicolor) across North America and found that the egg-

laying date advanced nine days from 1959-1991, with the advancement associated with 

increasing air temperature during the study period. Both et al. (2004) examined pied flycatchers 

across their breeding range in Europe and found that increases in spring temperature were not 

consistent across the breeding range, and that flycatchers advanced their laying date more 

strongly in areas with greater temperature increases.  

There have been no studies at the breeding range-wide scale on the phenotypic plasticity 

of laying date (date the first egg is laid) in long-distance Nearctic-Neotropical migrants to the 

increasing temperatures experienced across North America. However, in two single population 

studies of a North American long-distance migrant (over-winters in the Caribbean), the black-

throated blue warbler (Setophaga caerulescens), results indicated that this species adjusted its 

breeding phenology to keep pace with spring temperatures at the study site (Townsend et al. 

2013, Lany et al. 2016). However, many other Nearctic-Neotropical species are showing steep 

population declines, with some migrating further than the black-throated blue warbler to Central 

and South America, and there is currently little information on their ability to adjust their 

breeding timing to the impacts of climate change at the breeding grounds. 

My study species, the purple martin (Progne subis subis) is a long-distance migrant, and 

thus is expected to be more impacted by climate change than the tree swallow and, as a Nearctic-

Neotropical migrant, will be facing different regional aspects of climate change than the pied 

flycatcher (a Palearctic-African migrant). As a functional group, aerial insectivores have the 

fastest population declines of any songbirds in North America (Smith et al. 2015). Considering 

that aerial insectivore-insect mismatches have contributed to population declines in other 

systems (Both et al. 2004), it is thus imperative to understand whether purple martins are under 



 

61 
 

environmental pressure for earlier breeding, and if they can advance their laying dates. 

Additionally, the breeding range of purple martins spans a large degree of latitudes, and climate 

change is predicted to differentially warm northern latitudes more than southern latitudes 

(Romero-Lankao et al. 2014). As this trend of differential warming is predicted to continue 

(Romero-Lankao et al. 2014), it may result in a stronger advance in the timing of breeding by 

more northern purple martins, as northern latitudes demonstrate more seasonality than southern 

latitudes in North America (Saino et al. 2011). 

My objective was to examine the effects of historical weather patterns on the breeding 

phenology of purple martins using a 20-year, 28 000 record data set for nesting phenology and 

productivity for breeding colonies from across North America (Table 2.1). Due to the large 

latitudinal variation in the eastern breeding range of purple martins, they are an excellent species 

to study how the strength of seasonality impacts breeding phenology.  

My first hypothesis is if the laying date is phenotypically plastic to environmental 

variation then the timing of laying date should vary with environmental conditions. If this 

hypothesis holds true, then during years with earlier springs (denoted by warmer temperatures), 

the timing of laying date should be earlier, and there should be selection for earlier breeding. My 

second hypothesis is that if the strength of selection varies by latitude due to differential 

warming caused by climate change then there should be stronger selection happening at more 

northern breeding populations compared to populations in the central and southern portions of 

the breeding range. From the second hypothesis, I predict that the strength of selection on earlier 

lay date should increase at higher breeding latitudes as higher latitudes have higher rates of 

warming (Romero-Lankao et al. 2014). 
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Methods 
Data Collection: Nest phenology and temperature data 

Purple martins are colonial cavity nesters on the breeding ground and the eastern 

subspecies of purple martins examined in this study (P. subis subis) nest exclusively in human-

supplied housing. Purple martins typically lay a clutch size of 3-6 eggs although mean estimates 

vary across the range (Brown and Tarof 2013). Martin house cavities were surveyed every five to 

seven days during the breeding season. The laying date and number of young fledged were 

recorded among other variables according to the Purple Martin Conservation Association 

(PMCA)’s “Project Martinwatch” guidelines (PMCA 2017). Over 72 000 records were collected 

over a period of 20 years from 1995-2014 by Citizen Scientists through Project Martinwatch 

across the purple martin’s North American breeding range. As adult purple martins lay earlier 

and may have larger clutch sizes (Finlay 1971, Brown 1978b) than subadult martins, I used 

records that included the age of the breeding pairs and complete nesting data, which resulted in 

28 165 breeding pairs available for this analysis (Figure 2.1). Sample sizes varied from year to 

year, ranging from 211-2101 nest records each year. Purple martins are generally single brooded, 

but may lay a replacement clutch if they experience early nest failure (Brown and Tarof 2013), 

and double broods occur rarely and only in the southern-most part of their range (Brown 1978a, 

Brown and Tarof 2013). To ensure only true first-clutch records were used in the analysis, 

records with a range of dates for laying date and records labeled as re-nests were removed. Each 

year’s records were examined for outliers caused by incorrect recording or data entry by 

examining dot plots in R (R Core Team 2017). The database contained town, state and zip 

codes/postal codes which were used to geocode latitude and longitude in decimal degrees for 

each colony. Locations were then transformed using the North American equidistant conic 
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projection in ArcMap version 10.2 (Esri 2013) so that distance between sites could be calculated 

considering the earth as an ellipsoid.  

Mean temperatures from the provinces and states within the purple martins’ breeding 

range were used to determine if spring was arriving earlier each year (shown by increasing 

temperature) during the purple martins’ lay date ranges. Air temperature has been shown to 

impact the reproductive biology of several North American swallow species (Brown and Brown 

1999, Dunn and Winkler 1999). Visser et al. (2009) determined that temperature had a direct 

effect on the breeding timing in great tits and warming temperatures impacted the laying date for 

Ficedula flycatchers across Europe (Both et al. 2004). Additionally, air temperature is important 

in insect emergence and development (Bale et al. 2002, Damos and Savopoulou-Soultani 2012) 

and is one of the most important drivers of climate change impacts on insects (Bale et al. 2002), 

the prey of purple martins. Average monthly temperature data were used for each year and U.S. 

state from NOAA (NOAA U.S. Time Series 2016) where the purple martin breeding range 

spanned the entire state. Average monthly temperature for the city centermost to the purple 

martins’ range (Environment Canada Monthly Climate Summaries 2016) was used for Canadian 

provinces (as the purple martin breeding range does not contain any whole province).  

As the purple martin’s breeding range encompasses a wide latitudinal gradient, colonies 

at different latitudes breed at different times. To account for this gradient in the analysis of 

selection differentials, colonies were classified using the Kӧppen-Gieger Climate Classification 

(KGCC) updated by Peel et al. (2007; Figure 2.1). Temperature during the breeding period was 

determined as the average temperature over the three months of laying dates for each climate 

classification. The KGCC classifies the earth into climate zones based on vegetation cover 

(Kottek et al. 2006, Peel et al. 2007). In the purple martin breeding range, the three KGCCs are 
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differentiated primarily by latitude into three groups: Dfb (Northern latitudes: cold, no dry 

season, warm summer), Dfa (Central latitudes: cold, no dry season, hot summer) and Cfa 

(Southern latitudes: temperate, no dry season, hot summer; Peel et al. 2007). The laying date 

period in the northern section of the breeding range (KGCC: Dfb) is May-July, while the laying 

date period in the central and southern sections of the breeding range (KGCC: Dfa and Cfa 

respectively) is April-June. I examined temporal change in temperature over time both across the 

breeding range, and within each KGCC. A linear regression was used to examine the relationship 

between temperature across the 20-year study period to examine the changes in temperature 

across the Purple Martin’s breeding range from 1995-2014.  

Analyses of temperature, laying date and number of young fledged 

I assessed the impact of temperature on laying dates (Poisson distribution) and the 

number of young fledged (Poisson distribution), as well as the impact of the laying date on the 

number of young fledged (Poisson distribution) using generalised linear mixed models (lme4, 

Bates et al. 2015) with predictors centered with a mean of zero and standard deviation of unity. 

When laying date was the response variable, the earliest laying date is given a value of zero, with 

the dates numbered consecutively from there. The age of the female and male breeders was 

included in these models, as parent age impacts laying date (Finlay 1971) and may impact the 

number of young fledged (Finlay 1971, Brown 1978b). Pairs were classified as subadult males 

mated to subadult females, subadult males mated to after adult females, adult males mated to 

subadult females and adult males mated to adult females. It was assumed that any offspring in a 

specific nest cavity are the offspring of the social pair who were sighted at that cavity, as both 

males and females are territorial (Brown 1979, Brown and Tarof 2013) and will remove intruders 

of both sexes from the occupied cavities and porches (Brown and Tarof 2013). Additionally, 
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longitude and latitude were included in all models. In models that included temperature or laying 

date the interaction between latitude/longitude and temperature or latitude/longitude and laying 

date were also included. Year and location (latilong block; Dunn and Winkler 1999, Winkler et 

al. 2002) were included as categorical random-intercept effects in all models. The use of random 

effects minimizes the non-independence of data records examined in the same years and areas. 

Models including mixed effects had lower AIC than models that did not include mixed effects. 

Parameter estimates are standardized with a mean of zero and standard deviation of unity and are 

given on log scales (Poisson distribution). In all three models there were a total of 28,165 

observations with 260 latilong blocks over 20 years. Variables were considered to be 

uninformative if their 95% confidence intervals (CI) bounded zero (Arnold 2010). 

Strength of selection 

To measure the strength of selection on laying date, I calculated selection differential 

estimates on laying date following the regression approach of Lande (1979) and Lande and 

Arnold (1984), where the selection differential is the slope of the line between relative fitness 

and the phenotypic trait (laying date). Relative fitness was calculated annually by dividing the 

number of young fledged per nest by the average number of young fledged across all nests. The 

number of young fledged per nest each year was used as a measure of fitness rather than number 

of recruits seen the next season (Charmantier et al. 2008), as purple martins have low return rates 

to their natal colonies as subadult individuals. 

Selection differentials were calculated for each year across the breeding range. 

Additionally, to look for different patterns across the breeding range I also calculated selection 

differentials for each KGCC within each year. Negative selection differentials show selection for 

earlier laying, and positive selection differentials show selection for later laying, with the 
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magnitude of the selection differentials indicating the magnitude of selection. As clutch size is 

hypothesized to exhibit spatial autocorrelation across latitude (Lack 1968), Moran’s I was used 

to check for the presence of positive spatial autocorrelation in relative fitness (young fledged per 

nest) for each year of the data set.  

To account for any unmeasured spatial variables, and thus the resulting autocorrelation, 

distance-based Moran’s eigenvector maps (dbMEM) were used (Borcard and Legendre 2002). 

The dbMEMs were run on each year of nest records with the R package PCNM (Legendre et al. 

2013) to obtain variables that represented the spatial autocorrelation in the response variable 

(relative fitness). The calculation of dbMEM variables is described in detail in Borcard et al. 

(2011) and Legendre and Legendre (2012). The dbMEM process computes eigenfunctions that 

correspond to spatial patterns at varying spatial scales and directions. Eigenfunctions with large 

Moran’s I represent large spatial scales, represent smaller and smaller spatial scales as the 

eigenfunctions decrease. The variables produced by the dbMEMs were used as additional 

predictor variables in a regression to control for spatial autocorrelation within years. New sets of 

dbMEM were calculated for each year and KGCC, as spatial autocorrelation may be caused by 

varying processes (such as weather). Through use of the PCNM method spatial autocorrelation 

can be explicitly accounted for at a fine scale and take into account only how relative fitness is 

changing by year in linear mixed models. 

Linear mixed effects regressions were run for each year and each year within KGCCs 

using the package lme4 (Bates et al. 2015) to calculate the selection differentials (Table 2.3). The 

number of observations and the number of groups (breeding colony) varies by year and KGCC. 

The models used the significant dbMEM variables as additional predictor variables and breeding 

colony as a random effect to account for differences in how martin landlords may manage their 
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colonies. The selection differentials were variance-standardized annually to make them 

comparable to literature values.  

Once selection differentials for each year were calculated, a linear regression was used to 

assess the impact of temperature and location (averaged across breeding range compared to 

north, central or southern parts of the breeding range) on the selection differentials. Selection 

differentials that had 95% confidence intervals bounding zero were still used in the analysis (see 

Table 2.3 for values). 

To determine the repeatability of laying date at the individual level, we also examined an 

additional data set (n=28 individuals) of only adult banded individuals whose laying date was 

recorded for two years each. To identify changes in laying date, the date in year one was 

subtracted from year two. The same procedure was done for the temperature between years. This 

resulted in a laying date interval (positive if bird laid earlier the second year) and a temperature 

interval (positive if temperature was cooler second year). The impact of the temperature interval 

on the laying date interval was examined with a linear model, accounting for sex of the bird. 

All statistics were done in R version 3.4.0 (R Core Team 2017) and model suitability and 

assumptions were checked graphically though QQ-plots and residual plots (Zuur et al. 2009).  

Standardized parameter estimates (β) are given as means with ±standard error, except where 

noted. Confidence intervals (CI) are calculated at 95%. Averages are given with one standard 

deviation. To avoid the effects of collinearity among fixed effects variables, the variance 

inflation factor limit was set at 3.3 (correlation of 0.7; Dormann et al. 2013). 

Results 
Temperature 
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The analysis of temperature change during the study period revealed mean temperatures 

were increasing 0.05±0.01oC/year (t= 3.59, CI= 0.02 to 0.08; Figure 2.2) during the breeding 

period of purple martins (Apr-July) at a breeding range-wide level, with an average temperature 

of 17.54oC. The coldest year was in 1997 (15.95oC) and the warmest year was in 2012 (18.69oC). 

Mean annual temperature has been increasing over the last century across North America and the 

warming trend is expected to continue (Romero-Lankao et al. 2014). The temperatures within 

each KGCC differed from the average temperature across the entire range during the laying date 

period. Temperatures in the north were 0.92oC cooler (βNorth= -0.92±0.23, z= -4.11, CI= -1.37 to 

-0.48), central temperatures were 1.83oC cooler (βCentral= -1.83±0.23, t= -8.12, CI= -2.28 to -

1.38), and southern temperatures were 2.75oC warmer (βSouth= 2.75±0.23, t= 12.226, CI= 2.31 to 

3.20) than temperature averaged across the breeding range during the laying period. 

Laying date and temperature 

Laying dates became consistently earlier as temperature increased during the study period 

(βTemperature= -0.09±0.00 days/oC, z=-23.7, CI= -0.10 to -0.09; Figure 2.3a), suggesting that purple 

martins show flexibility in their laying date with temperature. For median laying dates across all 

years at the KGCCs, the south had the earliest laying dates (May 5th), followed by the central 

(May 30th) and northern classifications (June 3rd). As well, the consistent trends of the 

interactions between laying date and longitude and laying date and latitude suggest that the rate 

of change of laying date was stronger in the western and southern parts of the breeding range 

(Table 2.2). Pairs with at least one subadult bird had a later laying date than pairs who were both 

adults and pairs with both male and female birds as subadults had a later laying date than pairs 

with a least one adult individual (Table 2.2). For the 28 birds for which there were two years of 

nesting data, there was no relationship between the intervals of laying date and temperature 
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between the two years (βTemperature= -1.04±1.51, t= -0.55, CI= -4.97 to 2.89). The average 

difference in temperature between the years was -0.56±1.26oC and the average difference in 

laying date was 2.25±9.62 days. 

Number of young fledged with temperature and laying date 

The number of young fledged did not show a consistent trend with temperature over the 

20-year period (βTemperature= -0.01±0.01 eggs/oC, z= 1.04, CI= -0.01 to 0.04; Figure 2.3b). The 

median number of fledglings across all years and in each KGCC was 4.0. However, there was a 

consistent positive trend in the interactions of temperature and longitude as well as temperature 

and latitude (Table 2.2). This suggests that the rate of change of fledgling numbers due to 

temperature was not consistent across the breeding range with the southern and eastern portions 

of the breeding range showing a stronger response to temperature (Table 2.2). Pairs consisting of 

both adult birds fledged more young than pairs consisting of at least one subadult bird, and pairs 

where both birds were subadults fledged the fewest young (Table 2.2).  

A second analysis showed that across the breeding range the number of fledglings per 

nest increased with earlier laying date (βFEDOY= -0.11±0.01 eggs/day, z=-16.90, CI= -0.12 to -

0.10; Figure 2.3c). Once again, pairs with at least one subadult bird fledged fewer young than 

older pairs, and pairs where both birds were subadults fledged fewer young compared to pairs 

with at least one adult bird (Table 2.2). The interaction terms of laying date and latitude and 

laying date and longitude showed consistent trends indicating that the rate of change of numbers 

of young fledged was higher at eastern and northern locations (Table 2.2).  

Strength of Selection 

Selection favoured earlier breeding in 90% of the years (18/20) during the study period at 

the breeding range-wide scale (Figure 2.4a). Positive selection differentials at a breeding range-
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wide scale were seen in 2001 (0.05±0.02) and 2006 (0.01±0.02; Figure 2.4a), which suggests that 

selection was for laying later in those years.  The strongest selection differential for early 

breeding at a breeding range-wide scale was seen in 2012 (-0.31±0.04; Figure 2.4a), which was 

the year with the warmest average temperature during the laying date period (Figure 2.1). The 

mean selection differential across all years was -0.13±0.08. Over the study period, there was no 

consistent trend towards increased selection for early breeding across the entire breeding range 

with temperature? (βTemperature= 0.02±0.03, t= -0.50, CI = -0.08 to 0.05; Figure 2.4b).  

There was no difference between strength of selection at the breeding range-wide scale 

(βAll= -0.13±0.02, t= -5.30, CI= -0.18 to -0.08), compared to the strength of selection in the south 

(βSouth= 0.04±0.06, t=0.64, CI= -0.08 to 0.15), and central (βCentral= -0.01±0.05, t= -0.12, CI= -

0.09 to 0.09) parts of the breeding range (Figure 2.4b). However, the selection differentials for 

the northern part of the breeding range indicates stronger selection for earlier breeding with 

temperature (βNorth= -0.26±0.04, t= -6.96, CI= -0.33 to -0.19; Figure 2.4b). The average variance-

standardized selection differentials for northern breeders was the strongest (Kӧppen-Geiger: Dfb 

= -0.38±0.14), as compared to the average selection differentials from the central (Kӧppen-

Geiger: Dfa = -0.12±0.13) and southern breeders (Kӧppen-Geiger: Cfa= -0.12±0.07). These 

averages indicate that selection is favouring earlier laying dates more strongly at higher latitudes 

(Figure 2.4). 

Discussion 
I found support for the hypothesis that laying date is phenotypically plastic to increasing 

temperatures during the laying date period and that purple martins appear to be adjusting to the 

current warming temperatures that they have experienced over the past 20 years at their breeding 

sites. Overall, I did not find evidence that they are under increasing selection pressure to breed 
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earlier. Purple martins responded to variation in spring temperature, such as during an 

abnormally warm spring (2012) when martins experienced the strongest selection for earlier 

breeding. Further, the number of young fledged increased as laying date became earlier, 

suggesting that breeding earlier may be beneficial for purple martins. I also found support for the 

hypothesis that purple martins breeding at more northern latitudes are under increased pressure 

to breed earlier than average across the breeding range.  

Several other studies with long-distance migratory songbirds have found that they can 

adjust their laying dates with temperature. Some populations of collared and pied flycatchers in 

Europe could adjust their laying date when spring phenology was earlier (Both et al. 2004, and 

Both et al. 2006, Bauer et al. 2010). While temperature was not increasing over the study period, 

the black-throated blue warbler (a North American migrant) could initiate their clutches earlier in 

warmer springs (Townsend et al. 2013) and were not undergoing increasing selection pressure 

(Townsend et al. 2013). The same study population was found to track laying date to spring leaf 

expansion allowing the birds to maximize their reproductive output (Lany et al. 2016). Swallow 

species have also been seen to adjust their laying date with temperature including tree swallows 

(Dunn and Winkler 1999) and cliff swallows (Petrochelidon pyrrhonota; Brown and Brown 

1999). In other populations, the strength of selection has been variable such as in Visser et al. 

(2015) where selection on the timing of reproduction intensified and then weakened. In still other 

populations birds either could not adjust their breeding timing or could not adjust enough to 

adequately respond to changing conditions. This was the case for a number of forest-dwelling 

long-distance migrants studied in Both et al. (2010), for populations of pied flycatchers (Sanz et 

al. 2003, Both et al. 2006, Goodenough et al. 2011), and a number of European long-distance 

migrants in a study by Saino et al. (2011). 
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Many long-distance migratory songbirds in North America and Europe who have 

experienced a shift in spring phenology have either not shifted their laying dates (Visser et al. 

1998, Sanz et al. 2003, Goodenough et al. 2011), or have responded by shifting their laying dates 

earlier, but not enough to match spring phenology (Both and Visser 2001, Saino et al. 2011). For 

purple martins, I found that their lay date is phenotypically plastic in response to earlier springs. 

Selection is consistently favouring earlier breeding during the study period as the selection 

differential was negative in most years across North America and in each climate classification. 

However, there was not a relationship between the strength of selection and either year or 

temperature, suggesting purple martins have adequately adjusted their laying dates. When 

comparing between years on a North American-wide scale, I found that during years with 

warmer springs, birds have earlier laying dates. Taken together, these two results suggest that the 

laying dates of purple martins are phenotypically plastic and can vary their laying dates in 

response to the temperature variation they have experienced over the 20-year study period. Thus, 

purple martins respond similarly to some populations of collard and pied flycatchers in Europe 

and the black-throated blue warbler in North America in addition to the resident or short distance 

migratory birds (Charmantier et al. 2008, Bauer et al. 2010, Both et al. 2010, Goodenough et al. 

2011, Matthysen et al. 2011, Saino et al. 2011), that can adjust their laying date with increasing 

temperature.  

My study mainly examines laying date trends at a large spatial scale, but phenological 

advances may be localized, impacting different populations of the same species in different ways 

(Both et al. 2006). In some studies, the trends in advancing laying date change depended on the 

population being studied, and how their local environment is changing (Visser et al. 2003). For 

example, great tits in the United Kingdom match their laying dates to earlier spring phenology 
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(Charmantier et al. 2008), whereas great tits in the Netherlands are not advancing their laying 

dates, as spring phenology advances (Visser et al. 1998) even though the study periods overlap. 

Visser et al. (2003) found differences in laying date response to temperature across the breeding 

range of great tits. Pied flycatchers also have different responses depending on the population 

with different trends seen across Europe (Both et al. 2004, Both et al. 2006, Bauer et al. 2010, 

Goodenough et al. 2011). In purple martins, there is variation in population trends across the 

breeding range with general population trends declining in the northwest and general population 

trends showing stability or increases in the south (Michel et al. 2016), which may be a result of 

local matches and mismatches to spring phenology. The possibility of heterogeneous population 

responses was also shown in this study by the consistent trends of the interactions between 

temperature and laying date to latitude and longitude in these breeding range-wide models of 

laying date and temperature. The strongest selection differentials were found in the northern 

KGCC, where purple martin populations are showing some of the strongest declines (Michel et 

al. 2016), possibly indicating that temperatures in the northern portion of the breeding range may 

be increasing beyond the ability of purple martins to adjust, and leading to negative fitness 

consequences. Additionally, the results of the analysis of laying dates of the same individuals in 

multiple years did not show laying date responding to temperature changes. This non-response 

could be due to a lack of strong change in temperature at the breeding colonies (or due to the 

data set spanning only two years). Other factors such as land-use changes (Nebel et al. 2010, 

Rioux Paquette et al. 2014, Robillard et al. 2013), historical or present-day insecticide use 

(Nocera et al. 2012, Hallman et al. 2014) and acid rain (Nebel et al. 2010) have been 

hypothesized to contribute differing spatial trends in aerial insectivore decline. My results of 

response of laying date to temperature in combination with other studies in the literature show 
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broad variation in the response to temperature variability across both migratory systems 

(Nearctic-Neotropical and Palearctic-African) and migratory strategies (short- and long-distance 

migrant and resident species), thus, suggesting responses to climate change are likely species- or 

even population-specific and should be examined on a case by case basis. 

The temperatures during the breeding period showed an increased warming trend during 

this 20-year study. Over a longer period, global temperatures have continued to increase (IPCC 

2014) and across North America more severe hot weather events and an increased number of 

frost-free days (Romero-Lankao et al. 2014) are predicted. This suggests that while there was a 

moderate increase in temperature over the course of this study, with no corresponding increase in 

the strength of the selection differentials, this relationship may become significant in the future.  

If temperatures continue to increase and purple martins continually adjust their breeding 

phenology to become earlier to match the spring phenology breeding timing may eventually 

become constrained by their spring migration arrival date, if the arrival date also does not 

advance. This has been seen with a long-distance migrant in Europe, the pied flycatcher, where 

over a period of 20 years laying dates advanced but the spring arrival dates did not (Both and 

Visser 2001). For purple martins, the amount of time between spring arrival and the laying date 

varies by latitude. Southern martin populations have a longer period between arrival and laying 

date than northern populations (Fraser et al. unpub data). In the extreme south of their range 

(Florida) purple martins start arriving mid-January (PMCA 2017), and purple martins tracked 

with light level geolocators (n=36; Fraser, unpublished data) had a median arrival date of Feb 

15th but the median laying date in this study was not until April 10th. In contrast, in the northern 

end of their range, purple martins start arriving in Alberta on May 1st (PMCA 2017), geolocators 

date arrival in Alberta at May 23rd (n=49; Fraser et al. unpub data), and their median laying date 
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is June 11th. This gives northern martins between 19-41 days between arrival and laying date, 

while southern martins have nearly double that time (54-85 days). So, although all populations 

are constrained by the seasonality of the environment and prey populations, northern breeding 

birds are even more so. This may make northern birds the first to respond to warming 

temperature or be negatively impacted by a phenological mismatch. This trend is seen in the 

strength of the selection differentials, with northern birds exhibiting the strongest mean selection 

differentials in the northern part of their breeding range, followed by the central and southern 

areas of their breeding range. 

In addition, there may be a trade-off between laying earlier to match earlier spring 

phenology and fitness trade-offs for the parents. Climate change has resulted in warmer spring 

temperature overall, but temperatures can still exhibit large inter-annual variation. Thus, in 

cooler years there is likely a trade-off between the energetic costs and resources for earlier egg-

laying (Brown and Brown 1999, te Marvelde et al. 2012) and incubation (De Heij et al. 2008) 

with the benefits of earlier breeding. For example, the annual survival of the breeding female in 

cliff swallows increases with later laying date (Brown and Brown 1999). If the negative fitness 

impacts of cooler springs outweigh the fitness benefits of breeding earlier in warmer years, birds 

may benefit less from advancing their laying date than predicted (Visser et al. 2012).  

I did find age effects for both members of the breeding pairs on fledgling numbers and 

laying date, where adult pairs laid earlier and fledged more young, followed by mixed aged pairs 

(adults paired with a subadult) and then subadult pairs. This may indirectly point to the impact of 

experience or body condition on reproduction and fitness in purple martins. Adult purple martin 

males and females consistently arrive earlier at the breeding grounds on spring migration, so they 

may pair up and lay earlier simply due to arriving at the same time. However, it has been 
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hypothesized that birds in good condition may lay more eggs and lay earlier as they have the 

resources available to do so, while birds in poor condition must delay laying date and lay fewer 

eggs (Perrins 1970, and Price et al. 1988, Brown and Brown 1999). Brown and Brown (1999) 

found no relationship between condition and clutch size in cliff swallows but they did determine 

that heavier females laid their clutches earlier. Both female condition and environmental effects 

have been seen to impact nestling weight during different growth stages in tree swallows 

(Wardrop and Ydenberg 2003).  

As temperature did not predict number of young fledged it may have been of lesser 

importance compared to other possible variables. There may be competition between purple 

martins and other invasive cavity nesters such as house sparrows (Passer domesticus) and 

European starlings (Sturnus vulgaris). These invasive species will nest in martin cavities, and 

can harass adults, destroy eggs, and kill chicks (Brown and Tarof 2013).  

Many studies use prey phenology, such as peak prey biomass (Visser et al. 1998) to 

investigate the mismatch in timing between birds and their environment. The phenology and 

abundance of their aerial insectivorous prey also likely impact the reproductive ability of 

martins. The emergence, development timing, and activity levels of many insects is cued by air 

and/or water temperature (Willmer and Stone 2004, Harper and Peckarshy 2006, van Asch and 

Visser 2007, Saastamoinen and Hanski 2008, Hansson et al. 2014). Climate warming has caused 

some insects to advance their phenologies, such as earlier flight dates for a number of aerial 

insects (Harper and Peckarsky 2006, Hassall et al. 2007, Parmesean 2006), and different trophic 

levels have been observed to respond to climate change at different rates (Both et al. 2009). For 

example, Visser et al. (1998) postulated that the lack of advance in laying-date for great tits 

could be due to other breeding phenology cues not having the same shift as peak caterpillar 
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biomass. So, while purple martins seem adequately adjusted to warming temperatures, they may 

still be mismatched in timing with their prey if the response to warming spring temperatures 

differs between martins and their prey items, even though both are responding to the change in 

climate (Both et al. 2009).  

Additionally, the choice of which environmental variable to consider when determining 

the selection differential can have a large impact on observing the response of a species to 

climate change (Charmantier and Gienapp 2014). Measuring the phenology of the prey species, 

how prey phenology relates to temperature at colony sites across breeding latitudes, and how 

selection differentials change with prey phenology should be a next step in determining how 

purple martins are directly effect by the changing climate. This could be challenging as martins 

consume flying insects but their main prey changes by location and timing (Johnston 1967, 

Walsh 1978, Jones et al. in prep.). 

There were several variables that I was unable to control for with a citizen science data 

set that may be influencing my results. Mainly, I was not being able to account for individual 

effects as birds were not banded. In addition, carry-over effects of weather conditions on the 

nonbreeding grounds (McKellar et al. 2013) or during spring migration (Drake et al. 2014) could 

determine the condition of the martins during the breeding period. However, I would anticipate 

any effects at the individual level or between years, and not generally at the population level, as 

previous work has shown a high degree of overlap in wintering locations for populations across 

the breeding range (Fraser et al. 2012, Fraser et al. 2017). 

Conclusion 
Climate change has impacted the phenology of many species (Parmesan and Yohe 2003, 

Parmesan 2006) and can lead to mismatches between breeding events and optimal environmental 
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conditions in birds (Both and Visser 2001, Knudsen et al. 2011). By examining the breeding 

range-wide laying date in a period when temperatures are increasing this study adds considerably 

to our understanding of the impact of climate change impacts across the North American 

breeding range of a long-distance migratory species. In the case of the purple martin, I found 

evidence for phenotypic plasticity at a breeding range-wide scale as martins adjusted their laying 

date with temperature and there was no increasing selection pressure on birds to breed earlier at 

warmer temperatures. In addition, purple martins fledged more young as the laying date became 

earlier. Overall, this seems to indicate that the breeding phenology of purple martins has kept 

pace with increasing temperature changes. However, temperature has both a direct impact on 

purple martins through energy expenditure, and an indirect impact through determining the 

emergence and development of their prey. To examine if there is indeed a mismatch between 

purple martins and their prey, the phenology and abundance of prey also needs to be modeled 

and compared to breeding phenology. Furthermore, if spring phenology continues to become 

earlier, purple martins may reach a point where they are unable to adequately respond due to 

time constraints during the annual cycle, such as constraints on the arrival date from spring 

migration (Both and Visser 2001). 
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Table 2.1 Purple Martin Conservation Association’s Project MartinWatch colony locations 
across North America from 1995-2014 used in this study. Only colonies in the range of 
subspecies Progne subis subis are included.  

State/Province Sample 
Size 

Years of Martins recorded 

Indiana 2952 1995-2014 
Texas 4096 1995-2014 
Alberta 118 1996-1998, 2001, 2004-2005, 2007, 2009-2011 
Alabama 162 1995-2000, 2002, 2004-2006, 2011, 2013-2014 
Arkansas 698 1997-1999, 2002, 2004-2005, 2007-2011, 2013 
Connecticut 6 2011 
Florida 1941 1995-2014 
Georgia 937 1999-2011 
Iowa 92 1995, 1998-2003, 2005, 2007-2009 
Kansas 1397 1995-2014 
Kentucky 704 1995, 1997-2014 
Louisiana 304 1995, 1997-2003, 2005-2007, 2009-2011 
Massachusetts 58 2003, 2005, 2007, 2009-2011 
Maryland 558 1995-2011, 2013-2014 
Michigan 233 1997-1998, 2000-2003, 2005-2006, 2008-2009, 2012-2014 
Minnesota 1411 1995-2013 
Missouri 1026 1995-2014 
Mississippi 248 1996-1998, 2000-2002, 2006-2007, 2010, 2012-2014 
North Carolina 676 1996-2011 
North Dakota 203 1995, 1997-1998, 2000-2007, 2009-2011, 2013 
Nebraska 291 1996-2001, 2004, 2007-2009, 2011, 2013-14 
New Jersey 959 1998, 2000-2013 
New York 303 1998-2009, 2011, 2013-2014 
Ohio 2082 1995-2011, 2013-2014 
Oklahoma 628 1995-2007, 2009-2011 
Ontario 506 1995-2013 
Pennsylvania 1476 1995, 1997-2011, 2013 
Rhode Island 84 2004, 2006-2008, 2010 
South Carolina 755 1995, 1997-2013 
South Dakota 223 1998-2003, 2005-2006, 2008-2011, 2013-2014 
Saskatchewan 104 1998, 2001, 2009-2010 
Tennessee 1042 1995-2013 
Illinois 748 1995-2014 
Delaware 290 1999, 2002, 2004, 2009-2011, 2013-2014 
Virginia 435 1995, 1997-2012 
Vermont 43 2008-2011 
Wisconsin 448 1995-1998, 2000, 2002, 2005-2014 
West Virginia 8 2005 
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Table 2.2 Fixed-effects model estimates (zero-centered and a standard deviation of unity) of 
generalized linear mixed models examining response variables of laying date and fledgling 
number for 28 165 purple martins. Each models also contains random effects of year (1995-
2014) and 260 latilong blocks (1o latitude by 1o longitude). 
 

Beta (+/- SE) z-value 95% CI 

First-Egg Date 
   

Age (SY female verses ASY pair) 0.08 +/- 0.00 33.7 0.08-0.09 
Age (SY male verses ASY pair) 0.13 +/- 0.00 32.7 0.12-0.14 
Age (SY pair verses ASY pair) 0.18 +/- 0.00 100.2 0.18-0.19 
Latitude 0.15 +/- 0.01 23.9 0.14-0.16 
Longitude -0.02 +/- 0.00 -0.7 -0.02, -0.01 
Temperature -0.09 +/- 0.00 -23.7 -0.10, -0.09 
Latitude*Temperature 0.03 +/- 0.00 10.4 0.02, 0.03 
Longitude*Temperature 0.02 +/- 0.00 -8.3 -0.04, -0.03 
Year 0.00 +/- 0.01 -0.5 -0.03, 0.02     

Number of Young Fledged 
   

Age (SY female verses ASY pair) -0.13 +/- 0.01 -11.95 -0.15, -0.10 
Age (SY male verses ASY pair) -0.10 +/- 0.02 -5.68 -0.14, -0.07 
Age (SY pair verses ASY pair) -0.23 +/- 0.01 -27.09 -0.24, -0.21 
Latitude -0.03 +/-0.01 -1.9 -0.06, 0.00 
Longitude -0.01 +/- 0.01 -1.4 -0.03, 0.01 
Temperature -0.01 +/- 0.01 1.04 -0.01, 0.04 
Latitude*Temperature 0.03 +/- 0.01 3.25 0.01, 0.04 
Longitude*Temperature 0.04 +/- 0.01 5 0.02, 0.05 
Year -0.01 +/- 0.01 -0.87 -0.02, 0.01     

Number of Young Fledged 
   

Age (SY female verses ASY pair) -0.10 +/- 0.01 -9 -0.12, -0.07 
Age (SY male verses ASY pair) -0.05 +/- 0.02 -2.89 -0.09, -0.02 
Age (SY pair verses ASY pair) -0.16 +/- 0.01 -16.60 -0.18, -0.14 
Latitude 0.06 +/- 0.01 6.09 0.04, 0.08 
Longitude -0.02 +/- 0.01 -1.85 -0.03, 0.00 
First-egg date -0.11 +/- 0.01 -16.93 -0.12, -0.1 
Latitude*First-egg date 0.01 +/- 0.00 -2.67 -0.02, -0.00 
Longitude*First-egg date 0.02 +/- 0.01 3.61 0.01, 0.03 
Year -0.01 +/-0.01 -1.20 -0.02, 0.01 
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Table 2.3 Variance-standardized selection differentials for the entire breeding range (All), as 
well as the breeding range broken down into three sections by Köppen-Geiger Climate 
Classifications (Cfa-South, Dfa-Central and Dfb-North; see text for description of climate 
classifications). Models were run with additional variables representing spatial variation from 
distance-based Moran’s eigenvector maps to control for spatial autocorrelation and with colony 
as a random effect. 

Year KGCC Selection 
Differential 

Standard 
Error 

Degrees of 
Freedom 

95% CI 
Low 

95% CI 
High 

1995 South -0.01 0.05 134 -0.11 0.09 
1996 South -0.14 0.05 321 -0.23 -0.04 
1997 South -0.14 0.05 429 -0.23 -0.04 
1998 South -0.14 0.03 545 -0.21 -0.07 
1999 South -0.07 0.04 406 -0.15 0.00 
2000 South -0.13 0.02 1011 -0.17 -0.08 
2001 South -0.08 0.03 915 -0.13 -0.03 
2002 South 0.03 0.03 1003 -0.02 0.09 
2003 South -0.11 0.03 814 -0.16 -0.05 
2004 South -0.10 0.02 1162 -0.14 -0.06 
2005 South -0.10 0.03 938 -0.16 -0.05 
2006 South -0.04 0.03 789 -0.09 0.01 
2007 South -0.09 0.02 899 -0.13 -0.05 
2008 South -0.10 0.04 570 -0.17 -0.03 
2009 South -0.14 0.03 942 -0.20 -0.08 
2010 South -0.19 0.02 1064 -0.24 -0.14 
2011 South -0.16 0.03 1097 -0.21 -0.10 
2012 South -0.28 0.04 347 -0.37 -0.28 
2013 South -0.12 0.04 450 -0.19 -0.05 
2014 South -0.20 0.09 74 -0.39 -0.02 
1995 Central -0.11 0.05 280 -0.21 -0.02 
1996 Central -0.14 0.07 228 -0.29 0.00 
1997 Central -0.15 0.06 350 -0.26 -0.04 
1998 Central -0.17 0.04 609 -0.24 -0.09 
1999 Central -0.14 0.05 428 -0.23 -0.05 
2000 Central -0.10 0.03 604 -0.16 -0.04 
2001 Central 0.18 0.03 844 0.13 0.23 
2002 Central -0.15 0.04 630 -0.23 -0.06 
2003 Central -0.13 0.05 422 -0.23 -0.03 
2004 Central -0.19 0.04 448 -0.27 -0.11 
2005 Central -0.23 0.04 711 -0.31 -0.15 
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2006 Central 0.12 0.04 796 -0.26 -0.04 
2007 Central -0.14 0.04 600 -0.21 -0.07 
2008 Central -0.12 0.04 698 -0.20 -0.05 
2009 Central -0.21 0.04 651 -0.29 -0.13 
2010 Central -0.21 0.07 374 -0.35 -0.07 
2011 Central -0.03 0.06 507 -0.15 0.09 
2012 Central -0.39 0.09 60 -0.56 -0.22 
2013 Central -0.13 0.06 441 -0.24 -0.02 
2014 Central 0.06 0.13 76 -0.19 0.31 
1995 North -0.70 0.18 14 -1.08 -0.31 
1996 North -0.51 0.19 35 -0.90 -0.12 
1997 North -0.57 0.13 78 -0.83 -0.32 
1998 North -0.25 0.09 87 -0.43 -0.07 
1999 North -0.36 0.10 67 -0.57 -0.16 
2000 North -0.12 0.10 118 -0.30 0.07 
2001 North -0.19 0.08 113 -0.35 -0.03 
2002 North -0.36 0.13 125 -0.63 -0.09 
2003 North -0.33 0.08 149 -0.49 -0.17 
2004 North -0.36 0.10 151 -0.56 -0.15 
2005 North -0.47 0.07 185 -0.61 -0.32 
2006 North -0.56 0.11 165 -0.78 -0.34 
2007 North -0.36 0.05 314 -0.45 -0.27 
2008 North -0.40 0.08 208 -0.56 -0.24 
2009 North -0.47 0.05 374 -0.58 -0.37 
2010 North -0.44 0.08 234 -0.59 -0.29 
2011 North -0.30 0.08 259 -0.45 -0.14 
2012 North -0.26 0.11 66 -0.48 -0.04 
2013 North -0.32 0.09 165 -0.49 -0.14 
2014 North -0.32 0.09 163 -0.91 0.06 
1995 All -0.07 0.03 433 -0.13 0.00 
1996 All -0.16 0.04 595 -0.24 -0.09 
1997 All -0.15 0.04 853 -0.22 -0.08 
1998 All -0.16 0.02 1254 -0.20 -0.11 
1999 All -0.10 0.03 908 -0.16 0.05 
2000 All -0.11 0.02 1742 -0.15 -0.08 
2001 All 0.05 0.02 1876 0.02 0.09 
2002 All -0.02 0.02 1771 -0.06 0.03 
2003 All -0.12 0.02 1391 -0.17 -0.08 
2004 All -0.14 0.02 1774 -0.17 -0.10 
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2005 All -0.15 0.02 1822 -0.19 -0.10 
2006 All 0.01 0.02 1759 -0.04 0.05 
2007 All -0.12 0.02 1823 -0.16 -0.09 
2008 All -0.11 0.03 1480 -0.16 -0.06 
2009 All -0.19 0.02 1973 -0.23 -0.14 
2010 All -0.23 0.02 1676 -0.27 -0.19 
2011 All -0.19 0.02 1876 -0.23 -0.15 
2012 All -0.31 0.04 482 -0.38 -0.23 
2013 All -0.15 0.03 1067 -0.20 -0.09 
2014 All -0.16 0.07 177 -0.30 -0.01 
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Figure 2.1 Purple martin breeding range (in grey) with Kӧppen-Geiger Climate Classification 
for North America. The eastern purple martin breeding range (Progne subis subis) covers Dfb 
(dark blue; cold, no dry season, warm summer), Dfa (light blue; cold, no dry season, hot 
summer) and Cfa (olive green; temperate, no dry season, hot summer) climate classifications. 
Each black dot represents a breeding colony monitored by a Citizen Scientist in this study from 
1995-2014. Figure modified from Peel et al. 2007. 
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Figure 2.2 Average temperatures of states and provinces in the breeding range of the purple 
martin (Progne subis subis) 1995-2014. The temperatures are averaged over the lay date period 
for purple martins (Breeding range-wide (All) - April to July, Dfb (North) – May to July, Dfa 
(Central) and Cfa (South) – April to June). 
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Figure 2.3 Plot of (a) predicted laying date (where 0 is the first day an egg was laid (March 
10th)) against temperature, (b) predicted number of young fledged from each clutch against 
temperature and (c) predicted number of young fledged against laying date for purple martins 
from 1995-2014 across the breeding range. All predictor variables are scaled and centered (mean 
of zero and standard deviation of unity). Regression line is from simple linear regression, see 
mixed model results in Table 2.3. 
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Figure 2.4 Relationship between selection for earlier breeding (variance-standardized selection 
differential) and, (a) year and (b) the mean spring temperature during the laying period across the 
breeding range (All-temperatures from April to July) and for Kӧppen-Gieger climate 
classifications (Dfb (North-temperatures from May to July), Dfa (Central-temperatures from 
April to June) and Cfa (South-temperatures from April to June) for purple martins. Temperature 
is centered and standardized to a mean of zero and standard deviation of unity. 
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Thesis Conclusion 

For migratory birds it is important to be able to optimally match migration and 

reproduction to environmental conditions in order to successfully survive and reproduce year to 

year (Newton 2008, Walther 2002). As the climate changes, it can disrupt the match between 

environmental phenology and annual bird phenology that has evolved over time. In temperate 

North America the spring season is arriving earlier with climate change, with increasing spring 

temperatures (IPCC 2014). This earlier spring phenology can vary across food chains, where 

prey at lower trophic levels may be advancing their phenology faster than the predators can 

respond (Visser et al. 1998, Both et al. 2009). These mismatches between migrant birds and their 

food supply at the breeding grounds can have negative fitness implications and can contribute to 

population declines (Visser et al. 1998, Both et al. 2006), as the seasonal food peak should match 

the time of peak energetic need (Lack 1968, van Noordwijk et al. 1995).  

 Purple martins, like other long-distance migrants may be particularly at risk as they 

endure changing spring phenology. This is due to the large distances between their breeding and 

nonbreeding ranges, decreasing the likelihood that phenology cues from the breeding grounds 

can be received in the nonbreeding grounds and vice versa (Fraser et al. 2013, Gordo et al. 

2005). Due to the inability to predict conditions at the arrival site, the migration phenology of 

long-distance migrants is thought to be primarily controlled through endogenous or non-climatic 

factors, such as genes with departure date cued by changes in photoperiod (Pulido et al. 2001, 

Pulido 2007, Saino et al. 2017). Short-distance migrants who have nonbreeding ranges closer to 

their breeding sites may show more phenotypic plasticity to environmental factors in their 

migration timing, as they are close enough to their breeding sites to experience environmental 

cues while still at nonbreeding sites (Butler 2003, Newton 2008). Multiple studies have found 
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that long-distance migrants have been less able to adapt spring migration and breeding timing 

compared to resident or short-distance migratory birds (Butler 2003, Both et al. 2010, 

Goodenough et al. 2011).  

For long-distance migrants, if timing is conserved through the annual cycle it may mean 

that birds that are mismatched through one part of the cycle will continue to be mismatched 

throughout the year. However, if birds are phenotypically plastic in either their migration or 

breeding phenology they may be able to match their phenology to spring conditions from year to 

year. In this thesis, I examined if timing is conserved through the spring migration and breeding 

period of purple martins across North America in their annual cycle to better understand the 

impact that climate change may have on this species. 

First, I examined whether timing is conserved along the spring migration of purple 

martins (Progne subis subis) through direct tracking of the migration of individual birds. I 

determined that departure date from the nonbreeding grounds has the strongest impact on 

subsequent spring migration timing. Individual departure dates predict the date birds pass the 

Tropic of Cancer as they travel northward, and the arrival date at the breeding grounds. Spring 

migration distance was on average 7887 (±1798.44) km, and was the second largest predictor of 

migration timing, where birds that traveled farther took longer on migration. Weather at 

migration stopover locations (averaged daily temperature, averaged total daily rainfall, or 

averaged NDVI) did not show a consistent impact on the date passing the Tropic of Cancer or 

arrival dates. Furthermore, the date that birds left their breeding ground to begin fall migration 

was conserved throughout the winter season, and had a strong impact on their spring arrival date 

back at the breeding grounds the next year. This was particularly surprising, considering they 

spend over two-thirds of the year on migration and at the nonbreeding grounds and cover 
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thousands of kilometers on migration in between fall departure and spring arrival date. This 

demonstrates that individual timing is conserved around the annual cycle. Additionally, 

individual birds that were repeat-tracked over multiple years showed individuals were repeatable 

in the date they left the nonbreeding grounds, the date they passed the Tropic of Cancer and the 

date they arrived at the breeding grounds. These results indicate that spring migration timing is 

highly conserved in individual purple martins, and that spring migration is not altered by the 

conditions that the birds experience along migration. This could lead to a mismatch between 

spring phenology and the timing of arrival in purple martins, where some birds are consistently 

early and other consistently late across their annual cycle.  

Second, I examined if purple martins are phenotypically plastic in their breeding timing, 

in response to environmental variation and earlier springs (denoted by warming temperature 

trends). For this analysis, I used a North American-wide purple martin breeding data set that 

consisted of over 28 000 nest records collected by Citizen Scientists over a 20-year period. Thus, 

I was able to conduct analyses of laying date (date the laying is laid), the number of young 

fledged and strength of selection. No prior study of North American songbirds has incorporated 

such a complete picture of breeding patterns and phenology across a breeding range. Across 

North America average temperatures increased from 1995-2014 approximately half a degree per 

decade. I found that the laying dates of purple martins became earlier with warmer temperatures, 

and that more young were fledged per nest with earlier laying dates. This demonstrates 

phenotypic plasticity for laying date in response to temperature variation during the breeding 

period. There was no relationship between the selection differentials and temperature during the 

breeding season. As the pressure to lay earlier is not increasing with increasing temperatures, 

these results show that purple martins have been able to adjust their laying date adequately to 
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keep up with warming spring temperatures. Other studies have found phenotypic plasticity with 

temperature including in populations of long-distance migratory European flycatchers (Both et 

al. 2004) and Tree Swallows (Tachycineta bicolor), a short-distance migrant (Dunn and Winkler 

1999). Only one other study has found that a North American long-distance migratory bird, a 

population of black-throated blue warblers (Setophaga caerulescens), are phenotypically plastic 

to spring temperatures, having adjusted their laying date to the variability in spring temperature 

by examining the strength of selection pressure (Townsend et al. 2013). However, my study uses 

temperature as a proximate factor for the mismatch between purple martins and their 

environment. While temperature is important in determining insect development and emergence 

(Bale et al. 2002, Damos and Savopoulou-Soultani 2012), further studies should examine the 

timing of laying date with the peak of prey abundance explicitly (Visser et al. 2012), as several 

studies have shown that some species have shifted towards earlier egg laying but not enough to 

keep track of peak resources that often advance at a faster rate (Visser and Both 2005, Both et al. 

2009), leading to population declines (Both et al. 2009). Temperate North America has a large 

seasonal peak in insect abundances and birds that optimally match these resources may have 

higher reproductive success, but this has not been examined specifically in a Nearctic-

Neotropical migrant.  

My results reveal that the timing of spring migration is conserved, and thus may be 

relatively inflexible to conditions experienced during migration. Highly repeatable breeding 

arrival dates could contribute to mismatches in arrival at the breeding grounds if spring 

phenology continues to advance. Timing across the annual cycle is also conserved as fall 

departure in one year predicts the arrival at the breeding colony in the following spring. With the 

high repeatability of spring migration dates, it appears that individual timing in purple martins 
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may be driven or constrained by an endogenous schedule with some birds being consistently 

early and others being consistently later. This apparent lack of phenotypic plasticity could have 

negative consequences on individual fitness if spring phenology along migration or at the 

breeding continues to advance (Saino et al. 2011, Both and Visser 2001, Both et al. 2006). 

However, as laying dates are phenotypically plastic to temperature, the timing of when they were 

born may allow birds to adapt to earlier springs. If the timing entrained in birds as nestlings 

through photoperiod cues (Coppack et al. 2001) carries through into adulthood (Both 2010), and 

annual cycle timing is conserved, birds may become earlier birds at hatch and continue to be 

early, allowing for adjustment to climate change with flexible laying dates. The impact of hatch 

date and of photoperiod on martin nestlings and on their timing as adults merits further 

investigation. Additionally, migration timing may be influenced and adjusted through 

endogenous factors unrelated to changing genetics or phenotypic plasticity, such as the 

epigenetic modification of Clock genes through the addition or subtraction of methyl groups 

(Saino et al. 2017). 

Overall, spring migration timing in purple martins is predicted by departure date from the 

nonbreeding ground as opposed to weather on migration, laying date is flexible to temperatures 

during the egg-laying period, and the laying date seems adequately adjusted to current 

temperature variability at a large-scale across their breeding range. However, the climate is 

expected to continue warming into the future (IPCC 2014). Thus, the inflexible spring arrival at 

the breeding grounds may eventually limit the advance in laying date (Both and Visser 2001), 

leading to possible negative population consequences if selection for earlier breeding becomes 

stronger. As a result, sustained long-term monitoring of long-distance migrants, such as purple 
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martins, will continue to be important into the future as environmental conditions are altered 

with climate change. 
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