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Abstract 

Migratory birds face the distinct challenge of travelling between widely separated and 

environmentally distinct areas for their breeding and non-breeding periods. They may be 

faced with different pressures at different points in their life cycle, and a solid 

understanding of the drivers of individual fitness and population demography is crucial to 

understanding the ecological and evolutionary trajectories of their populations. In this 

thesis, I combine long-term data and experimental manipulations to study migratory 

patterns and arrival dynamics, density dependence, and reproductive behaviour in a long-

distance migratory bird, the American redstart. 

First, I show that non-breeding season weather is associated with redstart phenology 

on the breeding grounds. Greater winter rainfall corresponds to earlier arrival and egg-

laying dates at both the population and individual level, indicating that individual birds 

may be able to adjust their phenology in response to conditions in winter. Furthermore, I 

demonstrate these associations independently at two breeding populations at opposite 

sides of the redstart breeding range and their corresponding putative non-breeding areas: 

greater rainfall in Jamaica and Mexico was associated with advanced redstart phenology 

in Ontario and Alberta, respectively. Second, I performed a manipulation experiment to 

delay the arrival of male redstarts to the breeding grounds. I show that delayed males 

suffer reduced fledging success in comparison to early-arriving males that bred early or 

late, but equivalent success in comparison to males that arrived and bred late. These 

results provide evidence against the importance of either timing or individual quality, but 

instead suggest that other aspects of quality, namely mate and territory quality, may be 

important factors driving the success of early-arriving males. Third, I examine the 

consequences of density dependence for reproductive success and mating behaviour in a 
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population of redstarts for which I showed density-dependent population growth over a 

period of 11 years. Greater breeding density, both at an annual scale and at a local scale, 

was associated with reduced success and greater paternity loss. Overall, my findings 

contribute to a broader understanding of the selective pressures and regulatory 

mechanisms acting on migratory birds, from the individual up to the population level. 

  



iv 

 

Co-Authorship 

Chapters 2-4 are co-authored by my advisors, Dr. Laurene Ratcliffe and Dr. Peter Marra. 

Both advisors funded data collection and provided input into the design of the studies and 

the analysis and interpretation of the data. Chapter 2 is co-authored by Dr. Susan Hannon, 

who provided the dataset for the Alberta breeding population of American redstarts. 

Chapter 2 is also co-authored by Dr. Colin Studds, who collected departure dates of 

redstarts from Jamaica and aided in the interpretation of the data. Chapter 4 is co-

authored by Dr. Peter Boag, who provided personnel and equipment at the Queen’s 

University Molecular Ecology Lab for microsatellite analyses. All co-authors provided 

comments on manuscripts. 

This thesis is in Manuscript format, in accordance with the Department of Biology 

Guide to Graduate Studies guidelines. The General Introduction (Chapter 1) is a popular 

press article, as approved by my thesis supervisory committee in August, 2012. 

 

Authorship of anticipated publications: 

 

Chapter 2 McKellar AE, Marra PP, Hannon SJ, Studds CE, Ratcliffe LM. In review. 

Winter rainfall predicts phenology in widely separated populations of a 

migrant songbird. Oecologia 

Chapter 3 McKellar AE, Marra PP, Ratcliffe LM. In prep. Experimentally delaying 

arrival timing reduces reproductive success of male American redstarts. 

Chapter 4 McKellar AE, Marra PP, Boag PT, Ratcliffe LM. In review. Form, 

function, and consequences of density dependence in a migratory bird. 

Ecology  



v 

 

Acknowledgments 

I would first and foremost like to thank my advisors, Laurene Ratcliffe and Pete Marra, 

for their encouragement and guidance. Laurene and Pete challenged me to think critically 

every step of the way, from experimental design to data analysis, interpretation, and 

writing, while still providing support when I was faced with challenges and 

disappointments. None of this would have been possible without them. 

Throughout my three years of field work, I was fortunate to have worked with many 

skilled field assistants. Thanks to Carla Crossman, Mitch Daniel, Philina English, Ainsley 

Furlonger, Mari Glynn-Morris, Natasha Koomen, Ross Kresnick, Sacha Mkheidze, Holly 

Nesbitt, Alison Porter, Paulo Pulgarín-Restrepo, Cory Toth, and Celina Willis for your 

countless hours of work in the field. You not only helped provide high-quality data for 

this research, but you made the work fun and left me with lasting memories. I would like 

to thank members of the QUBS staff, in particular, Mark Conboy, Frank Phelan, Floyd 

Connor, and Veronika Jaspers-Fayer, for logistical support as well as making our 

summers at QUBS enjoyable. Thanks to Candace Scott for analyzing genetic data and 

aiding in its interpretation. 

My labmates Catherine Dale, Ryan Germain, and Cory Toth were a constant source 

of encouragement and enjoyment, and I thank them for helping make my time at Queen’s 

memorable. I would also like to thank Matt Reudink and Paul Martin for helpful 

discussions and comments on manuscripts. Thanks to my supervisory committee, Paul 

Martin, Ryan Danby, and Kurt Kyser for their constant support and insightful feedback. 

Finally, I would like to thank my family and friends for believing in me and 

standing by me through occasionally difficult times. Your support has been invaluable.  



vi 

 

Funding for this thesis was provided by J. Fotheringham, Queen’s University, the 

Natural Sciences and Engineering Research Council of Canada, the National Science 

Foundation, the Smithsonian Institution, the American Ornithologists’ Union, the Animal 

Behavior Society, the Cooper Ornithological Society, and the Society of Canadian 

Ornithologists. 

  



vii 

 

Table of Contents 

Thesis Abstract ........................................................................................................ ii 

Co-Authorship ......................................................................................................... iv 

Acknowledgments .................................................................................................... v 

List of Tables .......................................................................................................... ix 

List of Figures .......................................................................................................... x 

Chapter 1: General Introduction ............................................................................. 1 

 Part A: “Why does the early bird get the worm? Insights into phenology, 

fitness, and population fluctuations in a long-distance migratory bird” 

  ............................................................................................................... 2 

 The life of a migratory bird ................................................................... 2 

 When to migrate? .................................................................................. 5 

 Weather and migration .......................................................................... 6 

 The early bird gets the worm… ............................................................ 8 

 …but why? ............................................................................................ 9 

 Love thy neighbour? Not if you have too many ................................. 10 

 Part B: Thesis outline .......................................................................... 11 

 Suggested reading ............................................................................... 12 

Chapter 2: Winter rainfall predicts phenology in widely separated populations of a 

migrant songbird ................................................................................. 19 

 Abstract ............................................................................................... 20 

 Introduction ......................................................................................... 21 

 Materials and methods ........................................................................ 24 

 Results ................................................................................................. 31 



viii 

 

 Discussion ........................................................................................... 33 

 References ........................................................................................... 40 

Chapter 3: Experimentally delaying arrival timing reduces reproductive success of male 

American redstarts .............................................................................. 53 

 Abstract ............................................................................................... 54 

 Introduction ......................................................................................... 56 

 Materials and methods ........................................................................ 60 

 Results ................................................................................................. 65 

 Discussion ........................................................................................... 67 

 References ........................................................................................... 75 

Chapter 4: Form, function, and consequences of density dependence in a migratory bird

 ............................................................................................................. 85 

 Abstract ............................................................................................... 86 

 Introduction ......................................................................................... 88 

 Materials and methods ........................................................................ 90 

 Results ................................................................................................. 97 

 Discussion ........................................................................................... 99 

 References ......................................................................................... 106 

Chapter 5: General Discussion............................................................................ 118 

 Foundations ....................................................................................... 119 

 Findings and implications ................................................................. 122 

 Future directions................................................................................ 125 

 Conclusions ....................................................................................... 127 

 References ......................................................................................... 127  



ix 

 

List of Tables 

Table 2.1 Correlation coefficients among weather variables at two non-breeding and 

two breeding areas of American redstarts ........................................... 47 

Table 2.2 Results of Generalized Linear Mixed Models explaining variation in adult 

male arrival and female first egg dates at two breeding populations of 

American redstarts .............................................................................. 48 

Table 4.1 Opportunity for sexual selection in 4 years of varying territory density in 

American redstarts ............................................................................ 112 

Table 4.2 Results of Generalized Linear Mixed Models explaining variation in five 

measures of breeding success and proportion of within-pair young on 

individual American redstart territories. ........................................... 113 

 

  



x 

 

List of Figures 

Figure 1.1 Photograph of male American redstart ............................................... 17 

Figure 1.2 Schematic representation of thesis questions ...................................... 18 

Figure 2.1 Map of study locations and predicted migratory connectivity in American 

redstarts ............................................................................................... 49 

Figure 2.2 Relationship between mean January to March rainfall in Jamaica and adult 

male American redstart arrival and female first egg date at a breeding site in 

Ontario................................................................................................. 50 

Figure 2.3 Relationship between mean January to March rainfall in Mexico and adult 

male American redstart arrival and female first egg date at a breeding site in 

Alberta ................................................................................................. 51 

Figure 2.4 Relationships between mean departure date from Jamaica and a adult male 

arrival and b female first egg date in Ontario ..................................... 52 

Figure 3.1 Flow chart outlining three comparisons and their possible outcomes and 

interpretations in an experimental manipulation of arrival date in American 

redstarts ............................................................................................... 82 

Figure 3.2 Number of offspring fledged for delayed, early-arriving, late-arriving, and 

late-breeding male American redstarts................................................ 83 

Figure 3.3 Relationship between number of offspring fledged and standardized arrival 

date for ASY male American redstarts in Ontario .............................. 84 

Figure 4.1 American redstart population trends: a annual number of territories from 

2001-2011 and b rate of population increase versus number of territories

 ........................................................................................................... 115 



xi 

 

Figure 4.2 Relationships between annual territory density and a mean number of 

offspring fledged per female, b proportion of females to successfully fledge at 

least one offspring, c mean proportion of nesting attempts per female to 

succeed, d mean first nest clutch size, and e mean residual nestling mass

 ........................................................................................................... 116 

Figure 4.3 Relationships between annual territory density and a mean percentage of 

within-pair young and b proportion of nests containing extra-pair young

 ........................................................................................................... 117 

Figure 5.1 Flow chart representing potential causes of variation in breeding density in 

American redstarts ............................................................................ 134 

 

 

 

 



1 

 

 

 

 

 

Chapter 1 

 

 

 

General Introduction 

  



2 

 

PART A: “Why does the early bird get the worm? Insights into phenology, fitness, 

and population fluctuations in a long-distance migratory bird” 

 

The life of a migratory bird 

Migration is thought to occur in about 40% of the world’s 10,000 species of birds and 

ranges from the small-scale irruptive movements of some species in winter to the 

astonishing pole-to-pole migration of the Arctic tern. Here in North America we are 

greeted each spring by some 200 species of Neotropical migrants that travel from their 

non-breeding grounds in Mexico, Central America, South America, and the Caribbean 

islands to breed in Canada and the United States. This pattern is replicated across Europe 

and Asia, with roughly the same number of Paleotropical migrants traveling from Africa. 

Many of these species must then compete for breeding territories and mates, build nests, 

lay eggs, and raise their young to independence, all before renewing their body feathers 

through molt and departing on their southward migratory journey in the late summer and 

fall. 

Fitness is defined in biological terms as the ability to survive and reproduce. Thus, 

as the breeding season approaches and birds prepare to migrate, they are faced with two 

major tasks. First, they must successfully arrive to the breeding grounds at the appropriate 

time, and second, they must maximize their reproductive output once there. As I will 

demonstrate in this review, timing of arrival and breeding success are not only 

inextricably linked, but are influenced by a multitude of other factors that challenge the 

fitness of migratory birds. 

We did not always have such a good understanding of migratory behaviour. In fact, 

Aristotle, who was among the first to write about bird migration, believed that certain 
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species could “transmutate” into others as the seasons changed, thus explaining the 

disappearance of some birds and appearance of others come winter. It was not until the 

1800s that human populations were widely distributed and mobile enough to begin to 

communicate their observations of bird species during different times of the season. 

Beginning in the 1900s and up until today, migration monitoring stations have 

contributed further to our knowledge of migratory bird movements. Here birds are fitted 

with small metal leg bands, and any birds subsequently recovered at different locations 

can provide insights their seasonal movements. Unfortunately, the frequency of recovery 

is extremely low, and so bird bands are of limited utility in revealing long-distance 

movements of individuals or populations. 

Recent advances in the use of more sophisticated extrinsic markers, such as satellite 

transmitters and geolocators, have vastly improved our understanding of migratory 

movements of certain species. As one example, the use of satellite transmitters on bar-

tailed godwits, a species of shorebird, has revealed that they are able to make non-stop 

flights of up to 12,000 km for up to 9 days to cross the Pacific Ocean from their breeding 

grounds in Alaska to their non-breeding grounds in New Zealand. As another example, 

geolocators deployed on northern wheatears revealed a pattern of “loop migration” in this 

trans-Saharan migratory songbird, whereby individuals traveled different routes for their 

southward and northward journeys. Unfortunately, these technologies are still prohibitive 

in terms of the size of birds that can be marked and the cost of marking enough 

individuals that an adequate sample is recovered. 

One particular challenge is in understanding migratory connectivity, which refers to 

the geographic linkages between individuals and populations during different stages of 

their life cycle. Understanding migratory connectivity is important in migratory birds 
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because they face the distinct challenge of travelling between widely separated and often 

environmentally distinct areas for their breeding and non-breeding periods. Individuals 

and populations can experience different stressors, such as harsh weather, food limitation, 

or habitat destruction, on their breeding grounds, non-breeding grounds, and during 

migration. Scientists are beginning to appreciate how conditions experienced during these 

different stages of the life cycle can carry over to influence events in subsequent stages. 

For example, breeding productivity in spring can be influenced to a large extent by events 

during the previous winter, or high mortality during autumn migration could result in 

reduced population sizes in winter. Thus, knowledge of exactly where individuals and 

populations are coming from, going to, and the routes that they take, is essential for their 

conservation. Furthermore, populations that show strong migratory connectivity, whereby 

individuals and populations that breed together are more likely to winter together, could 

be at a greater risk of local population declines. This is because a stressor acting during 

one stage of the life cycle has the potential to affect many individuals of the same 

population during a subsequent stage, rather than the effects of the stressor being 

distributed among multiple populations, as would be the case with weak migratory 

connectivity. 

The study of migratory connectivity has been greatly enhanced over the past two 

decades with the application of intrinsic markers, namely genetic markers and stable 

isotopes. Using intrinsic markers to infer the origin of captured birds has a two-fold 

benefit: individuals need only be captured once, and the technique can be applied to any 

size of bird. Whereas genetic techniques involve assigning individuals to particular 

breeding or non-breeding populations based on population genetic structure, stable 

isotopes sampled from bird tissue can provide clues as to the location or habitat type 
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where the tissue was grown. For example, stable-hydrogen isotopes, which become 

incorporated into bird tissue through their diet, vary strongly with latitude. Thus, by 

sampling, say, a bird’s feather on the non-breeding grounds, a scientist can approximate 

the breeding latitude where that bird molted. Furthermore, the use of different types of 

markers can be combined to enhance the precision of these approximations of geographic 

origins. So far, the use of intrinsic markers has provided much insight into migratory 

connectivity and patterns of migration for a handful of species. For example, the 

American redstart, a small Neotropical songbird, is thought to show reasonably strong 

migratory connectivity and a pattern of parallel migration, meaning that populations 

breeding in eastern Canada and the United States are more likely to overwinter in the 

Caribbean, and populations breeding in western Canada are more likely to overwinter in 

Mexico. Armed with this type of information, it should be easier for scientists to predict 

the types of stressors that are faced by individuals from particular breeding and non-

breeding populations, as well as during migration. 

 

When to migrate? 

Early studies into migratory behaviour divided birds into two categories. On the one hand 

there were the “weather” migrants, who showed high year-to-year variability in their 

timing of migration – on the order of weeks to months – and their decision to begin 

migration was thus believed to be driven by external factors such as changes in weather 

or food supply. A well-known example is the irruptive movement of the winter finches in 

North America, such as pine grosbeaks and red crossbills. Each winter, avid birders watch 

for the periodic and dramatic movements of large numbers of these birds in response to 

low food supplies in their normal wintering areas. On the other hand there were the 
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“calendar” migrants, who showed up on the breeding grounds at very precise times each 

year, presumably because of an internal migratory clock. For example, an early study into 

the migratory timing of spotted redshanks, waterbirds which migrate from as far as South 

Africa to breed in the Arctic, found that first arrivals to their Finnish breeding grounds 

appeared consistently within a window of only 8 days (May 1 to 8) over a 24 year period. 

These two forms of migratory behaviour, “weather” and “calendar”, clearly 

represent a continuum, with most species falling somewhere in between the extremes. Yet 

the traditional view remains among many scientists that long-distance migrants 

overwintering in tropical areas are on the “calendar” side of the scale. The main 

justification behind this strongly-held opinion is that daily and annual changes in 

photoperiod and weather in the tropics are either too slight or too unpredictable to give a 

reliable cue for birds as to when to migrate. Indeed, experimental studies of captive birds 

held under constant environmental conditions have shown that some species will molt and 

display migratory “restlessness” at the same time as their free-living counterparts, 

providing evidence for an internal annual clock. However, as we shall see, much new 

evidence is accumulating that long-distance Neotropical and Paleotropical migrants alike 

can also fine-tune their timing of migration in relation to the external environment. 

 

Weather and migration 

A desire to understand the potential effects of a changing climate on the ecology and 

evolution of animals has led to an explosion of recent studies into associations between 

climate change and animal phenology (defined as the timing of events in their life cycle). 

There now exists a wealth of scientific literature showing advancement in the timing of 

spring migration and breeding across many species, presumably as a result of a warming 
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climate. In addition to these types of “time-series” analyses which show general patterns 

of change over time, other research has examined more direct relationships between 

weather itself and migratory timing. As it turns out, weather patterns from different 

periods of the season can influence phenology in many long-distance migratory birds, in 

spite of or in addition to internal cues. Most species studied show advances in their spring 

arrival and breeding dates in response to milder (i.e., warmer and wetter) conditions on 

their non-breeding grounds, along their migratory route, and on their breeding grounds. 

But these relationships set the stage for a fundamental problem – what if rates of climate 

change differ among locations visited by migratory birds? 

Different rates of climate change between breeding and non-breeding locations 

could mean that birds arrive either too early or too late to the breeding grounds. Arriving 

too early could be costly in terms of survival due to low food supplies in early spring and 

periods of harsh weather. Arriving too late could mean later breeding and consequently 

missing the period of peak food abundance necessary for feeding one’s chicks. Such 

“trophic mismatches”, as they have been termed, are already negatively affecting certain 

species. For example, the pied flycatcher, a migratory songbird that breeds across Europe, 

has not advanced its egg-laying and arrival dates in the Netherlands sufficiently to track 

the advanced emergence of its insect prey, likely in part due to unequal climate change 

between breeding and non-breeding areas. Furthermore, a recent study comprising 134 

migratory species spanning Europe and North America found that Neotropical migrants 

that have experienced greater mismatches are more likely to have shown population 

declines over the past 30 years. 

One Neotropical migrant that has been particularly well-studied in relation to the 

environmental conditions on its non-breeding grounds is the American redstart. This 
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small and charismatic songbird of the wood warbler group (Fig. 1.1) has been studied for 

over 25 years in Jamaica by a team of American researchers most recently based at the 

Smithsonian Institution in Washington, D.C. Their work has revealed that dominant birds, 

usually older males, are able to occupy higher-quality, wet mangrove habitats, relegating 

younger males and females to low-quality, dry scrub habitats. Birds overwintering in 

these preferred habitats are in better body condition, have higher survival rates, and are 

able to depart earlier for spring migration. Moreover, parallel patterns are found when 

examining year-to-year variation in the overall amount of moisture in these habitats. In 

other words, when winter rainfall in Jamaica is greater, all birds are in better condition 

and depart earlier. But we are still missing two important pieces of the puzzle – does 

greater rainfall and earlier departure necessarily mean earlier arrival to redstart breeding 

populations? And if so, to which breeding populations? 

 

The early bird gets the worm… 

As it turns out, the above expression applies quite literally to migratory birds. Across a 

variety of species, it is the earliest-arriving individuals to the spring breeding grounds that 

experience the greatest success at reproducing. Compared to late-arrivers, these 

individuals often build their nests and lay their eggs earlier, lay more and larger eggs, 

have chicks that grow more quickly, and ultimately fledge more young that are more 

likely to recruit into the population. The association between early arrival and greater 

success is usually stronger for males than for females, since in most species, males are the 

first to arrive to the breeding grounds, where they then compete to establish territories and 

attract mates. 
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… but why? 

Two classes of explanations have been proposed to account for the association between 

early arrival and high success in male migratory birds. On the one hand, the Timing 

Hypothesis suggests that factors directly associated with the timing of breeding drive the 

relationship. For instance, food availability often declines throughout the breeding season, 

so early arrival and initiation of nesting could allow birds to take advantage of the early 

food peak to feed their young. Similarly, the abundance of nest predators sometimes 

increases as the season progresses, so early individuals might suffer less predation of their 

eggs and young. Finally, late individuals may simply invest less in reproduction, for 

example by laying fewer or smaller eggs, due to time and energy constraints associated 

with the need to molt and migrate in the late summer and fall. On the other hand, the 

Quality Hypothesis suggests that early-arriving males have higher success due to 

differences in their inherent quality or in the quality of their breeding resources in 

comparison to late-arriving males. Early-arriving males are often older, can be in better 

body condition, can have showier plumage, and, as described above for redstarts, may 

have spent the winter in higher-quality habitat. They may obtain superior breeding 

resources by pairing with the highest-quality females and/or obtaining the best territories. 

Distinguishing between the Timing and Quality Hypotheses has proven to be quite 

difficult due to correlations among so many of the factors outlined under each hypothesis. 

Of course, timing and quality could work together, but the question remains as to the 

degree to which each factor contributes to male success. 

The key to solving this mystery is to use experimental manipulations in order to 

hold certain factors constant while manipulating others. Several studies have adopted this 

approach by either advancing or delaying breeding time at the egg-laying stage. This 
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could involve removing a first clutch to force birds to produce a second clutch, swapping 

clutches between early and late breeders, or storing eggs to delay hatching. However, in 

addition to having the desired effect of changing breeding time, these types of 

manipulations invariably alter the energy expenditure required from each experimentally 

treated bird. Only one study thus far has attempted to directly manipulate arrival time to 

the breeding grounds. Here, female red-winged blackbirds were detained in aviaries in 

early spring and released after several weeks to simulate a later arrival. Compared to 

controls, these females laid eggs later and showed diminished social status, but did not 

suffer reduced reproductive success, providing some support for the Quality Hypothesis. 

Importantly, this type of manipulation has never been performed on males, despite males 

usually being under much stronger selection for early arrival than females. 

 

Love thy neighbour? Not if you have too many 

As should now be clear, early arrival is tantamount to maximizing one’s reproductive 

success as a migratory bird. But what if all the other birds are trying to do the same thing? 

The negative effects of an increasing population density on reproductive output have long 

been recognized in many animals, including migratory birds. As breeding density 

increases, territory sizes generally decrease, causing crowding and increasing neighbour-

neighbour interactions, which can lead to decreases in rates of foraging and chick feeding, 

and increases in rates of nest predation. Such “density-dependent” processes can thus 

produce negative feedbacks which contribute to population regulation and the general 

stability of population size, since periods of high population density will reduce overall 

breeding success, and vice versa. 
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Moreover, population density can affect mating tactics. Over the last 20 years, the 

application of genetic tools to the study of mating behaviour in birds has revealed that 

many socially monogamous species show high rates of extra-pair paternity. In other 

words, at least some offspring in a nest are often unrelated to the social father and are the 

result of extra-pair copulations between the mother and other male(s) from the 

population. Rates of extra-pair copulations often increase with population density, thus 

providing an additional challenge to the reproductive fitness of males residing in dense 

areas. 

Interestingly, the density dependence of demography and behaviour are rarely 

studied simultaneously. And yet such a holistic view is important because individual 

behaviours can influence population demographics, which can then feed back into the 

success of individual behaviours. These types of behavioural-demographic loops are no 

trivial matter, as modeling exercises have shown that they may influence the probability 

of population extinction. 

 

PART B: Thesis outline 

The goal of my thesis was to combine long-term data, field observations, and 

experimental manipulations to study migratory patterns and arrival dynamics, density 

dependence, and reproductive behaviour in a long-distance migratory bird, the American 

redstart (Fig. 1.2). First, I tested for associations between winter conditions and arrival 

and egg-laying dates at two long-term study sites of breeding redstarts separated by 

approximately 3,000 km, one in southeastern Ontario and one in central Alberta. As such, 

I was able to test two predictions: first, that greater winter rainfall was associated with 

earlier arrival and egg-laying, and second, that these associations occurred on a parallel 
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axis, i.e., to match the pattern of parallel migration as inferred by previous work with 

stable isotopes. Indeed, I found that greater rainfall in Jamaica and eastern Mexico was 

associated with advanced redstart phenology in Ontario and Alberta, respectively. 

Second, I performed a manipulation experiment with male American redstarts in which I 

delayed the arrival of early males to the breeding grounds. I found that delayed males 

suffered reduced fledging success in comparison to early-arriving males that bred early or 

late, but equivalent success in comparison to males that arrived and bred late. These 

results provide evidence against the importance of either timing or individual quality, but 

instead suggest that other aspects of quality, namely mate and territory quality, may be 

the most important factors driving the success of early-arriving male redstarts. Third, I 

examined the density dependence of reproductive success and extra-pair paternity at the 

long-term study site in Ontario. I found that greater breeding density was associated with 

reduced reproductive success, likely as a result of increased nest predation, and increased 

rates of extra-pair paternity. Overall, my findings contribute to a broader understanding of 

the selective pressures and regulatory mechanisms acting on migratory birds, from the 

individual up to the population level. 
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Figure 1.1 Male American redstart (photo courtesy of P-C Pulgarín-Restrepo) 
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Figure 1.2 Flow chart representing the questions examined in this thesis and their 

corresponding data chapter. Arrows represent presumed causal relationships between 

variables and arrow colours show the type of data used to explore the relationship. 

Arrows leading from “breeding density (yearx)” and “reproductive success” to “breeding 

density (yearx)” are representative of those variables in the previous year (i.e., yearx-1). 

Note that grey arrows, not examined directly in this thesis, are described further under 

“Future directions” in Chapter 5 (see Fig. 5.1)  

non-breeding 
conditions

arrival/egg-laying

reproductive 
success

breeding density 
(yearx)

yearx-1

nest predation

food availability

clutch size

genetic success

2
3

4

4

resource quality

Examined using long-term data

Examined using experimental manipulation

Not examined in this thesis

Relevant thesis chapter

Non-breeding season Breeding season

Legend

yearx-1



19 

 

 

 

 

 

Chapter 2 

 

 

 

Winter rainfall predicts phenology in widely separated populations of a 

migrant songbird 

  



20 

 

Abstract 

Climate change is affecting behaviour and phenology in many animals. In migratory 

birds, weather patterns both at breeding and at non-breeding sites can influence the timing 

of spring migration and breeding. However, variation in responses to weather across a 

species range has rarely been studied, particularly among populations that may winter in 

different locations. We used prior knowledge of migratory connectivity to test the 

influence of weather from predicted non-breeding sites on bird phenology in two breeding 

populations of a long-distance migratory bird species separated by 3,000 km. We found 

that winter rainfall showed similar associations with arrival and egg-laying dates in 

separate breeding populations on an east-west axis: greater rainfall in Jamaica and eastern 

Mexico was generally associated with advanced American redstart (Setophaga ruticilla) 

phenology in Ontario and Alberta, respectively. In Ontario, these patterns of response 

could largely be explained by changes in the behaviour of individual birds, i.e., 

phenotypic plasticity. By explicitly incorporating migratory connectivity into responses to 

climate, our data suggest that widely separated breeding populations can show 

independent and geographically specific associations with changing weather conditions. 

The tendency of individuals to delay migration and breeding following dry winters could 

result in population declines due to predicted drying trends in tropical areas and the tight 

linkage between early arrival/breeding and reproductive success in long-distance 

migrants. 

 

Keywords American redstart, Climate change, Migration, Migratory connectivity, 

Setophaga ruticilla 
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Introduction 

Animal phenologies are changing along with recent climate change (Root et al. 2003). 

Many bird species show earlier spring arrival and egg-laying dates in response to warmer 

spring temperatures (Both et al. 2004; Lehikoinen and Sparks 2010), and higher winter 

rainfall or temperatures have been correlated with earlier departure from the non-breeding 

grounds and earlier arrival to the breeding grounds in some migratory birds (Saino et al. 

2004; Gordo et al. 2005; Saino et al. 2007; Studds and Marra 2011). However, variation 

in such responses among migratory populations across breeding and non-breeding ranges 

has received less attention (but see Both et al. 2006; Balbontín et al. 2009a; Wilson et al. 

2011). Understanding how weather from one phase can carry over to influence migratory 

animals during subsequent phases of their annual cycle is becoming increasingly 

important in light of global climate change. This is especially critical when considering 

the tight linkage between arrival timing to the breeding grounds and reproductive success 

(e.g., Møller 1994; Lozano et al. 1996). Our study focuses on the potential influence of 

rainfall from the non-breeding grounds on the phenology of widely separated breeding 

populations of the American redstart (Setophaga ruticilla), a long-distance Neotropical-

Nearctic migratory warbler. 

Migratory birds might respond to a changing climate through two non-exclusive 

mechanisms: population- or individual-level adjustment. Population-level change could 

arise because of dispersal of new individuals into the population, for example, the shifting 

ranges of some northern hemisphere birds (Thomas and Lennon 1999; Hitch and Leberg 

2007). Such shifts could bring earlier-laying individuals farther north and result in 

changes in mean population laying dates. Population-level change might also occur 

through changes in gene frequencies via selection. For example, deteriorating conditions 
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at a stop-over site are thought to have caused selection against poor-quality male barn 

swallows (Hirundo rustica), resulting in a rapid increase in mean tail length in a breeding 

population (Møller and Szép 2005).  Overall, strong evidence for microevolution in 

response to recent climate change is lacking, perhaps in part because it is difficult to 

detect (Gienapp et al. 2008). Individual-level adjustment to climate via phenotypic 

plasticity, on the other hand, has been documented in several longitudinal studies where 

marked birds have been followed in different climatic conditions over at least two years 

(Saino et al. 2004; Gunnarsson et al. 2006; Balbontín et al. 2009b; Studds and Marra 

2011).  In most cases, the extent of phenotypic plasticity detected has been sufficient to 

explain population changes in response to climate. However, the majority of these studies 

have focused on European migrants, and comparable studies of North American species 

are lacking. 

Migratory connectivity (the extent to which individuals from the same non-breeding 

area migrate to the same breeding area and vice versa, Marra et al. 2010) may affect how 

breeding populations will respond to variation in non-breeding weather conditions. In 

less-connected populations, the influence of weather at a particular non-breeding location 

might not be as apparent because individuals from such a location would disperse to 

multiple breeding sites (Marra et al. 2010). Low levels of connectivity could thus buffer 

local populations against declines owing to habitat loss or degradation that occur during 

one part of their annual cycle (e.g., Jones et al. 2008). In more-connected populations, the 

influence of non-breeding conditions on migration might be stronger and easier to detect, 

and spatial variation in non-breeding weather could result in corresponding variation in 

response across the breeding range. 
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American redstarts are thought to exhibit reasonably strong migratory connectivity, 

as evidenced by a handful of recoveries of banded birds and stable-hydrogen isotope 

analysis of feathers moulted on the breeding grounds and sampled across the non-

breeding range (Norris et al. 2006; C.E. Studds and P.P. Marra, unpubl. data). Across 26 

sampling locations spanning the non-breeding range of redstarts, feather hydrogen 

isotopic values were strongly correlated with longitude of the sampling location, which 

suggests that redstarts show east-west clinal variation in their migration. Furthermore, 

assignment tests indicated that eastern non-breeding populations were more likely to 

breed in eastern and southern breeding locations, and western non-breeding populations 

were more likely to breed in northwestern breeding locations (Norris et al. 2006). Thus, 

we might expect longitudinally separated breeding populations to respond to variation in 

winter rainfall from non-breeding areas along a corresponding east-west axis (see also 

Wilson et al. 2011). In addition, given strong levels of migratory connectivity across 

longitude, one would predict that migratory timing (e.g., departure dates from the non-

breeding grounds and arrival dates to the breeding grounds) should be correlated between 

particular breeding and non-breeding regions along this axis. 

Assessing how species respond to variation in weather, if this response differs 

among populations across their range, and the mechanism responsible for this response 

(i.e., microevolution and/or plasticity) are fundamental to understanding how continued 

climate change will affect migratory species. In this study, we investigate variation in 

arrival and laying dates in two breeding populations of American redstarts over 10 years. 

These sites, in eastern Ontario and central Alberta, Canada, are located at opposite sides 

of the breeding range of redstarts approximately 3,000 km apart (Fig. 2.1). We determine 

whether rainfall at different non-breeding locations, each assumed to correspond to a 
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particular breeding population, is associated with arrival and laying dates. For one 

breeding population with sufficient data, we also evaluate whether the above associations 

could be due to plasticity alone by examining within-individual changes in phenology in 

relation to interannual changes in non-breeding rainfall (Charmantier et al. 2008). We 

predicted that (1) increased winter rainfall in Jamaica would be associated with earlier 

arrival and laying dates in Ontario, whereas increased winter rainfall in Mexico would be 

associated with earlier arrival and laying dates in Alberta, and that (2) these associations 

could be explained by changes in individual behaviour. Finally, we provide a preliminary 

analysis from a smaller six-year dataset of departure dates from a Jamaican non-breeding 

population to test their potential association with arrival and laying dates in Ontario. 

 

Materials and methods 

Field data 

American redstarts are sexually dimorphic, and males exhibit delayed plumage 

maturation. Males in their first breeding season resemble females and do not mature into 

their full adult breeding plumage until their second prebasic moult, following their first 

breeding season. Adult (after-second-year or ASY) males arrive first to the breeding 

grounds, and are followed approximately one week later by young males (second-year or 

SY) and females (Sherry and Holmes 1997). Early male arrival is strongly associated with 

increased reproductive success in this species (Lozano et al. 1996; Smith and Moore 

2005; Reudink et al. 2009). We focused on ASY male arrivals because SY males often 

move around before settling, annual numbers of SY males varied substantially in our 

study populations, and SY male migratory timing is influenced by factors in addition to 

weather (e.g., social competition affecting departure dates from the non-breeding 
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grounds, Studds et al. 2008). For females, we used first egg date as a proxy for arrival 

because females are often inconspicuous on arrival, making arrival dates less accurate. 

Since females pair upon arrival by selecting among already-established males (Ficken 

1963), the date of initiation of their first breeding attempt should be strongly related to 

their true arrival date to the breeding grounds (Smith and Moore 2005). Furthermore, 

though female arrivals were not estimated in Alberta, annual mean first egg dates in 

Ontario were strongly correlated with estimates of female arrival based on first sightings 

of females (2001-2010: r
2
 = 0.51, t8 = 2.89, P = 0.02). We included both ASY and SY 

females in our analyses to ensure sufficient sample sizes (females are more difficult to 

capture than males, they must be captured to be aged, and even so, ageing females can be 

ambiguous; Pyle 1997), and we detected no difference in first egg dates between known-

age ASY and SY females (A.E. McKellar, unpubl. data). 

Field work in eastern Ontario was conducted from 2001 to 2010 on a 100 ha site at 

the Queen’s University Biological Station (44°34’N, 76°19’W). This study site is 

composed of mixed-deciduous forest, primarily dominated by sugar maple (Acer 

saccharum) and eastern hophornbeam (Ostrya virginiana). From 01-May to 31-May each 

year, we monitored this site from 0600 to 1200 hours every day to detect the presence of 

American redstart males by listening for singing and subsequent visual identification. We 

identified males that were not already banded from a previous year by the size and shape 

of the distinctive black bib on their breast until they could be captured. We recorded the 

first day that a new male was identified as his arrival date. This method for estimating 

male arrival date has proven effective in revealing differences in reproductive success and 

in non-breeding habitat occupancy through the use of stable isotopes (Reudink et al. 

2009). We mapped the positions of males for at least 20-30 min/day to determine territory 
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boundaries and pairing. Once males were paired to females, we monitored territories each 

day until we located nests and determined first egg dates of first nesting attempts. We 

captured males in mist nets upon their arrival by simulating a territorial intrusion with the 

use of a stuffed male decoy and song playback. We captured females in a similar fashion 

or with the use of fledgling distress playback during nestling or fledgling feeding. We 

banded males and females with a unique combination of colour bands and a single 

Canadian Wildlife Service aluminum band.  

Field work in central Alberta was conducted from 1995 to 2005 (excluding 1997) 

on a 2722 ha site in and around the Meanook Biological Research Station (54°37′N, 

113°20′W). This study site is composed of forest fragments containing aspen (Populus 

tremuloides), balsam poplar (Populus balsamifera), and conifers (white spruce, Picea 

glauca; black spruce, Picea mariana; tamarack larch, Larix laricina), interspersed within 

a landscape of agricultural fields, livestock grazing areas, farmyards, and roads. Within 

forest fragments, redstarts bred in clusters of wet, dense, and structurally heterogeneous 

stands of willow (Salix spp.) and alder (Alnus spp.). Field work was performed similarly, 

but differences in study objectives between our two breeding locations meant that 

recordings of arrival dates were done only from 2002 onwards, and individuals were 

banded only from 2000 onwards. 

Field work in Jamaica was conducted from 2003 to 2009 (excluding 2006) on five 5 

ha study plots at the Font Hill Nature Preserve (18
o
02’N, 77

o
57’W) (see also Studds and 

Marra 2011). Study plots were either wetter mangrove stands (three study plots) 

dominated by black mangrove (Avicennia germinans) with some white (Laguncularia 

racemosa) and red mangrove (Rhizophora mangle), or drier second-growth stands (two 

study plots) dominated by invasive logwood trees (Haematoxylon campechianum) with 
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some other species including Bursera simarubra, Terminalia latifolia, and Crescentia 

alata. We pooled departure dates from both habitat types, but results were similar if we 

restricted our analysis to one or the other habitat type. From 15-January to 15-April each 

year, we captured American redstarts as above as well as with passive mist netting. We 

banded individuals with a unique combination of colour bands and a single United States 

Geological Survey aluminum band. We followed individuals for a minimum of three 

hours each to map their territories. From 01-April to 15-May, we searched territories 

every three days to estimate the date redstarts left for spring migration. When we failed to 

re-sight a bird, we checked the territory twice more during the next three day period and 

once more during the following three day period. On the final visit, we broadcast 

playback of redstart songs and chips. If playback drew no response, we considered birds 

to have departed during the initial three day period when we first failed to detect them. As 

above, we restricted our analyses to ASY male departures but included both ASY and SY 

female departures. 

 

Weather data 

We obtained non-breeding season rainfall data for Jamaica and eastern Mexico (Fig. 2.1). 

Based on banded recoveries and stable isotope data, we made the assumption that the 

greatest proportion of American redstarts from Jamaica and eastern Mexico, in 

comparison to other non-breeding locations, should breed in the northeastern (including 

Ontario) and northwestern (including central Alberta) parts of their breeding range, 

respectively (see Norris et al. 2006 Fig. 3 and Table 3). Although some redstarts from 

western Mexico are also expected to breed in the northwest, their most likely breeding 

location is the midwestern parts of their breeding range. We used mean rainfall from 
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January to March as a measure of dry season rainfall. Although a recent study at the same 

non-breeding site in Jamaica found rainfall in March only to be the strongest predictor of 

individual departure dates (Studds and Marra 2011), we here used January to March 

rainfall because it is also associated with American redstart food availability, body 

condition, and departure date from the non-breeding grounds (see Results; Studds and 

Marra 2007; Angelier et al. 2011). Also, March rainfall in Mexico was zero for several 

years used in our analysis, whereas rainfall in January and February was higher and more 

variable and thus allowed for annual variation in January to March rainfall across years. 

Jamaica rainfall data (1995-2010) were provided for Burnt Savannah, Westmoreland, 

Jamaica (18°19’N to 78°5’W) by the Jamaica Meteorological Service 

(http://www.metservice.gov.jm), and Mexico rainfall data (1995-2010) were averaged for 

five weather stations on the Yucatán peninsula (ranging from 19°34’N to 21°18’N and 

88°1’W to 90°32’W) from the National Oceanic and Atmospheric Administration’s 

(NOAA) Climate Prediction Centre, available from the IRI/LDEO Climate Data Library 

(http://iridl.ldeo.columbia.edu/). 

We obtained local breeding season temperature data for Ontario from a weather 

station at the Queen’s University Biological Station. Local temperature data for Alberta 

were provided by Environment Canada’s National Climate Data and Information Archive 

(http://climate.weatheroffice.gc.ca/) from a weather station in Edmonton, Alberta, 120 km 

south of the Meanook Biological Research Station. We averaged daily temperature means 

for the arrival or laying period across all years at each site, although results were similar 

if we used local breeding season temperature for one week or for two weeks preceding 

the annual mean arrival or first egg dates. Local temperature during similar time periods 

has been shown to predict phenology and abundance in certain migratory populations 



29 

 

(Dunn and Winkler 1999; Marra et al. 2005; Smith et al. 2009; Wilson et al. 2011). 

Although temperatures en route can also be associated with migratory timing (Marra et al. 

2005), our goal here was to assess whether rainfall from predicted non-breeding locations 

was associated with redstart phenology, rather than to discover all sources of variation in 

timing of arrival and egg-laying. Thus, rather than reducing power by incorporating 

additional weather variables in our models, we restricted our analyses to include winter 

rainfall and local breeding season temperature, which represent breeding season 

conditions and should also correlate with nearby conditions en route (e.g., Tøttrup et al. 

2010). 

 

Statistical analyses 

We performed statistical analyses in R version 2.14.2 (R Development Core Team 2010). 

To determine whether Ontario and Alberta breeding populations differed in their 

responses to rainfall at the two non-breeding areas, we constructed two Generalized 

Linear Mixed Models (GLMM) using the R package ‘lme4’ (Bates et al. 2011). We 

modeled male arrival date or female first egg date as a function of rainfall in Jamaica, 

rainfall in Mexico, breeding location (Ontario or Alberta), and both two-way interactions 

between breeding location and rainfall (i.e., ‘breeding location’ x ‘Jamaica rainfall’ and 

‘breeding location’ x ‘Mexico rainfall). Both models included individual and year as 

random effects. We evaluated the significance of interactions via likelihood ratio tests by 

removing each interaction in turn and comparing the difference in deviance between the 

resultant model and the full model. These differences in deviance approximately follow a 

Chi-square distribution with one degree of freedom (Zuur et al. 2009). Significant 

interaction terms (see Results) indicated that associations between winter rainfall and 
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response variables at each breeding population indeed differed between the breeding 

populations. 

We thus proceeded to model male arrival date and female first egg date for Ontario 

and Alberta separately, with rainfall from the corresponding predicted non-breeding area. 

This new set of four GLMMs included rainfall from the predicted wintering area and 

local breeding season temperature as fixed effects, and individual and year as random 

effects. We evaluated the significance of fixed effects with likelihood ratio tests as above. 

To evaluate the direction of the association between response variables and effects, we 

present effect estimates and standard errors from final models including only significant 

effects. We used Gaussian distributions and identity link functions for all GLMMs. 

To examine whether phenotypic plasticity could explain results from the above 

models, we first determined the slope of the relationship between mean within-individual 

changes in arrival or first egg dates and interannual changes in rainfall for banded 

individuals that returned in consecutive years. We compared these estimates to the slope 

of the relationship between mean annual arrival or first egg dates and rainfall. Similar 

slopes would indicate that population-level changes could be explained by changes in 

individual behaviour (see also Charmantier et al. 2008; Matthysen et al. 2011). These 

analyses were only performed for the Ontario breeding site due to the smaller number of 

years for which individuals were banded in Alberta and the consequently small number of 

years with returning individuals. 

To examine associations between departure in Jamaica and arrival to the breeding 

grounds, we performed correlation analyses between adult male departure from Jamaica 

and arrival in Ontario, and female departure from Jamaica and first egg date in Ontario. 

We only performed these analyses for the Ontario breeding site because (1) there were 
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only three years of overlap between Alberta and Jamaica datasets, and (2) we detected 

significant associations between Jamaica rainfall and redstart phenology in Ontario (see 

Results). Due to the small number of years (N = 6) in this exploratory analysis and 

because both arrival/egg-laying and departure dates were associated with measurement 

error, we present non-parametric correlations. 

 

Results 

Weather and spring arrival and laying dates 

We did not detect any strong multicollinearity that would have affected our results. 

Correlation coefficients for variables used in the same models were all < 0.51 and non-

significant (Table 2.1; values > 0.8 indicate possible multicollinearity; Glantz and Slinker 

2001), and variance inflation factors (VIF) were < 2.4 (VIF > 10 represents evidence of 

significant multicollinearity, and VIF > 4 represents moderate multicollinearity; Glantz 

and Slinker 2001). 

We obtained arrival dates for 373 adult male American redstarts in Ontario and 97 

in Alberta, and first egg dates for 251 female American redstarts in Ontario and 456 in 

Alberta. Breeding locations generally differed in their associations with rainfall from each 

non-breeding location. Specifically, arrival dates differed between breeding locations in 

response to rainfall in Jamaica (‘breeding location’ × ‘Jamaica rainfall’ interaction: χ
 2

1 = 

7.86, P = 0.005, N = 470) and in Mexico (‘breeding location’ × ‘Mexico rainfall’ 

interaction: χ
 2

1 = 29.9, P < 0.001, N = 470), and first egg dates differed between breeding 

locations in response to rainfall in Jamaica (χ
 2

1 = 15.77, P < 0.001, N = 707), but not in 

Mexico (χ
 2

1 = 1.95, P = 0.162, N = 707). 
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Mixed models containing all individuals revealed that adult males in Ontario 

arrived significantly earlier and females in Ontario had significantly earlier first egg dates 

when rainfall in Jamaica was higher (Table 2.2; Fig. 2.2). Local breeding season 

temperature in Ontario was not related to arrival or first egg dates in Ontario. Females in 

Alberta had significantly earlier first egg dates when rainfall in Mexico was higher, but 

adult male arrival dates in Alberta were not related to rainfall in Mexico (Table 2.2; Fig. 

2.3). Local breeding season temperature in Alberta was not related to arrival or first egg 

dates in Alberta. 

The slope of the relationship between within-individual changes in arrival dates of 

adult males in Ontario and interannual changes in rainfall in Jamaica (-0.045 ± 0.021 days 

mm
-1

) was very similar to that between mean arrival date and rainfall in Jamaica at the 

population level (-0.043 ± 0.018 days mm
-1

; Fig. 2.2). The slope of the relationship 

between within-individual changes in female first egg dates in Ontario (-0.083 ± 0.053 

days mm
-1

) was also similar to that at the population level (-0.063 ± 0.015 days mm
-1

; 

Fig. 2.2), though the standard error for within-individual changes was large due to the 

smaller number of years with multiple returning females (N = 5). The above results 

indicate that the population-level responses in Ontario to rainfall in Jamaica can likely be 

explained by phenotypic plasticity. 

 

Winter departure dates and spring arrival dates 

Mean arrival and first egg dates tended to be earlier in years when males and females 

departed earlier from Jamaica, but non-parametric correlations were non-significant 

(arrival: Spearman’s r = 0.37, P = 0.479; first egg: Spearman’s r = 0.60, P = 0.208; Fig. 

2.4). Mean male departure from Jamaica was earlier in years when rainfall in Jamaica was 
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higher (r
2
 = 0.80, t4 = -3.98, P = 0.017), but this relationship was marginally non-

significant for females (r
2
 = 0.57, t4 = -2.29, P = 0.084) (see also Studds and Marra 2011). 

 

Discussion 

The evidence for strong migratory connectivity in American redstarts led us to predict 

that climatic conditions experienced in eastern non-breeding areas might influence bird 

phenology in eastern breeding populations, whereas conditions experienced in western 

non-breeding areas might influence bird phenology in western breeding populations. We 

found support for this pattern for arrival and laying dates in two populations breeding at 

opposite sides of their breeding range in North America (Table 2.2): a population in 

Ontario experienced earlier male arrival and female first egg dates when rainfall in 

Jamaica was greater, whereas a population in Alberta experienced earlier female first egg 

dates when rainfall in eastern Mexico was greater. The relationship between rainfall and 

male arrival dates was not significant in Alberta, perhaps due to the small number of 

years in this analysis. The magnitude of these associations was similar between 

populations, despite overall differences in absolute rainfall between non-breeding 

locations (x-axis on Fig. 2.2 versus Fig. 2.3), suggesting that American redstarts respond 

in the same way to changes in winter rainfall across their range. Finally, we found that 

mean population-level responses were similar to within-individual changes in arrival and 

laying dates of returning birds that experienced years of differing non-breeding season 

rainfall, indicating that the above associations could likely be explained entirely by 

phenotypic plasticity, at least in Ontario where sufficient data was available to perform 

these analyses. 
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In a similar study, Wilson et al. (2011) detected associations between the 

Normalized Difference Vegetation Index (NDVI) during the winter in the Greater 

Antilles and American redstart abundance in eastern breeding populations the following 

spring. No associations were discovered for the western non-breeding range in Mexico 

and western breeding populations. They concluded that migratory connectivity might be 

weaker in western populations or that winter conditions might not affect redstarts 

similarly across their range. Our results imply otherwise. Differences between studies in 

precise locations chosen to represent the likely non-breeding range of western breeding 

populations could account for this discrepancy. Specifically, Wilson et al. (2011) used 

NDVI from western Mexico, whereas we used rainfall from eastern Mexico, and the 

timing and intensity of rainfall in Mexico can differ dramatically across the country 

depending in part on the phase of the El Niño Southern Oscillation (Caso et al. 2007). 

Alternatively, non-breeding conditions could influence redstart phenology and abundance 

in different ways across their range (see also Balbontín et al. 2009a). In any case, this is 

among the first studies to document at least some spatial correspondence in response to 

winter conditions between different breeding populations in a long-distance migrant. 

Other studies include barn swallows (Hirundo rustica) breeding in Denmark and Spain 

that showed different arrival, dispersal, and survival responses to large-scale climate 

indices in winter (Balbontín et al. 2009a), and different breeding populations of pied 

flycatchers (Ficedula hypoleuca) that showed variation in the strength of the relationship 

between laying date and winter vegetation productivity (Both et al. 2006). 

Interestingly, we detected no significant associations between local temperature on 

the breeding grounds and arrival or laying dates (Table 2.2), which indicates that the 

influence of winter conditions on American redstart phenology may be stronger than that 
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of breeding conditions (see also Gordo et al. 2005), at least for the time periods that we 

examined. Likewise, Wilson et al. (2011) found no associations between breeding season 

temperature and population trends across the redstart breeding range. However, it remains 

possible that nearby temperature acts to fine-tune arrival and egg-laying dates once 

redstarts approach and reach the breeding grounds (Tøttrup et al. 2010).  

Population differences in response to weather conditions on or close to the breeding 

grounds have been demonstrated in other species. As one example, pied flycatchers 

migrating later to northern Europe have experienced warming temperatures and have 

advanced their arrival, whereas those migrating earlier to western and central Europe 

have not experienced warming temperatures and have not advanced their arrival (Both 

and te Marvelde 2007). As another example, advances in tree swallow (Tachycineta 

bicolor) laying dates from different populations were found to correspond to local 

increases in temperature (Dunn and Winkler 1999). These types of patterns, combined 

with our findings in this study, suggest that spatio-temporal variation in climate change 

could potentially have disparate effects on different breeding populations of long-distance 

migrants, as is the case in short-distance migrants and residents (Sanz 2002; Visser et al. 

2003; Both and te Marvelde 2007). 

Despite the small number of years and thus correspondingly low power, our 

preliminary analyses provided some indication of positive associations between departure 

dates from a Jamaican non-breeding population and arrival and egg-laying dates in 

Ontario (Fig. 2.4). Such a result was expected given that winter conditions in Jamaica 

were related to redstart phenology in Ontario and departures from Jamaica (this study; 

Studds and Marra 2011). Unfortunately, we were not able to test whether the same was 

true for non-breeding populations in Mexico and an Alberta breeding population, though 
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this would be a reasonable prediction. Few studies have explicitly linked mean winter 

departure of populations to subsequent spring arrival dates (but see Gunnarsson et al. 

2006), though a handful of studies have tracked individuals during migration. As one 

example, bar-tailed godwits (Limosa lapponica baueri) that departed the non-breeding 

grounds earlier tended to arrive to the breeding grounds earlier, with this relationship 

apparently mediated by breeding latitude (Conklin et al. 2010). However, no relationship 

between individual departure and arrival dates was found in greater snow geese (Anser 

caerulescens atlanticus) (Bêty et al. 2004). It may be that yearly variation in population 

departure dates, perhaps as a consequence of variation in winter conditions (Gunnarsson 

et al. 2006), can be associated with variation in arrival dates, but that this relationship is 

not always true for individuals within a given year. 

The comparative strength of migratory connectivity in redstarts might have 

contributed to our findings. If a relationship between the degree of connectivity and 

response to climate is a general phenomenon, then the effects of continued climate change 

will likely be most severe in strongly connected populations. We are not aware of any 

studies that have related the degree of migratory connectivity to responses to climate 

variation, though a study of Cerulean warblers (Setophaga cerulean) found that 

populations with weaker connectivity did not suffer declines as severe as those with 

stronger connectivity (Jones et al. 2008). Future research could use evidence from stable 

isotopes of tissue grown on the non-breeding grounds in combination with climatic data 

to determine the likely non-breeding locations of breeding individuals and their predicted 

phenological responses, though such comparisons may be complicated by associations 

between isotopic signatures and weather itself (Farmer et al. 2008). Better yet, the 
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increasing use of telemetry and geolocators may allow for accurate identification of both 

non-breeding location and arrival timing. 

The associations that we detected between winter conditions and redstart phenology 

were negative, i.e., earlier arrival and laying dates in years of greater rainfall. This pattern 

mirrors well-documented associations between breeding-ground arrival dates and winter 

habitat quality inferred from stable-carbon isotopes: American redstarts overwintering in 

high-quality wet habitat tend to arrive earlier than those overwintering in low-quality dry 

habitat (Marra et al. 1998; Reudink et al. 2009; Tonra et al. 2011). Our findings are also 

in agreement with studies showing earlier passage and arrival in certain European long-

distance migratory bird populations in years of higher precipitation and vegetation 

productivity on their African non-breeding grounds (Saino et al. 2004; Gordo et al. 2005; 

Gordo and Sanz 2008). Interestingly, some European long-distance migrants have shown 

opposite patterns, with delayed passage in years of increased vegetation productivity at 

non-breeding or passage areas (Tøttrup et al. 2008; Robson and Barriocanal 2011). And 

in the case of barn swallows, the direction of this association appears to differ among 

populations (Møller and Merilä 2004; Balbontín et al. 2009a, b). Such variation is not yet 

well understood, but differences among species and populations in their general ecology 

and migratory timing and routes, as well as differences among studies in the metrics of 

migratory phenology used (e.g., passage versus arrival, first arrival versus mean arrival) 

could play a role. Furthermore, the exact non-breeding and breeding origins of 

populations in the above studies were often not known (for further discussion see 

Balbonín et al. 2009b; Robson and Barriocanal 2011). In any case, we now have support 

that increased winter rainfall, which is correlated with increased arthropod prey 
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abundance, influences migratory phenology in breeding and non-breeding populations of 

a North American long-distance migrant (Studds and Marra 2007, 2011; present study). 

We found that variation in breeding ground phenology in Ontario could be largely 

explained by individual behaviour. Banded individuals were generally able to arrive and 

lay eggs earlier in years of improved winter conditions, and the magnitude of this 

association was very similar to that of the population as a whole. We expected that 

phenotypic plasticity would be able to account for associations between winter conditions 

and phenology in American redstarts for several reasons. First, the relatively small 

number of years in our dataset and the lack of a directional trend in winter rainfall over 

this timescale (results not shown) might negate the potential for microevolution or its 

detection, and high breeding site fidelity in adult redstarts might counteract the potential 

for dispersal (Studds et al. 2008). Second, prior work with American redstarts has 

demonstrated the importance of non-breeding habitat quality in influencing individual 

condition and departure dates (Marra et al. 1998; Marra and Holmes 2001; Studds and 

Marra 2011), spring arrival and reproductive success (see above), and natal dispersal 

(Studds et al. 2008). Thus, our results provide further evidence that individual migratory 

schedules in long-distance migrants are not always rigidly fixed and can vary along with 

climatic conditions (Saino et al. 2004; Studds and Marra 2011). 

Incorporating knowledge of migratory connectivity across a species range should 

improve our ability to predict how different populations will respond to climate change. 

Here we have shown that separate breeding populations can have similar but independent 

and spatially-specific associations with weather conditions from non-breeding areas to 

which they are likely linked. In American redstarts, such responses may prove to be 

maladaptive due to predicted patterns of global change. Drying conditions in tropical non-
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breeding areas in combination with warming trends across the temperate breeding range 

(Neelin et al. 2006; IPCC 2007) could presumably cause population declines as a result of 

the tight association between early arrival and reproductive success (Lozano et al. 1996; 

Smith and Moore 2005; Reudink et al. 2009). Unfortunately, this may be the case for a 

number of long-distance migrants owing to climate change at different periods of their 

annual cycle (Gordo et al. 2005; Both 2010). 
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Table 2.1 Correlation coefficients among weather variables at two non-breeding and two 

breeding areas of American redstarts 

 Jam rain Mex rain ON arr temp ON egg temp AB arr temp 

Mex rain 0.38 - - - - 

ON arr temp -0.17 0.18 - - - 

ON egg temp -0.46 0.28 0.80* - - 

AB arr temp 0.03 0.51 -0.61 -0.23 - 

AB egg temp 0.06 0.46 -0.63 -0.26 0.94* 

Jam rain Jamaica rainfall, Mex rain Mexico rainfall, ON arr temp mean temperature 

during arrival in Ontario, ON egg temp mean temperature during first egg-laying period in 

Ontario, AB arr temp mean temperature during arrival in Alberta, AB egg temp mean 

temperature during first egg-laying period in Alberta 

* Significant at P < 0.05 
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Table 2.2 Results of GLMMs explaining variation in adult male arrival and female first 

egg dates at two breeding populations of American redstarts. Individual and year were 

included as random effects. Significance of fixed effects (see Table 2.1 for abbreviations 

and units) was evaluated via likelihood ratio tests by removing each sequentially from a 

full model containing all fixed effects. Estimates from final models containing only 

significant fixed effects are shown 

 χ
 2

1 P Estimate ± SE 

Ontario arrival model  N = 373  

Jam rain 4.54 0.033 -0.041 ± 0.018 

ON arr temp 0 1 - 

Ontario first egg model  N = 251  

Jam rain 11.85 < 0.001 -0.059 ± 0.017 

ON egg temp 2.66 0.103 - 

Alberta arrival model  N = 97  

Mex rain 0.40 0.525 - 

AB arr temp 0 1 - 

Alberta first egg model  N = 456  

Mex rain 5.36 0.021 -0.083 ± 0.033 

AB egg temp 0 1 - 
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Fig. 2.1 Map of study locations and predicted migratory connectivity in American 

redstarts. Breeding populations were studied in Ontario and Alberta, Canada. A non-

breeding population was studied in Westmoreland, Jamaica, and rainfall data were 

collected for Jamaica and eastern Mexico. Dashed lines connect non-breeding populations 

to their most likely breeding region, as inferred from stable isotope analysis (see text; 

Norris et al. 2006) 
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Fig. 2.2 Relationship between mean January to March rainfall in Jamaica and adult male 

American redstart arrival (filled circles; mean ± SE) and female first egg date (empty 

circles; mean ± SE) at a breeding site in Ontario. Solid lines show predicted relationship 

based on final models (Table 2.2) 
  



51 

 

 

Fig. 2.3 Relationship between mean January to March rainfall in Mexico and adult male 

American redstart arrival (filled circles; mean ± SE) and female first egg date (empty 

circles; mean ± SE) at a breeding site in Alberta. Solid lines show predicted relationship 

based on final models (Table 2.2)  



52 

 

 

Fig. 2.4 Association between annual departure date from Jamaica (mean ± SE) and a 

arrival (mean ± SE) at a breeding site in Ontario for adult male American redstarts and b 

first egg date (mean ± SE) at a breeding site in Ontario for female American redstarts 
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Chapter 3 

 

 

 

Experimentally delaying arrival timing reduces reproductive success of 

male American redstarts 
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Abstract 

Birds that arrive and breed early often have higher reproductive success than late 

individuals, either as a consequence of timing-specific advantages (the timing hypothesis) 

or because these individuals and/or their resources are of higher quality (the quality 

hypothesis). In this study, we assessed the relative roles of several factors influencing 

reproductive success under the timing and quality hypotheses by experimentally delaying 

arrival date in male American redstarts (Setophaga ruticilla), a species for which early 

male arrival is strongly related to increased reproductive success. Our manipulation 

involved the capture, holding, and release of early-arriving males following pairing and 

territory establishment, simulating an arrival date approximately 12 days after their initial 

arrival and resulting in the loss of their initial mate and/or territory. Manipulated males 

did not experience any decrease in body condition, nor did their reproductive behaviour 

differ from that of early-arriving control males. We found that naturally early-arriving but 

experimentally delayed males suffered reduced fledging success in comparison to early-

arriving males that bred early or late, but equivalent success in comparison to males that 

arrived and bred late. Our results indicate that neither individual male quality nor absolute 

arrival timing alone can explain the relationship between early arrival and higher 

reproductive success in this species, suggesting that some other aspect of resource quality 

is likely important. We discuss and present evidence for two alternative explanations 

under the quality hypothesis: female quality and territory quality. Our study is the first to 

investigate the effects of experimentally manipulating male arrival date, strengthening 

previous correlational evidence for resource quality as a potentially important selective 

agent driving early arrival in migratory birds. 
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Introduction 

A seasonal decline in reproductive success is common to many bird species (Perrins 

1970; Price, Kirkpatrick and Arnold 1988; Daan et al. 1989). Early-breeding individuals 

often lay larger clutches (Brinkhof et al. 1993; Christians et al. 2001) and eggs (Birkhead 

and Nettleship 1984), have higher rates of chick growth and survival (Sedinger and Flint 

1991; Lepage et al. 1999), and have higher fledgling recruitment (Spear and Nur 1994; 

Verboven and Visser 1998). However, to what extent the advantages of early breeding are 

timing-specific (the timing hypothesis) or are a result of higher quality of early-breeding 

individuals or their resources (the quality hypothesis), remains unclear. Here, we focus on 

this problem as it applies to migratory birds, where males often precede females to the 

breeding grounds, and early arrival is frequently associated with earlier breeding and 

increased reproductive success (e.g., Möller 1994; Aebischer et al. 1996; Lozano et al. 

1996; Hasselquist 1998). 

In the absence of differences in individual or resource quality, early-arriving males 

may have higher reproductive success due to several factors associated with the timing of 

breeding. Here we assume anything relating to seasonal phenology or absolute date to fall 

under the timing hypothesis. With respect to phenology, arrival date could dictate whether 

individuals are able to lay eggs early enough to time their offspring hatching with a 

seasonal peak in food availability (Both and Visser 2001) or to escape a seasonal increase 

in nest predation risk (Grant et al. 2005). With respect to absolute timing, later-arriving 

and breeding individuals might expend less energy in reproduction due to the lower 

reproductive value of later-hatching chicks (Daan et al. 1989) or due to time and energy 

constraints associated with molt and migration (Nilsson and Svensson 1996; Siikamäki 

1998). 
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Several mechanisms exist whereby quality can mediate improvement in 

reproductive success. First, early males might be of superior individual quality. Early-

arriving males are often older and more experienced (Lozano et al. 1996; Stewart et al. 

2002) and might originate from higher-quality winter habitats (Marra et al. 1998; Reudink 

et al. 2009a), be in better physiological condition (Rätti et al. 1993; Marra et al. 1998), or 

have more elaborate sexually selected traits (Möller 1994). Second, early males might 

obtain superior resources. In particular, early-arriving males might pair with the highest-

quality females and/or obtain the best territories (Möller 1994; Aebischer et al. 1996; 

Hasselquist 1998; Currie et al. 2000). Note that both individual quality and relative arrival 

timing (i.e., arrival date relative to other males in the population) could contribute to the 

acquisition of superior mates and territories. However, due to their association with 

relative as opposed to absolute date and because they indicate an individual’s resources, 

we here consider these factors to fall under the quality hypothesis. Regardless of their 

classification, female and territory quality can still be tested as distinct from other timing- 

and quality-related factors in their relative influence on the reproductive success of early-

arriving males. 

A suite of experimental studies (reviewed by Verhulst and Nilsson 2008) have 

attempted to distinguish between the timing and quality hypotheses using techniques such 

as inducing replacement clutches (e.g., Verboven and Visser 1998; Christians et al. 2001), 

storing eggs (e.g., Siikamäki 1998), cross-fostering (e.g., Brinkhof et al. 1993; Lepage et 

al. 1999), and supplementary feeding (e.g., Nilsson 1994; Nager et al. 1997). Such studies 

are challenging due to covariances among factors associated with the timing and quality 

hypotheses. Furthermore, manipulations of breeding or arrival timing can potentially have 
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confounding effects on the body condition or subsequent reproductive effort of 

manipulated birds. 

Two recent large-scale manipulation experiments have made use of aviary 

detainment in combination with food restriction to examine relationships between body 

condition and breeding performance in Arctic-breeding birds. Legagneux et al. (2012) 

showed reduced body condition and reproductive success in female greater snow geese 

(Anser caerulescens atlanticus) following detainment and food restriction at a spring 

stop-over site, most likely due to a stress response. Descamps et al. (2011) found that 

detaining female common eiders (Somateria mollissima) resulted in reduced body 

condition and later laying dates, but no difference in clutch size in comparison to 

unmanipulated females. Though these studies revealed important causal links among 

condition, breeding phenology, and reproductive success, they were designed to reduce 

female pre-breeding body condition rather than to test for an effect of a delay in breeding 

or arrival date. 

Only one study that we are aware of has explicitly tested the effect of manipulating 

arrival timing to the breeding grounds in a migratory species. Cristol (1995) captured and 

detained female red-winged blackbirds (Agelaius phoeniceus) upon arrival in spring and 

found that these females bred later and showed diminished social status upon release in 

comparison to control females. Although no differences in reproductive success were 

found between the two groups in this study, the results provide some support for the 

quality hypothesis as defined here in that early-arriving females in this highly polygynous 

species might gain social status and thus benefit from greater parental care for their young 

(Cristol 1995). This type of manipulation has never been performed on males, despite 
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males often being under much stronger selection for early arrival than females (Kokko et 

al. 2006). 

In this study, we delayed arrival time to the breeding grounds in early-arriving male 

American redstarts (Setophaga ruticilla), a migratory species for which early male arrival 

is known to increase reproductive success (Lozano et al. 1996; Smith and Moore 2005; 

Reudink et al. 2009a). Our goal was to determine the relative roles of several factors 

within the timing and quality hypotheses in increasing the reproductive success of early-

arriving males using three sequential comparisons (Fig. 3.1). First, we compared the 

reproductive success (number of offspring fledged) of delayed males to that of early-

arriving control males (i.e., those whose arrival overlapped with the initial arrival of 

delayed males). If individual quality is the most important factor in this system, we 

predicted delayed males to have equal success in comparison to early-arriving control 

males. If factors other than individual quality are more important, we predicted delayed 

males to have reduced success in comparison to early-arriving control males. Second, we 

compared the success of delayed males to that of late-arriving males (i.e., those whose 

arrival overlapped with the later arrival of delayed males following aviary delay). If some 

aspect(s) of timing is the most important factor, we predicted delayed males to have equal 

success in comparison to naturally late-arriving males. However, if delayed males had 

reduced success in comparison to late-arriving males, we would conclude that our 

experimental manipulation itself negatively affected the success of delayed males via a 

reduction in condition or reproductive incentive, confounding any interpretation of the 

relevant factors. Third, we compared the success of delayed males to that of naturally 

late-breeding males (i.e., those whose egg-laying dates overlapped with the later egg-

laying dates of delayed males following aviary delay). If absolute timing is the most 
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important factor, we predicted delayed males to have equal success in comparison to late-

breeding males. Late-breeding males arrived earlier than delayed males following aviary 

delay (see Arrival and reproductive timing), and so if other factors related to timing (e.g., 

mate quality, territory quality) are also important, we predicted delayed males to have 

reduced success in comparison to late-breeding males. Our sequential comparisons thus 

provided a powerful test of the relative importance of various factors potentially 

responsible for the positive association between early arrival and high fledging success 

(Fig. 3.1). This approach also accounted for possible confounding effects of the 

manipulation, enabling us to make robust conclusions regarding the relative strength of 

the timing and quality hypotheses in this system. 

 

Materials and methods 

Study species 

American redstarts are small (7-8 g) insectivorous migratory songbirds that breed 

throughout much of North America and spend the stationary portion of the non-breeding 

season throughout the Caribbean, Mexico, Central and northern South America (Sherry 

and Holmes 1997). Redstarts are sexually dimorphic and show delayed plumage 

maturation, such that males in their first breeding season (second year or SY) are easily 

distinguished from older males (after-second year or ASY). For this study, we focused on 

ASY males, that are first to arrive to the breeding grounds and establish territories. They 

are followed by females approximately one week later and then by SY males. Females 

pair with males within a day or so of arriving and start nest-building within several days 

(Sherry and Holmes 1997). American redstarts are single-brooded, but rates of nest loss 

are high (approximately 50% in our study population, A. McKellar, unpubl. data), mostly 
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due to predation, and females may re-nest up to six times in response to failed nesting 

attempts (A. McKellar, unpubl. data; Sherry and Holmes 1997). 

 

Field data collection 

We  monitored a population of American redstarts on a 100 ha site from May-July 2010-

2011 at the Queen’s University Biological Station, Chaffey’s Lock, Ontario, Canada 

(44°34’ N, 76°19’ W), as part of a long-term breeding study initiated in 2001 (Reudink et 

al. 2009a, b; Germain et al. 2010). This study site is composed of mixed-deciduous forest, 

primarily dominated by sugar maple (Acer saccharum) and eastern hop-hornbeam 

(Ostrya virginiana). We recorded male and female arrival dates, first egg dates, clutch 

size, number of nesting attempts, and fledging success. We also captured and banded 

males and (whenever possible) females. 

In 2010 and 2011, we experimentally delayed arrival of males on an adjacent 82 ha 

site located within the same forested habitat. From 1 to 31 May, we monitored this area 

daily from 0600 to 1200 to detect the presence of males by listening for singing and 

subsequent visual identification. We selected the first 14 ASY males to arrive at this site 

in each year for our experiment. Of these, we randomly designated six as early-arriving 

control males and the remainder as experimental males. We captured males in mist nets 

using song playback and a stuffed male decoy. We captured control males soon after 

arrival (mean capture date ± SE = 12.3 ± 1.2, where May 1 = 1), but experimental males 

at a slightly later date (mean capture date = 22.1 ± 1.0), chosen to correspond to the time 

when approximately 75% of ASY males had arrived each year to our main study 

population (A. McKellar, unpubl. data). The reason for the difference in capture timing 

between control and experimental males was threefold. First, we wished to minimize the 
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time in captivity for experimental males. Thus, rather than capturing experimental males 

early and detaining them for several weeks, we captured and detained them for a shorter 

period of time after they had already established a territory and attracted a mate, but while 

other males and females were still arriving, thus simulating a later arrival date upon 

release (see below). Second, we wanted to avoid capturing experimental males twice 

within a season, both to preclude capturing experimental and control males a different 

number of times and because re-capturing previously banded males within a season is 

extremely difficult in our study population. Third, it was necessary to capture and band 

control males early so as to introduce some banded males into the population to aid in 

distinguishing individuals for territory mapping. Differences in capture timing should not 

bias our experiment because there was no association between either the probability of 

fledging offspring or the number of offspring fledged and the number of days between 

arrival and capture for ASY males over 11 years in our study population (A. McKellar, 

unpubl. data). We banded males with a unique combination of colour bands and a single 

Canadian Wildlife Service (CWS) aluminum band, and recorded mass (± 0.1 g), 

nonflattened wing chord (± 1.0 mm), and tarsus length (± 0.01 mm). Control and 

experimental males did not differ in any of the above measures (results not shown). 

After capture, we held experimental males individually for either the whole day 

(1000 to 1800, N = 4) or overnight (1000 to 1000 the following day, N = 12) in 3 x 3 x 3.4 

m aviary enclosures. Based on pilot studies, 8 hr was the minimum time period necessary 

for males to show a delay effect (loss of initial territory and/or mate; see below). 

However, if weather conditions permitted, we held males overnight. We provided 

experimental males with fresh water and mealworms ad libitum once per day. Prior to 

release at their site of capture, we attached a 0.2 g glue-on radio transmitter (model 
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A2405, Advanced Telemetry Systems, Isanti, Minnesota) to all experimental males so 

that they could be re-located if they shifted territories after aviary release. We tracked 

males using a 150-153.999 MHz receiver (Advanced Telemetry Systems) and a Yagi 

antenna. We attached a 0.2 g sham tag (constructed of plastic and a thin wire) of the same 

dimensions as the real transmitters to control males and released them immediately after 

capture. Transmitters and sham tags fell off naturally within 23 days (mean = 9.4 ± 2.1, N 

= 11) of attachment. 

Upon the arrival of both early-arriving control and experimental males, and 

following the release of experimental males, we mapped males for at least 20-30 min/day 

to determine territory boundaries, pairing dates, and first egg dates. We identified males 

by their unique band combination or, for males that were subsequently captured and 

designated experimental males, by the size and shape of the distinctive black bib on their 

breast. We deemed experimental males to have lost their initial territory if (1) a newly-

arrived or already-established neighbouring male was mapped within the previously 

defined territory and remained and bred there after the experimental male’s release, to the 

exclusion of the experimental male, and (2) the experimental male was mapped and bred 

on either a partially overlapping or an entirely new non-overlapping territory from his 

initial territory. We checked nests every other day to determine first egg date (with the 

use of an extendable mirror pole) and the number of offspring fledged. If a nest failed, we 

monitored the territory daily until we found the re-nest. All experimental males were 

paired with females before capture. We considered experimental males that lost either 

their initial mate, territory, or both following aviary detainment to have been successfully 

delayed in their arrival, and we defined their effective arrival, pairing, and first egg dates 
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as the day they were released from the aviary, the day they paired following aviary 

release, and their first egg date following aviary release, respectively. 

We successfully delayed arrival in 10 of 16 experimental males (N = 6 in 2010 and 

N = 4 in 2011). We detected no consistent relationship between time in captivity and the 

success of the delay. Of the males held for 8 hr, upon release after holding, one lost both 

his initial mate and his initial territory, one lost his initial mate but not his initial territory, 

and two lost neither their initial mate nor their initial territory. Of the males held 

overnight, six lost both their initial mate and their initial territory, two lost only their 

initial mate but not their initial territory, three lost neither their initial mate nor their initial 

territory, and one was not relocated. The 10 males having lost their initial mate or mate 

and territory are hereafter referred to as delayed males and are considered further in our 

analyses – the five remaining males that did not lose mates or territories are discussed 

below. Although many females were unbanded, we are confident that re-pairings 

involved new females, because either (1) the first female to pair with a delayed male 

before aviary detainment was banded and the second female was not (N = 3), or (2) the 

delayed male was observed behaving unpaired (singing constantly and loudly in repeat 

song mode, remaining relatively stationary; Sherry and Holmes 1997) for at least one day 

following aviary release (N = 7). Delayed males showed a slight but significant increase 

in body mass during detainment (before: 7.9 ± 0.1 g, after: 8.1 ± 0.1 g, paired t test, t9 = 

2.84, P = 0.019). 

 

Data analysis 

Statistical analyses were performed in R version 2.13.0 (R Development Core Team 

2011, Vienna, Austria). Means are presented as means ± standard errors. We first 
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compared the initial and effective arrival, pairing, and first egg dates of delayed males to 

those of early-arriving control males using t tests. Values were standardized across years 

(2010 and 2011) by assigning the earliest individual a score of 0 within each year. We 

next compared the effective arrival, pairing, and first egg dates of delayed males to those 

of unmanipulated late-arriving and late-breeding males from our larger study population, 

as above.  We defined late-arriving males as those ASY males that arrived within the 

effective arrival dates of delayed males, whereas we defined late-breeding males as those 

ASY males with first egg dates within the effective first egg dates of delayed males, 

regardless of their arrival dates. 

We analyzed several measures of reproductive behaviour of delayed males and 

early-arriving control males. This was done in an attempt to determine whether the aviary 

manipulation itself resulted in reduced condition or incentive in delayed males’ 

reproductive attempts in comparison to birds that should be of comparable quality. We 

compared their time to pairing and nest-building activity (following aviary release for 

delayed males) using t tests, and we compared their number of nesting attempts using a 

Generalized Linear Model (GLM) with Poisson errors and logarithm link function. 

For our analysis of reproductive success, we first compared the number of offspring 

fledged between delayed males and early-arriving control males (Fig. 3.1, Step 1) with a 

GLM with Poisson errors and logarithm link function. Based on this result, we next 

compared the number of offspring fledged between delayed males and late-arriving males 

(Fig. 3.1, Step 2). Based on the above results, we finally compared the number of 

offspring fledged between delayed males and late-breeding males (Fig. 3.1, Step 3). 

 

Results 
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Arrival and reproductive timing 

Delayed males experienced an effective arrival date that was 12.2 ± 1.2 days later than 

their initial arrival date and re-paired with second females within 1 to 13 days of release 

(mean = 4.8 ± 1.4). Delayed males did not differ from early-arriving control males in their 

initial arrival dates to the breeding grounds (early-arriving: 7.0 ± 1.2, delayed: 6.3 ± 1.4, 

t19 = -0.39, P = 0.699). However, after aviary detainment, delayed males effectively 

arrived significantly later than early-arriving control males (delayed: 18.5 ± 0.9, t19 = 

7.52, P < 0.001). Similarly, delayed males experienced significantly later effective pairing 

dates than early-arriving control males (early-arriving: 5.2 ± 1.2, delayed: 15.9 ± 2.0, t19 = 

4.70, P < 0.001), despite no difference in initial pairing dates (delayed: 3.4 ± 0.8, t19 = -

1.17, P = 0.258), resulting in significantly later effective first egg dates for delayed males 

(early-arriving: 5.2 ± 1.4, delayed: 13.3 ± 2.1, t17 = 3.21, P = 0.005). The above results 

demonstrate that delayed males indeed experienced a delay in their breeding phenology 

(arrival, pairing, and first egg dates), despite no differences in their initial phenology 

(arrival and pairing dates) in comparison to early-arriving control males. 

Delayed males did not differ in their effective arrival in comparison to the arrival 

dates of late-arriving males (late-arriving: 16.2 ± 0.5, t17 = -2.04, P = 0.057), but arrived 

significantly later than late-breeding males (late-breeding: 11.2 ± 1.2, t22 = -4.38, P < 

0.001). Similarly, delayed males did not differ in their effective pairing dates in 

comparison to the pairing dates of late-arriving males (late-arriving: 13.9 ± 5.1, t15 = -

0.42, P = 0.678), but paired significantly later than late-breeding males (late-breeding: 8.3 

± 1.7, t22 = -2.91, P = 0.008). Delayed males did not differ in their effective first egg dates 

in comparison to late-arriving (late-arriving: 10.6 ± 3.9, t14 = -0.66, P = 0.520) or late-

breeding males (late-breeding: 9.0 ± 1.4, t23 = -1.78, P = 0.089). The above results 
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demonstrate that delayed males experienced similar breeding phenology (arrival, pairing, 

and first egg dates) in comparison to naturally late-arriving males, but that they 

effectively arrived and paired later than naturally late-breeding males. 

 

Reproductive behaviour and success 

Early-arriving control males and delayed males did not differ in measures of pairing or 

nesting behaviour. The two groups did not differ in mean time to pairing (early-arriving: 

5.4 ± 1.6, delayed: 4.6 ± 1.5, t19 = -0.35, P = 0.734), time to first nesting activity (early-

arriving: 5.7 ± 1.2, delayed: 5.9 ± 1.8, t17 = 0.09, P = 0.930), or number of nesting 

attempts (early-arriving: 2.5 ± 0.2, delayed: 2.8 ± 0.3, χ
2

1 = 0.24, N = 21, P = 0.625). 

Delayed males fledged significantly fewer offspring than early-arriving control 

males (early-arriving: 2.5 ± 0.5, delayed: 0.8 ± 0.4, χ
2

1 = 9.16, N = 21, P = 0.002; Fig. 

3.2) but did not differ in number of offspring fledged in comparison to late-arriving males 

(late-arriving: 1.1 ± 0.6, χ
2

1 = 0.48, N = 19, P = 0.487; Fig. 3.2). Delayed males fledged 

significantly fewer offspring than late-breeding males (late-breeding: 2.0 ± 0.5, χ
2

1 = 

6.33, N = 26, P = 0.012; Fig. 3.2). Number of offspring fledged for delayed males was 

comparable to that predicted from their arrival dates based on an analysis of ASY male 

arrival from 2001-2011 at our long-term study site (Fig. 3.3).  

 

Discussion 

To evaluate the relative importance of several factors intended to explain seasonal 

declines in reproductive success, we used a novel experimental manipulation that 

simulated an arrival delay of approximately 12 days in a group of early-arriving male 

American redstarts. Delayed males were forced to lose their initial mate or their initial 
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mate and territory, and they fledged significantly fewer offspring than early-arriving 

control males (Fig. 3.2), despite no changes in measured condition or reproductive 

behaviour. Delayed males did not differ in number of offspring fledged when compared 

to naturally late-arriving males that had equivalent arrival, pairing, and first egg dates, but 

fledged significantly fewer offspring than naturally late-breeding males that had earlier 

arrival and pairing dates. Taken together, these results suggest that factors related to 

arrival timing, but in addition to or instead of absolute timing, are likely responsible for 

the positive association between arrival timing and reproductive success in American 

redstarts (Fig. 3.1). Below, we outline how our findings might inform different aspects of 

the timing and quality hypotheses, and we discuss alternative explanations and their 

implications. 

 

Timing hypothesis 

Many insectivorous birds are thought to time their reproduction such that seasonal peaks 

in food availability coincide with the time of maximum offspring need (Perrins 1970; 

Perrins and McCleery 1989). Arriving too late could result in later breeding, asynchrony 

with the food peak, and reduced breeding success (Both and Visser 2001; Pearce-Higgins 

et al. 2005). Other timing-specific difficulties associated with later breeding include a 

higher nest predation risk (Grant et al. 2005), lower parental incentive (Daan et al. 1989), 

and time or energy constraints (Nilsson and Svensson 1996). If experimentally delayed 

male American redstarts suffered reduced reproductive success due to absolute timing 

alone, we would expect delayed males to (1) fledge fewer offspring than early-arriving 

control males, (2) fledge an equivalent number of offspring as late-arriving males, and (3) 

fledge an equivalent number of offspring as late-breeding males (Fig. 3.1). Although we 
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found support for the first two points, delayed males suffered reduced success in 

comparison to late-breeding males (Fig. 3.2). Thus, arrival timing alone cannot explain 

the relationship between early arrival to the breeding grounds and increased breeding 

success in American redstarts (Fig. 3.3; Lozano et al. 1996; Smith and Moore 2005; 

Reudink et al. 2009a), although it is quite possible that the delay in absolute timing was a 

contributing factor to the lower success of delayed birds.  

 

Quality hypothesis 

Why else might aviary detainment and the loss of a mate or mate and territory cause 

reduced fledging success? One possibility is that aviary detainment resulted in diminished 

condition in delayed males. We do not believe this to be the case for four reasons. First, 

delayed males expended equal pairing and nesting effort as early-arriving control males in 

terms of the time required to attract a mate and build a nest and the total number of 

nesting attempts. Second, delayed males showed a slight increase in body mass during 

detainment. Third, of the five experimental males that did not lose their initial mate or 

territory, four bred successfully upon release, fledging three (N = 2) or four (N = 2) 

offspring each. Although sample sizes are too small for meaningful statistical analyses, 

these results show that males that experienced aviary captivity without experiencing a 

delay still had greater fledging success (mean number of offspring ± SE = 2.8 ± 0.7) in 

comparison to delayed males (0.8 ± 0.4), but similar fledging success in comparison to 

early-arriving control males (2.5 ± 0.5). Fourth, delayed males fledged a mean number of 

offspring within the predicted range of natural variation at our long-term study site based 

on their effective arrival dates (Fig. 3.3). 
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Another possibility is that aviary detainment or the delay itself perturbed the 

hormone profiles of delayed males and reduced their reproductive and/or territorial 

incentive. Changes in both stress and reproductive hormones across the stages of the 

breeding cycle have been well-documented in birds (Wingfield and Farner 1993; Romero 

2002). We chose not to take before- and after-detainment blood samples of delayed males 

for hormone analysis as this would have increased stress over such a short detainment 

period and introduced a treatment difference between delayed and control males. 

However, we do not believe that delayed males’ hormone profiles were altered in a way 

that would have biased our results. As stated above, delayed males’ reproductive success 

was within natural levels of variation and they did not differ in measured levels of 

reproductive behaviour in comparison to early-arriving control males, implying that they 

expended the same amount of effort as they would have had they not been detained. 

Furthermore, nest failure rates are very high in this system (see Study species), and males 

thus experience a continual cycle of nest failure and re-nesting. In fact, over our 11-year 

study of this population, fewer than one-quarter of pairs on average were able to fledge at 

least one offspring on their first reproductive attempt, and pairs have been found to 

initiate as many as six nesting attempts in a season (A. McKellar, P. Marra, and L. 

Ratcliffe, unpubl. data). An effect of the experimental delay, as opposed to a change in 

body condition or hormonal timelines, was therefore likely responsible for the difference 

in reproductive success between delayed males and both early-arriving control males and 

late-breeding males. 

By comparing males with equivalent initial arrival dates to the breeding grounds, 

but differing effective arrival dates, we essentially controlled for potential differences in 

individual quality among males. In American redstarts, these could have included 
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differences in the quality of wintering habitat (Marra et al. 1998; Reudink et al. 2009a), 

physiological condition (Marra and Holberton 1998) or plumage colouration (Reudink et 

al. 2009b). Nevertheless, we have shown that individual quality by itself cannot explain 

the higher breeding success of early-arriving male redstarts, because delayed males were 

not able to fledge as many offspring as early-arriving control males (Fig. 3.2). Thus, some 

aspect of resource quality, perhaps in combination with an effect of absolute date, must be 

driving the difference in reproductive success. We suggest female quality and territory 

quality as possible candidates. 

Delayed males could have ultimately paired with lower-quality females (Möller 

1994). Early-breeding females of some species are often older and in better physiological 

condition (Moreno et al. 1998; Hasselquist et al. 2001; Stewart et al. 2002; Descamps et 

al. 2011), and such females may build superior nests (Mainwaring et al. 2008), provide 

greater parental care, and have higher reproductive success (Nol and Smith 1987; Dufva 

1996; Wendeln and Becker 1999; Descamps et al. 2011). In our long-term study 

population, ASY females arrived earlier than SY females (2001-2011, standardized ASY 

mean arrival = 15.4 ± 0.5, SY mean arrival = 17.6 ± 0.7, t218 = 2.62, P = 0.009; A. 

McKellar, P. Marra, and L. Ratcliffe, unpubl. data; see also Smith et al. 2009), and earlier 

female arrival was associated with a greater number of offspring fledged (2001-2011, y = 

2.62 – 0.04x, t240 = -2.13, P = 0.034; A. McKellar, P. Marra, and L. Ratcliffe, unpubl. 

data).  

In our experiment, we detected no obvious trends in the ages of females paired with 

early-arriving control males (three ASY females and one SY) compared to those paired 

with delayed males following their release (one ASY and two SYs), nor between initial 

(one SY) compared to second females (one ASY and two SYs) paired with delayed 
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males. It should be noted, however, that these sample sizes were restrictive due to the 

challenges of capturing females. On the other hand, females paired with delayed males 

did arrive significantly later than those paired with both early-arriving control males and 

late-breeding males (equivalent analysis as male pairing date). Consequently, some 

aspect(s) of female quality, condition, or experience could have played a role decreasing 

the success of delayed males. Future studies should include female removals or capture 

and delayed release of females to establish the importance of female quality in mediating 

the relationship between early arrival and increased reproductive success in this and other 

species. 

Differences in territory quality could have reduced the reproductive success of 

delayed males. Competition over high-quality breeding territories is thought to be a main 

driver of early male arrival to the breeding grounds in migratory birds (Morbey and 

Ydenberg 2001). First-occupied territories might have more food resources or superior 

nesting sites (Aebischer et al. 1996; Hasselquist 1998), leading to increased reproductive 

success for early-arriving males (Arvidsson and Neergard 1991; Currie et al. 2000). In 

American redstarts, ASY males arrive earlier (A. McKellar, P. Marra, and L. Ratcliffe, 

unpubl. data; Ficken and Ficken 1967; Lozano et al. 1996; Smith et al. 2009) and are 

thought to competitively exclude SY males from preferred habitat (Sherry and Holmes 

1989). However, our experiment was restricted to ASY males, and differences in territory 

quality in relation to arrival date or differences in reproductive success in relation to 

territory quality within age classes have not been examined. 

Delayed males in our experiment were made to effectively arrive significantly later 

than both early-arriving control males and naturally late-breeding males, and thus may 

have bred on suboptimal territories. Seven of ten delayed males lost their initial breeding 
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territory after removal, yet individuals that did not lose their initial territory could have 

still suffered a reduction in territory quality, for example by neighbouring males 

encroaching on part of their initial territory thus increasing breeding density (Alatalo and 

Lundberg 1984; Arcese and Smith 1988), or through temporal variation in territory 

quality (Orian and Wittenberger 1991). Indeed, one line of anecdotal evidence suggests 

that territory quality may have played a role. Of the males that we were able to monitor 

that took over territories left vacant upon aviary detainment, five of seven successfully 

fledged offspring. As with female quality, detailed and species-specific studies on 

territory quality are necessary to establish its relative influence on reproductive success. 

Here researchers must choose whether to quantify quality as those biotic or abiotic 

features of the territory that are thought to be important to birds (Morris and Lemon 1988; 

Aebischer et al. 1996), or on patterns of settlement or reproductive output of the territory 

(Hasselquist 1998; Currie et al. 2000). Perhaps most informative are experiments like 

ours that rely on removals and territory replacements so as to “let the birds” decide what 

makes a good territory (e.g., Arvidsson and Neergard 1991). In our study, we were not 

able to monitor all territory-replacement males, but our results nonetheless point to the 

potential significance of territory quality in breeding American redstarts. 

 

Implications 

The relative importance of timing versus quality in mediating relationships between 

breeding time and reproductive success is a fundamental ecological question that has 

received much attention (e.g., Perrins 1970; Verboven and Visser 1998; Christians et al. 

2001; Verhulst and Nilsson 2008). In general, it seems that both timing and quality are 

important, depending on the species in question and the fitness component measured 
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(Verhulst and Nilsson 2008). Moreover, timing and quality can interact such that the 

benefits of early arrival might only be obtainable by high-quality individuals (Möller 

1994; Kokko 1999). Female and territory quality can be intricately related, however, as 

females might choose males based on the quality of their territory (Alatalo et al. 1984) or 

on some male trait that signals territory quality (Arvidsson and Neergard 1991). Early-

arriving, presumably high-quality females (Möller 1994) would then have the best 

territories to choose from, as these tend to be settled by males first (Aebischer et al. 1996; 

Hasselquist 1998). Experimental manipulations, perhaps with females, may be the best 

way to disentangle the relative influences of these factors. Such studies may also provide 

important insights into how shifting arrival dates in response to climate change (e.g., Both 

and Visser 2001; Mills 2005; Jonzén et al. 2006; Tøttrup et al. 2006) will affect different 

fitness components in migratory birds. 
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Fig. 3.1 Flow chart outlining three comparisons and their possible outcomes and 

interpretations in an experimental manipulation of arrival date in American redstarts 

(Setophaga ruticilla). Delayed males (D) were compared to early-arriving control males 

(EC), late-arriving males (LA), and late-breeding males (LB) in terms of number of 

offspring fledged in three sequential steps. EC males had equivalent initial arrival dates to 

the breeding grounds as D males. LA males had equivalent arrival dates as the effective 

arrival dates of D males (i.e., their aviary release dates). LB males had equivalent first 

egg dates as delayed males 
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Fig. 3.2 Number of offspring fledged (mean ± standard error) for delayed, early-arriving, 

late-arriving, and late-breeding male American redstarts. Sample sizes are shown next to 

points 
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Fig. 3.3 Relationship between the number of offspring fledged and standardized arrival 

date for ASY male American redstarts at the Queen’s University Biological Station 

(2001-2011, y = 2.52 – 0.06x, t248 = -2.96, P = 0.003). Individual values are offset on the 

y-axis for better visibility. Regression line and 95% confidence interval for mean 

predicted values are shown. Mean number of offspring ± standard error for males 

involved in a manipulation of arrival date in 2010 and 2011 are shown based on their 

mean standardized arrival date ± standard error 
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Abstract 

The density dependence of demographic parameters and its implications for population 

regulation have long been recognized. Recent work has revealed potential effects of 

density on mating systems and sexual selection, but few studies concurrently assess the 

consequences of density on both demography and sexual selection. Such an approach is 

necessary because population processes and individual behaviours can interact to 

influence population growth and evolutionary trajectories. In this study, we tested the 

density dependence of breeding success, extra-pair paternity, and the opportunity for 

sexual selection in a population of American redstarts (Setophaga ruticilla) using two 

different measures of territory density. To evaluate temporal patterns, we analyzed annual 

territory density, based on the total number of territories at our study site each year over 

11 years. To evaluate spatial patterns, we analyzed local territory density within years, 

based on the number of territories within 200 m of a focal territory’s nest. Greater annual 

density was associated with fewer offspring fledged per female, a reduced mean 

population rate of fledging success, and a lower relative contribution of extra-pair 

fertilizations to male fitness. Greater local density was associated with fewer offspring 

fledged, reduced fledgling success, higher rates of nest loss, and higher rates of paternity 

loss on focal territories. Interestingly, greater local density was also associated with 

greater nestling mass on focal territories, implying that more densely-packed territories 

might contain superior resources that could partially compensate for the negative effects 

of density on breeding success. Overall, our results suggest that the effects of crowding 

via greater territory density reduce fecundity through increased nest predation, rather than 

reduced food availability, and increase extra-pair fertilizations. Thus, the selective 

pressures faced by individuals and their reproductive behaviours are likely to differ based 
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on the annual and local density they experience, which may then feed back into 

population demography. This is among the first studies to demonstrate that micro-

evolutionary processes can be impacted by density-dependence effects. 

 

Keywords American redstart, breeding success, demography, density, extra-pair 

paternity, opportunity for sexual selection, Setophaga ruticilla 
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Introduction 

The role of density-dependent processes in regulating populations has long been 

recognized (Lack 1954). Birds, in particular, have served as useful models for studying 

the density dependence of demographic rates due to their discrete reproductive attempts, 

the fact that long time-series are often available, and because many species show general 

year-to-year stability in numbers, implying the existence of negative feedbacks (Newton 

1998). The relatively recent application of genetic tools to the study of mating systems in 

birds has in turn opened the door for examining the density dependence of sexual 

selection (Griffith et al. 2002). Despite these advances, population density is not often 

considered in studies of evolutionary processes in mating systems (Kokko and Rankin 

2006). Even rarer are studies that explicitly examine both the demographic and 

evolutionary consequences of density, and yet individual mating behaviours can alter 

population demography, which in turn may feed back into behavioural processes. Such 

behavioural-demographic loops are not trivial, as the strength of sexual selection under 

differing densities can significantly influence the probability of population persistence 

(Kokko and Rankin 2006). Understanding these types of interactions may be particularly 

important in long-distance migratory birds due to strong sexual selection (Albrecht et al. 

2007) and our need to understand when and how their populations are regulated for 

conservation purposes (Holmes 2007). 

In territorial birds, an increase in the number of breeding pairs can lead to crowding 

as territory sizes decrease, with subsequent effects on behavioural, ecological, and 

evolutionary processes (Lack 1954; Fretwell and Lucas 1969). For example, more 

crowding leading to increased neighbour-neighbour interactions can decrease rates of 

foraging and/or chick feeding (Sillett et al. 2004) and can also alter mating tactics such as 
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by increasing rates of off-territory movement and extra-pair copulations (Griffith et al. 

2002; Churchill and Hannon 2010). Greater densities can also decrease food availability 

due to resource depletion and can increase nest predation rates through development of 

predator search images or aggregation of predators (Newton 1998; Schmidt and Whelan 

1999). Overall, these effects are expected to reduce breeding success and increase rates of 

extra-pair paternity (EPP). 

Breeding density and its consequences for fitness can be measured at different 

spatial and temporal scales. One method is to relate measures of fitness to annual density 

at a given site over several years. A classic example comes from long-term studies of 

black-throated blue warblers (Setophaga caerulescens) at the Hubbard Brook 

Experimental Forest in north-central New Hampshire, USA. This population showed 

strong density dependence in time-series of 37 years, with breeding success declining in 

years of greater adult density (Sillett and Holmes 2005; Holmes 2007). A second method 

involves assessing density dependence within years at a local scale. For example, nest 

predation in waterfowl has been examined at multiple spatial scales using both natural 

and artificial nests, with some studies finding evidence for density dependence (Larivière 

and Messier 1998; Gunnarsson and Elmberg 2008) and others finding none (Ackerman et 

al. 2004; Ringelman et al. 2012). Importantly, the strength of density dependence can 

vary based on the scale used (Ackerman et al. 2004; Ryder et al. 2012), and assessing 

density at different spatial and temporal scales may provide insight into the mechanisms 

responsible for density-dependent associations (Rodenhouse et al. 2003). 

In this study, we assessed the consequences of temporal and spatial density 

dependence on demography and sexual selection in a population of a Nearctic-

Neotropical migratory warbler, the American redstart (Setophaga ruticilla), breeding in 
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southeastern Ontario, Canada. We quantified breeding density over 11 years at two levels. 

At a temporal level, we measured annual density as the total number of territories on our 

study site each year. At a spatial level, we measured local neighbour density as the 

number of territories within 200 m of a focal territory’s nest. We examined the relation 

between these measures of density and annual and local breeding success, including 

paternity loss. We also compared the opportunity for sexual selection with varying 

density using a subset of years for which complete paternity information (losses and 

gains) was available. We predicted that greater density would be associated with reduced 

breeding success and increased rates of EPP. The variance in male genetic success has 

been found to increase, decrease, or show no relationship with density, depending on the 

particular species and study (Westneat and Sherman 1997; Griffith et al. 2002), and so we 

were interested in either increases or decreases in the opportunity for sexual selection 

with greater density. 

 

Materials and methods 

Study species 

American redstarts are small (7-8 g) insectivorous migratory songbirds that breed 

throughout much of North America and spend the stationary portion of the non-breeding 

season throughout the Caribbean, Mexico, Central and northern South America (Sherry 

and Holmes 1997). Redstarts are sexually dimorphic and show delayed plumage 

maturation, such that males in their first breeding season (second year or SY) resemble 

females and are easily distinguished from older males (after-second year or ASY). After-

second year males are first to arrive to the breeding grounds and establish territories. 

They are followed by females approximately one week later and then by SY males. 
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Females pair with males within a day or so of arriving and start nest-building within 

several days (Sherry and Holmes 1997). American redstarts are an obligate single 

brooded species, but rates of nest loss are high, mostly due to predation (Sherry and 

Holmes 1997), and females may re-nest up to six times in response to failed nesting 

attempts (A. McKellar, unpubl. data). 

 

General field methods 

We monitored a population of American redstarts on a 100 ha site (gridded at 10 m 

intervals) from May-July 2001-2011 at the Queen’s University Biological Station, 

Chaffey’s Lock, Ontario, Canada (44°34’ N, 76°19’ W). This study site is composed of 

mixed-deciduous forest, primarily dominated by sugar maple (Acer saccharum) and 

eastern hop-hornbeam (Ostrya virginiana). We monitored this area daily from 0600 to 

1200 to detect the presence of males by listening for singing and subsequent visual 

identification. We captured males in mist nets upon their arrival by simulating a territorial 

intrusion with the use of a stuffed male decoy and song playback. We captured females in 

a similar fashion or with the use of fledgling distress playback during nestling or fledgling 

feeding. We banded males and females with a unique combination of colour bands and a 

single Canadian Wildlife Service (CWS) aluminum band. We extracted 50 μl of blood for 

paternity analysis by puncturing the brachial vein. To determine territory boundaries and 

pairing, we recorded the position of colour-banded males on detailed maps of our study 

site for at least 20-30 min every day. Once males were paired to females, we monitored 

territories each day until we located nests, and we determined first egg date, clutch size, 

and hatch date with the use of an extendable mirror pole. If a nest failed, we monitored 

the territory daily until the re-nest could be found. We did not always know the precise 
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reason for nest failure, but most nest failures were assumed to be due to predation. We 

monitored active nests and territories of un-paired males every other day throughout the 

season. We used an extendable ladder to retrieve nestlings to weigh them and band them 

with a single CWS band.  From 2004 on, we retrieved 15-20 μl of blood for paternity 

analysis. Though we aimed to sample nestlings on day five after hatching, this was not 

always possible due to inclement weather or to nests being discovered after day five. 

When nests were inaccessible, we captured offspring on the day of fledging for blood 

sampling. Beginning in 2006, we recorded the GPS position of each nest and downloaded 

the coordinates onto our detailed study site maps to estimate territory centers (see below). 

 

Breeding density 

We estimated two measures of density: annual territory density and local territory density. 

We used the number of territories per year as a measure of annual territory density. 

Territories were defined as having at least one of the following characteristics: 1) an 

American redstart pair known to have attempted breeding (i.e., we discovered at least one 

nesting attempt and knew the identity of at least one member of the pair), 2) a pair 

inferred to have attempted breeding (i.e., we did not discover any nesting attempts but 

both male and female were detected together during mapping (see above) on at least three 

occasions), or 3) an un-paired male who was detected during mapping on at least three 

occasions. Our goal was to include the territories of all breeding pairs and un-paired 

territorial males, but to exclude males who passed through our study site during 

migration, males from outside our study site who we detected on off-territory forays, or 

“floater” males who traveled widely throughout the breeding season but did not settle 

permanently at our site. 
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We used the number of territories within 200 m of a focal territory as a measure of 

local territory density. Focal territories were those for which at least one nesting attempt 

was discovered and its GPS coordinates taken. We used the GPS coordinates of either the 

first nesting attempt or the only nesting attempt discovered as a proxy of the focal 

territory centre, and we counted the number of overlapping territories (as defined above) 

within a radius of 200 m of this point from our study site maps. This distance was chosen 

because previous work on a breeding population of redstarts in Alberta, Canada, found 

that the number of territories within 200 m was correlated with EPP (Churchill 2006) and 

that 90% of off-territory movements by radio-tracked males were within 200 m of their 

territories (Churchill and Hannon 2010). Thus, we thought it reasonable to assume that 

neighbour-neighbour interactions occur frequently at this scale. 

  

Paternity analysis 

We stored blood samples in Queen’s lysis buffer and extracted DNA using an Invitrogen 

Purelink genomic DNA extraction kit (Invitrogen Corporation, Carlsbad, CA, USA). We 

quantified gDNA via agarose gel electrophoresis and diluted or concentrated it to 

approximately 10 ng/μl. Loci were amplified using a Biometra Thermogradient cycler or 

Biometra UNOII PCR machine under the following conditions: 94°C for 3 min followed 

by 35 cycles of 94°C for 15 s, 58°C for 15 s, 72°C for 30 s, and a final extension of 72°C 

for 10 min. Each sample included 1 μl of DNA (10 ng/μl), 1 μl of 10X Qiagen PCR 

buffer, 0.03 μl (100 mM) of dNTPs, 0.03 μl (100 μM) of forward primer, 0.03 μl (100 

μM) of reverse primer, 0.025 μl of M13 F 700IRD Licor primer, 0.005 μl (5U/μl) of Taq 

polymerase, and up to 10 μl total volume of sterile ddH2O. We ran amplified samples on 
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a Licor IR2 Global Sequencing Unity (LI-COR Biosciences, Lincoln, NE, USA), and a 

trained observer blind to the identity of individuals conducted allele scoring. 

We used four microsatellite loci (Dpμ01, Dpμ05, Dpμ15, Dpμ16) originally isolated from 

yellow warblers, Setophaga petechia, to conduct paternity analysis (Dawson et al. 1997). 

The use of four highly variable microsatellite loci ensured a high probability of exclusion 

(>0.999). We conducted paternity exclusion (2004-2011) and assignment (2004-2007) 

using CERVUS 2.0 (Marshall et al. 1998) and double-checked by hand. Because of the 

limitation in detecting 2 bp differences and the relatively high frequency of null alleles, 

we followed the conservative approach of Reudink et al. (2009a) whereby offspring were 

excluded only if they mismatched the putative sire at more than 2 bp and at two or more 

loci. 

 

Statistical analysis 

To evaluate whether our study population showed evidence of density-dependent 

population growth, we used a time-series analysis of annual territory density estimates. 

Following Dennis and Taper (1994), we conducted a parametric bootstrap likelihood ratio 

test with 10 000 iterations. This test compares the density-independent model, ln(Nt) = 

ln(Nt + 1) + a0 + Zt, with the density-dependent model, ln(Nt + 1 / Nt) = a1 + b1Nt + Zt, where 

Nt and Nt + 1 are density estimates at times t and t + 1, Zt is a normally distributed random 

variable with mean 0 and variance σ
2
, and a0, a1, and b1 are constants. 

We were interested in examining the consequences of territory density on various 

measures of breeding success and on rates of EPP both across (annual territory density) 

and within years (local territory density). Across years (2001-2011), we used mean 

number of fledglings per female, proportion of females to successfully fledge at least one 
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offspring, mean proportion of nesting attempts per female to succeed, mean first nest 

clutch size, and mean residual nestling mass as measures of annual breeding success. 

Since nestlings were not always weighed at the same age (see above), we modeled a 

linear regression between brood age (3-9 days) and mean nestling mass per brood over all 

years of our study. We then used the difference between the observed mean nestling mass 

per brood and that predicted from the model as a measure of residual nestling mass. Thus, 

positive values of residual nestling mass represent heavier nestlings than predicted. To 

quantify annual rates of EPP (2004-2010), we calculated mean annual percentage of 

within-pair young (WPY) and proportion of nests containing extra-pair young (EPY). The 

year 2011 was excluded from this analysis as fewer than 5 nests were sampled in that year 

(number of nests sampled from 2004-2010 = 13.9 ± 1.7 (mean ± SE), range 7-20). We 

used simple linear regressions to explore the relationships between annual territory 

density and measures of breeding success and rates of EPP. Only data from the years 

2004-2007 were used to evaluate the opportunity for sexual selection as not all males 

were captured in the other years. We present a preliminary examination of variation in the 

opportunity for sexual selection over 4 years of varying density by partitioning total 

variance in realized male success (var(T)) into its component parts of within-pair 

fertilizations (var(W)), extra-pair fertilizations (var(E)), and the covariance between the 

two (cov(W, E)), where var(T) = var(W) + var(E) + 2 cov(W, E) (Webster et al. 1995). We 

also calculated variance in apparent male success (var(TA)) and a measure of the relative 

contribution of extra-pair fertilizations to male success (var(T)/var(TA)) (Albrecht et al. 

2007). 

Within years (2006-2011), we used total number of fledglings, fledging success 

(yes or no), proportion of nesting attempts to succeed, first nest clutch size, and residual 
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nestling mass as measures of local breeding success on focal territories. We used the 

proportion of WPY from either the first brood or the only brood sampled on a focal 

territory as a measure of local rate of EPP. We constructed six Generalized Linear Mixed 

Models (GLMM), where each model included local territory density (number of 

territories within 200 m), standardized male arrival date, male age (ASY or SY), and 

whether or not the male was a repeat breeder at the site (yes or no) as fixed effects. 

Models also included year and male identity as random effects to account for overall 

differences in density or resource quality among years and individual quality among 

males. We began with full models containing fixed effects, all two-way interactions 

(except for repeat breeder x age because repeat breeders were by necessity ASYs), and 

random effects, and we evaluated the significance of interactions by removing each in 

turn and comparing the difference in deviance between the resultant model and the full 

model. No interactions were significant, and so we proceeded to evaluate the significance 

of simple fixed effects by removing each in turn and comparing the difference in deviance 

between the resultant model and a reduced model containing only simple fixed effects. 

Differences in deviance approximately follow a Chi-square distribution with one degree 

of freedom (Zuur et al. 2009). We modeled the number of offspring fledged and first nest 

clutch size with Poisson distributions and log link functions. We modeled fledging 

success (yes or no), proportion of nesting attempts to succeed, and proportion of WPY 

within a brood with binomial distributions and logit link functions. Finally, we modeled 

residual nestling mass with a Gaussian distribution and an identity link function. 

We used R version 2.13.0 (R Development Core Team 2011, Vienna, Austria) for 

statistical analyses. Although several of our annual response variables were proportions, 

values generally fell within the middle of the range from 0 to 1, and residuals of linear 
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regressions did not differ from normality. Thus, we used simple linear regression for 

these response variables, but results do not change if we use logistic regression. Prior to 

analysis, we tested for temporal autocorrelation in all annual variables using the Ljung-

Box Q statistic (Ljung and Box 1978) and a temporal lag of up to 2 years. We did not 

detect any temporal autocorrelations (all P > 0.15). We computed variance inflation 

factors (VIF) of all fixed effects in GLMMs and did not detect any multicollinearity (all 

VIF < 1.3), and reduced models did not show evidence of correlations among response 

variables (all r < |0.35|). 

 

Results 

Our study population of American redstarts showed evidence of density-dependent 

population growth over 11 years (Fig. 4.1). Years of high territory density were generally 

followed by decreases in abundance, and vice versa (Fig. 4.1a), and a parametric 

bootstrap likelihood ratio test revealed significant density dependence (Fig. 4.1b; r
2
 = 

0.81, T12 = -5.77, P = 0.002, 10 000 iterations). 

We obtained annual measures of breeding success from a total of 349 American 

redstart pairs from 2001 to 2011. Of the 100 nests analyzed for parentage from 2004 to 

2011, 40 (40.0%) contained at least one EPY, and 73 out of the 313 (23.3%) offspring 

analyzed were extra-pair. 

 

Annual territory density 

In years of greater territory density, both mean number of offspring fledged per female (r
2
 

= 0.47, t9 = -2.81, P = 0.020; Fig. 4.2a) and proportion of females to successfully fledge 

at least one offspring decreased (r
2
 = 0.51, t9 = -3.04, P = 0.014; Fig. 4.2b). The mean 
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proportion of nests to succeed also seemed to decrease in years of greater territory 

density, but this relationship was non-significant (r
2
 = 0.35, t9 = -2.19, P = 0.057; Fig. 

4.2c). No relationships were found between annual territory density and mean clutch size 

of first nests or mean residual nestling mass (clutch size: r
2
 = 0.16, t9 = -1.33, P = 0.216; 

nestling mass: r
2
 = 0, t9 = -0.11, P = 0.914; Fig. 4.2d, e). 

In years of greater territory density, mean percentage of WPY tended to decrease, 

though this relationship was non-significant (r
2
 = 0.55, t5 = -2.47, P = 0.057; Fig. 4.3a). 

There was no relationship between annual territory density and proportion of nests 

containing EPY (r
2
 = 0.120, t5 = 0.82, P = 0.447; Fig. 4.3b). We found evidence for a 

lower opportunity for sexual selection in years of greater territory density (Table 4.1), 

although these results should be interpreted with caution as a smaller number of years 

were available for this analysis. The relative contribution of extra-pair fertilizations (EPF) 

to male fitness, var(T) / var(TA), was higher in years of lower density (r
2
 = 0.98, t2 = -

9.04, P = 0.012). Furthermore, there was an indication that the intensity of the trade-off 

between within-pair and extra-pair paternity varied with density, as the covariance 

between them, cov(W, E), was positive in the two years of lower density and negative in 

the two years of greater density, and tended to decline in years of greater density (r
2
 = 

0.66, t2 = -1.97, P = 0.187). In other words, at greater densities, the fitness benefits to 

males from engaging in extra-pair behaviour appear to be reduced. 

 

Local territory density 

Local territory density and standardized male arrival date were significant predictors of 

number of offspring fledged, fledging success on focal territories, proportion of nesting 

attempts to succeed, residual nestling mass, and proportion of WPY on focal territories 
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(Table 4.2). No variables were significant predictors of first nest clutch size. Examining 

estimates from final models containing only the significant predictors revealed that higher 

local territory densities and later arrival were associated with fewer offspring fledged 

(density estimate ± SE = -0.07 ± 0.03; arrival estimate = -0.04 ± 0.02), lower fledging 

success (density estimate = -0.10 ± 0.06; arrival estimate = -0.09 ± 0.03), a lower 

proportion of nesting attempts that succeeded (density estimate = -0.13 ± 0.05; arrival 

estimate = -0.07 ± 0.03), and a lower proportion of WPY (density estimate = -0.22 ± 0.10; 

arrival estimate = -0.11 ± 0.05), but a higher residual nestling mass (density estimate = 

0.02 ± 0.03; arrival estimate = 0.02 ± 0.02).  

 

Discussion 

American redstarts breeding in Ontario showed evidence of strong density-dependent 

population regulation in time-series data over 11 years (Fig. 4.1). Years of high density 

were generally followed by years of reduced density, and vice versa, indicating the 

potential for regulation via density-dependent negative feedbacks (Turchin 1999). Density 

can regulate population growth through negative feedbacks on demographic rates, but it 

can also influence reproductive strategies and patterns of sexual selection (Murdoch 

1994; Kokko and Rankin 2006). Rarely is the density dependence of these processes 

examined simultaneously, and here we show that a breeding population of redstarts 

experienced reduced breeding success, increased rates of EPP, and a lower relative 

contribution of EPFs to male genetic success with increasing territory density (Figs 4.2 

and 4.3; Tables 4.1 and 4.2). Density thus has the potential to not only regulate the growth 

of this population, but it may influence individual reproductive decisions and 

evolutionary trajectories. 
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Density-dependent breeding success and potential mechanisms 

One way to detect density dependence is by analyzing time-series of population sizes. In 

doing so, we found that a large portion of the variance in among-year growth rates was 

explained by annual territory density (r
2
 = 0.81; Fig. 4.1b). A more direct approach is to 

correlate density with measures of fitness (Sutherland and Norris 2002). The latter 

technique can be applied at different spatial and temporal scales, such as comparisons 

among different plots, years, or individual territories. Using this method across years and 

within years on focal territories, we found reduced overall breeding success in terms of 

number of offspring fledged and rates of fledging success with greater territory density 

(Fig. 4.2a, b; Table 4.2). Density-dependent breeding success has been detected in many 

bird populations and may contribute to population regulation (Newton 1998). For 

migratory birds, events during the non-breeding season can also contribute to population 

fluctuations (Holmes 2007), although long-term studies of a breeding population of the 

black-throated blue warbler in New Hampshire revealed that the level of density-

dependent breeding success was sufficient to regulate the population at its observed 

density (Sillett and Holmes 2005). Despite the evidence for regulation across many 

species, the underlying mechanisms are often not understood (Murdoch 1994). 

By using different spatio-temporal scales and measuring several different correlates 

of breeding success in American redstarts, we are able to provide some insight into 

mechanisms potentially responsible for the density-dependent reductions in fledging 

success. First, greater local territory density was associated with a lower proportion of 

nesting attempts that succeeded (Table 4.2), implicating a potential role for nest 

predation. The same trend was apparent in years of greater territory density, though this 
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relationship was only near significant (P = 0.057; Fig. 4.2c). For predation to act in a 

density-dependent manner, predators have to consume an increasing proportion of prey as 

prey densities increase (Newton 1998). Density-dependent nest predation has been 

studied extensively in birds, yet no consensus exists as to its overall form and prevalence 

(Major and Kendal 1996; Ackerman et al. 2004). Some studies report strong negative 

relationships with density (Major and Kendal 1996; Gunnarsson and Elmberg 2008), 

whereas others report weak or no relationships (Schmidt and Whelan 1999; Ackerman et 

al. 2004; Ringelman et al. 2012). Little evidence was found for density-dependent nest 

predation in long-term studies or experimental density reduction experiments with black-

throated blue warblers at Hubbard Brook (Sillett et al. 2004; Sillett and Holmes 2005). 

However, an artificial nest study at the same site showed a non-significant trend for 

increasing nest predation with greater nest density (Reitsma 1992). American redstart nest 

height is more variable and higher on average than that of black-throated blue warblers 

(Holmes 1990; Sherry and Holmes 1997), and thus may be targeted by a different 

predator assemblage. The primary nest predators of black-throated blue warblers at 

Hubbard Brook are sciurids (red squirrels, Tamiasciurus hudsonicus, and Eastern 

chipmunks, Tamias striatus), whose numbers are closely related to seed mast cycles 

(Holmes 2011). In contrast, corvids (American crows, Corvus brachyrhynchos, and blue 

jays, Cyanocitta cristata), hawks (broad-winged hawks, Buteo platypterus, and sharp-

shinned hawks, Accipiter striatus), and snakes (black rat snakes, Elaphe obsolete) are also 

important predators of redstart nests at our study site in Ontario (Germain and McKellar 

2010). Such predators may be more likely to display density-dependent nest predation 

due to their larger home ranges and greater likelihood of developing search images 

(Schmidt and Whelan 1999; Roos 2002). 
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A second mechanism that could potentially reduce fledging success as density 

increases is food availability, as crowding can cause resource depletion (Newton 1998) 

and/or reduce feeding time (Sillett et al. 2004). In our study, however, we found greater 

local territory density was associated with greater nestling mass (Table 4.2) and no 

relationship between annual territory density and nestling mass (Fig. 4.2e). Black-

throated blue warblers showed a weak negative association between density and nestling 

mass over 13 years, and annual fecundity was associated with the probability of double 

brooding, which is strongly linked to food availability in this species (Nagy and Holmes 

2005; Sillett and Holmes 2005). American redstarts are an obligate single-brooded 

species, and we have no evidence that food availability is responsible for their density-

dependent reduction in breeding success. The positive association between individual 

territory density and nestling mass could potentially be explained by differences in 

territory quality, whereby preferred areas have more or higher-quality resources and can 

thus support more individuals (Hunt 1996; Rodenhouse et al. 2003). Despite the tendency 

for nestlings to be heavier on territories with more neighbours, individuals breeding on 

these sites still fledged fewer offspring and were less likely to successfully fledge 

offspring. It should be noted that density-dependent predation and food limitation could 

also be explained by site dependence, whereby progressively less suitable sites become 

occupied as population size increases, thus reducing mean demographic rates 

(Rodenhouse et al. 1997). However, if this were the case, we would expect high-density 

years, but not necessarily individual territories, to be associated with a lower proportion 

of nesting attempts succeeding and lower nestling mass, which was not the case. 

Furthermore, the form of density dependence that we detected using a simple logistic 

model would likely not have provided such a good fit to the data (Fig. 4.1b). Rather, 
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growth rate would be expected to show a curved relationship with density, because the 

strength of the effect of an increasing density on growth rate should increase at higher 

densities (Stacey and Taper 1992). 

 

Density-dependent EPP and the opportunity for sexual selection 

We found the proportion of WPY at focal nests declined with increasing local territory 

density (Table 4.2) and a non-significant trend for years of greater territory density to 

have lower mean levels of WPY (Fig. 4.3a). A positive association between density and 

EPP within populations has been documented in some bird species, but not others 

(reviewed in Griffith et al. 2002). Such a relationship could arise through several non-

exclusive means, including greater encounter rates of females with potential extra-pair 

sires, a reduced ability of social males to mate guard, or an increased ability of females to 

assess the quality of potential extra-pair sires (Birkhead and Møller 1992; Stutchbury and 

Morton 1995). A study of radio-tracked American redstarts in patchy agricultural 

landscape in Alberta, Canada, found that males surrounded by higher local breeding 

densities intruded more frequently onto the territories of other males (Churchill and 

Hannon 2010). If the mating tactics of our population of male redstarts breeding in 

continuous forest in Ontario are similar, males breeding in dense areas could suffer 

increased intrusions of potential extra-pair sires and reduced paternity at their nests as a 

result. However, such males may be able to compensate for paternity losses at their own 

nest by increasing EPFs elsewhere (Birkhead and Møller 1992; Chuang-Dobbs et al. 

2001). Indeed, we found preliminary evidence for a smaller relative contribution of EPFs 

to male genetic success in years of greater density (Table 4.1). In other words, males may 

face a greater trade-off between maintaining paternity at their nests and obtaining EPFs 
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elsewhere in years of greater territory density than in years of lower density, as indicated 

by the negative covariances between variance in within-pair and extra-pair young in years 

of greater density (Table 4.1). Interestingly, no relationship was found between local 

breeding density and EPP in black-throated blue warblers at Hubbard Brook (Chuang et 

al. 1999). Species-specific mating tactics or differences in measures of territory density 

between studies – number of territories within 200 m in our study versus 50 m in theirs – 

could explain this discrepancy. 

 

Eco-evolutionary relationships: density, arrival timing, and realized success 

With our current results, in combination with long-term work on this breeding population, 

we can begin to develop an eco-evolutionary framework that describes how selective 

pressures act in combination with population processes to influence individual fitness. 

Previous work has documented the importance of early arrival for fledging success of 

both male and female redstarts in Ontario (Norris et al. 2004), as well as realized genetic 

success of males (Reudink et al. 2009b). These patterns are corroborated by our current 

study as number of offspring fledged, fledging success, proportion of nesting attempts to 

succeed, and proportion of WPY increased with early male arrival (Table 4.2). Arrival 

date in turn is driven in part by the quality of non-breeding habitat obtained by an 

individual (Reudink et al. 2009b) as well as density-independent rainfall on non-breeding 

grounds (McKellar et al. in review). But it is now clear that early arrival acts in 

combination with breeding ground demography to influence individual reproductive 

output. Thus, the selective pressures faced by individuals and their reproductive 

behaviour are likely to differ based on the environmental and demographic conditions that 

they experience. Interestingly, if male mating skew is indeed enhanced at lower 
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population densities, this in itself could potentially feed back into a reduction in 

population size due to factors such as increased inbreeding or fitness costs to females 

(Kokko and Brooks 2003; Kokko and Rankin 2006).  

An obvious extension to our work would be to evaluate the density-dependence of 

recruitment and adult survival. Unfortunately, examining these types of associations with 

our current dataset is difficult due to low levels of recruitment of local birds into our 

breeding population. For example, out of 632 nestlings and fledglings banded from 2001-

2010 in and around our study site, only 26 (4.1%) were re-sighted at least one year later 

as adults (A. McKellar, unpubl. data). Depending on the degree of spatial population 

synchrony and distance of natal dispersal, annual density in our population may still 

reflect the demographic conditions experienced regionally (Holmes and Sherry 2001; 

Jones et al. 2003). Work is currently underway to examine survival, recruitment, and 

immigration in this population, along with density-dependent processes during the non-

breeding season, which we anticipate will lead to an even greater understanding of the 

full life cycle dynamics of this and other migratory bird populations.  
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Fig. 4.1 American redstart population trends at the Queen’s University Biological Station 

in southeastern Ontario over 11 years. Shown are a the number of territories per 100 ha 

from 2001 to 2011, with mean number of territories as a dashed line, and b the rate of 

population increase, r (ln(territories yeart + 1 / territories yeart), in relation to the number of 

territories per 100 ha  
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Fig. 4.2 Relationship between annual territory density (number of territories per 100 ha) 

and five measures of breeding success: a mean annual number of offspring fledged per 

female, b proportion of females to successfully fledge at least one offspring, c mean 

proportion of nesting attempts per female to succeed, d mean first nest clutch size, and e 

mean residual nestling mass. Regression lines of significant relationships and standard 

error bars are shown  
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Fig. 4.3 Relationship between annual territory density (number of territories per 100 ha) 

and a mean percentage of within-pair young (WPY) and b proportion of nests containing 

extra-pair young (EPY) 
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Foundations 

The conditions and pressures faced by individuals across their life cycle drive the ecology 

and evolution of animal populations. Long-distance migratory birds in particular face the 

distinct challenge of travelling between widely separated and often environmentally 

distinct areas for their breeding and non-breeding periods. Recent widespread population 

declines in migratory birds underscore the importance of understanding of the drivers of 

individual fitness and population dynamics, and how they may interact (Sanderson et al. 

2006; Faaborg et al. 2010). 

The American redstart (Setophaga ruticilla) is emerging as a model organism in the 

study of migratory bird breeding and non-breeding ecology and carry-over effects 

between seasons (e.g., Marra et al. 1998; Holmes 2007; Reudink et al. 2009). In this 

thesis, I combine long-term data and experimental manipulations of redstarts on the 

breeding grounds to study how weather, phenology, and density dependence drive 

population processes and individual behaviour and fitness. I used long-term data from 

populations of redstarts breeding in Ontario at the Queen’s University Biological Station 

(QUBS) and in Alberta at the Meanook Biological Research Station, and I performed 

experiments at QUBS. Throughout this thesis, I strive to maintain an eco-evolutionary 

perspective by considering possible interactions between individual and population 

dynamics (Fig. 1.2). 

First, I showed that non-breeding season weather was associated with redstart 

phenology on the breeding grounds. Winter rainfall from putative non-breeding areas 

corresponded to arrival and egg-laying dates at widely separated breeding populations on 

an east-west axis: greater rainfall in Jamaica and eastern Mexico was associated with 

advanced redstart phenology in Ontario and Alberta, respectively. Second, I used an 
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experimental manipulation of male arrival date to show that resource quality is likely an 

important driver of the relationship between early arrival and increased reproductive 

success. Third, I documented density-dependent population growth in breeding redstarts 

in Ontario and demonstrated that greater breeding density, both at an annual scale and at a 

local scale, was associated with reduced reproductive success and greater paternity loss. 

Below, I discuss the implications of these findings, and I finish by highlighting some 

future directions for research. 

 

Findings and implications 

Importance of early arrival 

Seasonal declines in reproductive success are common across animal taxa, from fish to 

insects to mammals (Schultz 1993; Cushman et al. 1994; Clutton-Brock et al. 1996). In 

migratory birds, early arrival to the spring breeding grounds is often associated with 

increased reproductive success (e.g., Hasselquist 1998; Potti 1998; Bêty et al. 2004; 

Reudink et al. 2009). In Chapter 4, I show that early-arriving male redstarts fledge more 

offspring, are more likely to have a successful nest, likely suffer less nest predation, and 

maintain higher levels of paternity at their nests. Interestingly, the importance of early 

arrival for male genetic success might differ depending on the annual breeding density 

that they experience. I found evidence for a greater contribution of extra-pair fertilizations 

(EPFs) to male fitness and positive covariances between within-pair and extra-pair young 

in years of lower density, implying that certain males may be able to monopolize the bulk 

of EPFs without losing social paternity in these years. 

I take this theme one step further in Chapter 3 where I examine specific 

mechanisms that could explain the relationship between early arrival and increased 
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success. Here I manipulated arrival date by experimentally delaying early-arriving males 

and comparing their reproductive success to that of different groups of control males. 

Previous work in this area has mainly used correlational analyses or modeling (e.g., 

Møller 1994; Hasselquist 1998; Kokko 1999; Møller et al. 2004), and experimental 

manipulations have almost exclusively focused on manipulating breeding time at the egg-

laying stage in females (Verhulst and Nilsson 2008). One exception is a manipulation of 

arrival date in female red-winged blackbirds (Agelaius phoeniceus), which demonstrated 

the importance of early arrival for female social status and early egg-laying (Cristol 

1995). The results of my experiment indicated that early arrival in redstarts likely 

provides males with benefits in terms of breeding resources, such as superior territories or 

mates. From a population-level perspective, it would be interesting to know whether the 

results of my experiment would change depending on population demography - the two 

years in which this experiment was conducted, 2010 and 2011, had almost identical 

territory densities that were close to the mean across all years (Chapter 4). But seeing as 

mean territory quality could decline with increasing population density (Sutherland and 

Norris 2002; Rodenhouse et al. 2003) and mean female quality is likely to vary annually 

(Porter 2012), it is conceivable that the mechanism(s) that drive relationship between 

arrival and reproductive success could vary across time. 

 

Phenology and density dependence: implications for conservation 

Recent climate change is influencing many ecological processes (Walther et al. 2002). 

For example, birds are showing earlier spring arrival and egg-laying dates in response to 

warmer spring temperatures (Both et al. 2004; Lehikoinen and Sparks 2010), and higher 

winter rainfall or temperatures have been correlated with earlier departure from the non-
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breeding grounds and earlier arrival to the breeding grounds (Saino et al. 2004; Gordo et 

al. 2005; Saino et al. 2007; Studds and Marra 2011). However, changes in bird phenology 

cannot always keep up with phenological changes at different trophic levels, and this can 

lead to mismatches between timing of breeding and food supply, possibly resulting in 

population declines (Both et al. 2006; Saino et al. 2011). Migratory birds face an 

additional challenge because they may experience different rates of climate change at 

different points throughout their annual cycle (Jones and Creswell 2010). 

In Chapter 2, I demonstrate connections between annual weather conditions on the 

non-breeding grounds and population-level arrival and egg-laying phenology on the 

breeding grounds: greater winter rainfall at non-breeding areas was associated with 

advanced American redstart phenology on the breeding grounds. Furthermore, I show that 

these population-level associations can be explained by individual behaviour, because 

individuals experiencing differing levels of rainfall on their putative non-breeding areas 

in different years showed adjustment in their arrival and egg-laying dates. These findings 

have significant implications for individuals and populations in the face of future climate 

change. Climate models predict increasing drought and more variable rainfall in the 

tropics (Neelin et al. 2006; Studds and Marra 2011), which could lead to delayed 

migration and reduced reproductive output of individuals. Predicted warming trends in 

temperate breeding areas would only exacerbate this situation and could lead to possible 

phenological mismatches (Both et al. 2010; Jones and Cresswell 2010). 

Understanding when and how migratory bird populations are limited is important 

for their conservation and management. In Chapter 4, I demonstrate that the American 

redstart population breeding at QUBS exhibited significant density-dependent population 

growth over 11 years. Years of high population density were generally followed by years 



123 

 

of low population density, leading to overall stability around a mean of approximately 38 

territories per year on our 100 ha site. I further showed evidence for a potential 

mechanism to account for this stability: breeding success was lower with greater territory 

density, likely due to increased nest predation. 

Detailed studies of population trends in relation to successional changes in 

vegetation structure have revealed that early-successional forests likely represent more 

suitable habitat than mature or coniferous forests for American redstarts. Hunt (1996, 

1998) found that individuals settled earlier and at higher densities in early-successional 

forests, a greater proportion of older males were present at these sites, and regional 

abundance was correlated with the amount of early-successional habitat. The lack of a 

directional trend in population size at QUBS may indicate that the successional age of our 

study plot is still within that preferred by redstarts. Indeed, as approximately half of our 

study site is situated in a campground, low levels of human disturbance here likely act to 

maintain this portion of the habitat at an early-successional stage. In contrast, long-term 

studies at the relatively undisturbed and unfragmented forests at the Hubbard Brook 

Experimental Forest in New Hampshire, USA, showed severe population declines in 

redstarts from 1969 to 2005, indicating that the maturing forest was likely no longer 

providing suitable vegetation composition and structure (Holmes 2007). 

 

Understanding migratory connectivity 

Migratory connectivity describes the extent to which individuals and populations from the 

same non-breeding area migrate to the same breeding area and vice versa (Marra et al. 

2010). Understanding geographic connections between breeding and non-breeding 

populations is important because conditions experienced during one stage of the annual 
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cycle can carry over to influence individual performance during subsequent stages 

(Harrison et al. 2011). Furthermore, the strength of migratory connectivity could 

influence a population’s vulnerability to certain stressors. For instance, low levels of 

connectivity could buffer local breeding populations against declines owing to stressors 

acting in parts of the non-breeding range because affected individuals would disperse to 

multiple breeding sites (e.g., Jones et al. 2008). In more-connected populations, the 

influence of non-breeding conditions might be stronger on particular breeding 

populations, and spatial variation in non-breeding conditions could result in 

corresponding variation in response across the breeding range. 

My findings from Chapter 2 reinforce the evidence for regional connectivity in 

American redstarts, which had previously been based on stable isotopes (Norris et al. 

2006), because I show that rainfall in western and eastern non-breeding areas is 

associated with American redstart phenology in western and eastern breeding 

populations, respectively. Linking weather variables in one season to population 

characteristics in another season in order to help understand migratory connectivity is a 

reasonably new concept that has received little attention thus far. One notable example is 

a study by Szép et al. (2006), in which the authors related annual survival of barn 

swallows (Hirundo rustica) breeding in Denmark to the Normalized Difference 

Vegetation Index (NDVI), a measure of vegetation productivity, at putative non-breeding 

areas in South Africa. This “NDVI and survival” method allowed them to identify likely 

non-breeding origins of their study population. In another recent study, Wilson et al. 

(2011) showed associations between NDVI during the winter in the Caribbean and 

American redstart abundance in eastern breeding populations the following spring. 

Combining multiple types of markers to study migratory connectivity has recently gained 



125 

 

popularity (Boulet and Norris 2006), and I would argue that adding weather variables to 

these analyses could further enhance our precision at describing migration patterns and 

origins of individuals and populations. 

 

Future directions 

Many interesting questions remain with respect to arrival dynamics, density dependence, 

and migratory connectivity of individuals and populations. Below I outline two exciting 

potential avenues for future research into these topics, both of which could be addressed 

with the American redstart system. 

 

Variation in female quality and male reproductive success 

Although number of mates is often perceived as being the primary driver of variation in 

male reproductive success (Bateman 1948), mate quality can also play a role. For 

example, variation in female traits such as clutch size (Slagsvold and Lifjeld 1990), 

parental feeding rates (Siefferman and Hill 2005), or anti-predator behaviour (Eggers et 

al. 2005) can contribute to reproductive success. Recent work from the Ratcliffe lab has 

revealed that variation in female plumage colouration is related to parental feeding effort, 

arrival timing, and reproductive success (Osmond et al. In review; Porter 2012), 

indicating that plumage might signal female quality. The results of my experimental 

manipulation (Chapter 3) also implicated a potential role for female quality in mediating 

male reproductive success. The prediction that early-arriving males fledge more offspring 

because they are paired to higher-quality females could be tested using female removals. 

For example, early-arriving males matched for pairing dates could each have their first 

mate removed. On the day that one male pairs with a second female, the first female of 
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the other male could be released. Reproductive success could then be compared between 

males – one paired to an early female and one paired to a late female – that are matched 

for female arrival timing. This type of removal and release experiment with female 

redstarts is likely feasible: in a pilot study that I conducted in 2011, females removed 

from their territories for 8 hr returned to their initial territory and mate (N = 4). In general, 

variation in female quality is often overlooked (Amundsen 2000). Yet incorporating 

female quality into studies of phenology and density dependence could reveal important 

associations because of potential interactions among arrival timing, territory quality, 

density, and female quality that could influence individual reproductive success (e.g., 

Möller 1994; Kokko 1999). 

 

Causes of variation in population density 

In Chapter 4, I demonstrated that redstarts at QUBS showed density-dependent 

population growth, and I evaluated some of the consequences of population density for 

breeding success and mating behaviour. But what causes variation in population density? 

Fledgling production in one year is only one potential contributing factor to population 

size the following year; others include annual survival, recruitment, immigration, and 

weather, and each of these factors could act in a density dependent or independent 

manner (Murdoch 1994). Few studies have included all of the above variables to examine 

the full life cycle dynamics of migratory birds. One notable exception is a long-term 

study of black-throated blue warblers (Setophaga caerulescens) at Hubbard Brook. 

Similar to my findings for redstarts, black-throated blue warblers showed decreasing 

breeding success with increasing territory density (Sillett and Holmes 2005). Also, 

fledgling production in one year was related to recruitment the following year, but adult 
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survival was not found to be density dependent (Sillett and Holmes 2005), although adult 

survival was related to winter weather (Sillett et al. 2000). The long-term dataset at 

QUBS could be used to construct matrix population models that incorporate multiple 

causal factors in a holistic model (Caswell 2001), such as the one outlined in Figure 5.1 

(see also grey arrows, which represent associations not examined in this thesis, in Fig. 

1.2). 

 

Conclusions 

Migratory birds will continue to be faced with increasing pressures ranging from a 

changing climate to habitat loss, and a solid understanding of the drivers of individual 

fitness and population demography will be crucial for their conservation and 

management. My thesis reinforces the importance of long-term datasets for the study of 

population change over time, while also affirming the value of experiments to gain 

insights into the mechanisms that control individual fitness. With the emerging realization 

that ecological and evolutionary changes can occur on the same timescale and influence 

one another (Pelletier et al. 2009), integrating knowledge of individual- and population-

level processes will aid scientists in anticipating how migratory birds will cope with 

ongoing stressors. 
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Figure 5.1 Flow chart representing potential causes of variation in breeding density in 

American redstarts. Arrows represent presumed causal relationships between variables. 

Each variable corresponds to the current year (yearx) unless otherwise indicated. ASY = 

after-second-year, SY = second-year. Note that this figure completes Figure 1.2 by 

examining the grey arrows not directly investigated in this thesis 
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