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Knowledge of the processes that limit and regulate animal populations throughout the annual cycle 

is key to understanding past population change, predicting future population trends, and 

implementing and achieving conservation goals. For migratory species, quantifying seasonal 

effects of density-dependence and density-independent factors on population dynamics has been 

limited by the challenge of following individuals and populations across breeding and non-

breeding seasons which frequently span hundreds to thousands of kilometres. In this thesis, I 

combine year-round individual tracking with a 27-year population study of a migratory songbird 

(Savannah sparrow, Passerculus sandwichensis) on Kent Island in Canada’s Bay of Fundy, to 

address the question of when and where migratory species are limited and regulated during the 

annual cycle. In the first chapter, I examined causes and reproductive consequences of differential 

timing and distance of migration from three years of light-level geolocator data. This revealed the 

wintering grounds of the population was centered in The Carolinas, USA, with males 

overwintering, on average, ~275 km north of females. For males, overwintering at northern 

latitudes facilitated earlier arrival at the breeding grounds in spring which improved their 

reproductive success. In the second chapter, I evaluated effects of density and weather at the 

breeding and geolocator-derived wintering grounds on population growth rate (λ). I found clear 

support for opposing forces of winter temperature and breeding density driving variation in λ. 

Above-average temperatures at the wintering grounds lead to higher λ, primarily through positive 

effects on survival, but λ was regulated over the long-term by density-dependence of per capita 

female reproductive success and survival of adult males and juveniles during the breeding season. 

In the third chapter, I evaluated the spatiotemporal scale and reproductive traits mediating density-

dependent female reproductive success at the individual-level. Female reproductive success was 



 

 

most strongly influenced by local neighbour density through increased nest predation and reduced 

double-brooding. Collectively, these results contribute to our broader understanding of where and 

when migratory species are limited and regulated during the annual cycle and provide insight into 

the individual-level and demographic mechanisms mediating responses of λ to density and density-

independent factors throughout the year. 
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PROLOGUE 

A fundamental goal of ecology is to understand the processes that cause wildlife populations to 

fluctuate in size and structure over time and space (Lack 1954, Hixon et al. 2002, Sæther et al. 

2016). Knowledge of how populations are limited by density-independent factors and regulated 

by density-dependence is not only important for our fundamental understanding of natural systems, 

allowing us to decipher past population change and predict future trends, but also for effective and 

economical management and conservation of species. An essential component of achieving the 

latter is to prioritize the allocation of limited conservation resources over space and time (Martin 

et al. 2007, Runge et al. 2014). Thus, a key question that needs to be answered is not only what 

factors limit and regulate populations, but where and when are populations limited and regulated 

during the annual cycle (Sheehy et al. 2010). 

 The study of population limitation and regulation is naturally hierarchical, with the core 

requirements being quantification of a population’s growth rate, contributions of the underlying 

vital rates to variation in growth rate, and effects of density and density-independent factors on 

those vital rates (Caswell 1989, Turchin 2003, Koons et al. 2016). Population growth rate describes 

the change in population size over a defined time interval (e.g., breeding season to breeding season) 

and variation therein is due to changes in the underlying vital rates: fecundity (birth rate), survival 

(death rate), and, in open populations, immigration and emigration (Sibly and Hone 2002). These 

vital rates, in turn, are influenced by density-independent factors and density-dependence. Density-

independent factors are stochastic environmental factors (e.g., climate) that limit survival and 

reproduction and, ultimately, the number of individuals that can be sustained in an area (Lande et 

al. 2003). In contrast, density-dependence describes the deterministic relationship between a 

population’s size and its vital rates/growth rate. Typically these relationships are negative, such 

that density-dependence regulates populations around an equilibrium population size determined 

by the environment (Sibly et al. 2005). Of course, effects of density and density-independent 

factors on population-level processes are ultimately the sum of their effects on individual survival 

and reproduction. Thus, a mechanistic understanding of the factors limiting and regulating 

populations requires a fourth level in the hierarchy that considers effects of density and density-

independent variables on individual fitness. 
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Importantly, effects of density and density-independent factors on individual survival and 

reproduction and, ultimately, population growth rate are not restricted to a single point in space or 

time (Fretwell 1972, Sutherland 1996, Webster et al. 2002). Among vertebrates that breed 

seasonally, the ‘annual cycle’ is typically considered to encompass a single breeding and non-

breeding season, the latter of which often includes one or more dispersal or migration events 

(Marra et al. 2015a). For some species, the annual cycle may span only a few metres, whereas for 

migratory species, such as Humpback whales (Megaptera novaeangliae; Kennedy et al. 2014) or 

Arctic terns (Sterna paradisaea; Egevang et al. 2010), the annual cycle can span hundreds to 

thousands of kilometres. However, independent of the spatiotemporal scale of the annual cycle, 

density-independent and -dependent processes can be in effect throughout the breeding and non-

breeding seasons (Norris and Taylor 2006, Ratikainen et al. 2008). Moreover, different phases of 

the annual cycle are not always independent of one another (Fretwell 1972, Sutherland 1996). 

Rather, events and conditions in one season can carry-over to influence individual success and 

population-level processes in subsequent phases of the annual cycle (Marra et al. 1998, Norris et 

al. 2004, Harrison et al. 2011, Betini et al. 2013). Therefore, to truly understand when and where 

species are limited and regulated it is essential that we integrate information from across the annual 

cycle (Adahl et al. 2006, Marra et al. 2015a). 

In this thesis, I address the question of when and where migratory species are limited and 

regulated during the annual cycle by combining year-round tracking and a long-term population 

study of a migratory songbird, the Savannah sparrow (Passerculus sandwichensis; Prologue Fig. 

1). Savannah sparrows are short- to medium-distance migrants that occupy grasslands and other 

open habitats, such as coastal dunes, marshes, and agricultural landscapes, across Canada and the 

northern United States during the breeding months and overwinter in the southern United States, 

Mexico, and northern parts of Central America (Prologue Fig. 1a). Despite being broadly 

distributed, Savannah sparrow populations, like those of many other songbird species, are in 

decline, particularly in eastern North America (Prologue Fig. 1b; Sauer et al. 2017). The population 

of Savannah sparrows that I studied breeds on Kent Island, New Brunswick in Canada’s Bay of 

Fundy, and has been monitored annually during the breeding months of June and July since 1987. 

Additional methodological details pertaining to the long-term study are presented in the individual 

chapters. 



 

3 

The importance of both breeding and non-breeding conditions for dynamics of bird 

populations has long been recognized (Lack 1954, Fretwell 1972, Sherry and Holmes 1996), but a 

handful of studies in the early 21st century stand out as having set a foundation for considering the 

population ecology of migratory and non-migratory birds from a full annual cycle perspective 

(Sæther et al. 2000, Sillett et al. 2000, Gill et al. 2001, Sillett and Holmes 2002). Sæther et al. 

(2000) showed that winter temperatures explained variation in recruitment and population growth 

rate of a resident population of White-throated dippers (Cinclus cinclus) in Norway. Gill et al. 

(2001) showed that differential quality of non-breeding sites regulates Black-tailed godwit (Limosa 

limosa islandica) populations through effects on survival and subsequent reproductive success. In 

separate studies of a migratory songbird, the Black-throated blue warbler (Setophaga 

caerulescens), Sillett et al. (2000) revealed how variation in survival at the Jamaican wintering 

grounds was influenced by El Niño and the Southern Oscillation, and Sillett and Holmes (2002) 

revealed that over 85% of annual mortality in the same population occurred during migration. 

Several studies have since examined population-level consequences of conditions throughout the 

annual cycle on dynamics of migratory bird populations (e.g., Robinson et al. 2007, Wilson et al. 

2011, Pasinelli et al. 2011, Rushing et al. 2016). However, due to the challenge of following 

individuals and populations to and from their wintering grounds, especially small songbirds, the 

majority have lacked knowledge of the year-round distribution of their study population(s) and 

thus have relied on species-wide or assumed non-breeding distributions (but see van Oudenhove 

et al. 2014). 

I conducted three studies to contribute to our understanding of population limitation and 

regulation in migratory species. In Chapter 1, I used three years of year-round individual tracking 

data to determine the wintering grounds of the Kent Island Savannah sparrow population as well 

as examine proximate causes and reproductive consequences of differential timing and distance of 

migration (Woodworth et al. 2016). In Chapter 2, I quantified the relative effects of density and 

weather at the breeding grounds and geolocator-derived, population-specific wintering grounds on 

population growth rate through effects on fecundity, survival, and immigration (Woodworth et al. 

2017a). In Chapter 3, I analyzed the spatiotemporal scale and reproductive traits mediating density-

dependent regulation of female reproductive success and offspring recruitment to provide deeper 

insight into density-dependent effects at the individual level (Woodworth et al. 2017b). 
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Collectively, my thesis research addresses the question of where and when migratory species are 

limited and regulated throughout the annual cycle while also providing insight into the individual-

level and demographic mechanisms mediating relationships between density-dependent and -

independent factors and population growth rate. 
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Prologue Figure 1. Distribution, breeding abundance in eastern North America, and appearance 

of Savannah sparrows (Passerculus sandwichensis). (a) Year-round (light blue), breeding 

(orange), migration (yellow), and winter (navy blue) distribution of Savannah sparrows. Species 

distribution polygons were provided by BirdLife International. (b) Declining breeding abundance 

of Savannah sparrows in eastern North America as estimated from Breeding Bird Surveys (Sauer 

et al. 2017). (c) A colour-banded, male Savannah sparrow sings from atop a spruce tree (genus 

Picea) on Kent Island, New Brunswick, Canada (photo courtesy of S. Doucet).  
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CHAPTER PUBLICATIONS AND AUTHOR CONTRIBUTIONS 

All three of my chapters incorporate data from a long-term population study of Savannah sparrows 

at the Bowdoin Scientific Station on Kent Island. Nathaniel T. Wheelwright initiated the long-term 
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summer students and volunteers. D. Ryan Norris and Amy E. M. Newman have maintained the 
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J. Pakkala (2012-2013), myself (2014-2016), and several other students and volunteers. 
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Leonard I. Wassenaar, Keith A. Hobson, and D. Ryan Norris. BKW, AEMN, SPT, BCD, GWM, 

NTW, and DRN conceived of and designed the study and conducted fieldwork (feather sample 

collection and geolocator deployment/recovery). SPT and BCD prepared feather samples and 

KAH and LIW conducted stable isotope analyses. BKW conducted statistical analyses and wrote 

the manuscript, with comments and feedback from all authors. 

Chapter 2 is published in Nature Communications (Woodworth et al. 2017a) and was co-authored 

by Nathaniel T. Wheelwright, Amy E. M. Newman, Michael Schaub, and D. Ryan Norris. BKW 

and DRN conceived of and designed the study. BKW and MS analyzed the data with support from 

DRN. BKW and DRN wrote the manuscript, with comments and feedback from all authors. 

Chapter 3 is published in Ecology (Woodworth et al. 2017b) and was co-authored by Nathaniel T. 

Wheelwright, Amy E. M. Newman, and D. Ryan Norris. BKW and DRN conceived of and 

designed the study. BKW conducted statistical analyses and wrote the manuscript with support 

from DRN. All authors provided comments and feedback on the manuscript. 

  



 

7 

Chapter 1 CHAPTER 1: DIFFERENTIAL MIGRATION AND THE LINK BETWEEN WINTER 

LATITUDE, TIMING OF MIGRATION, AND BREEDING IN A SONGBIRD 

 

ABSTRACT 

Patterns of connectivity between breeding and wintering grounds can have important implications 

for individual fitness and population dynamics. Using light-level geolocators and stable-hydrogen 

isotopes (δ2H) in feathers, we evaluated differential migration of Savannah sparrows (Passerculus 

sandwichensis) breeding on Kent Island in the Bay of Fundy, New Brunswick, Canada in relation 

to sex, age, and body size. Based on geolocators recovered from 38 individuals between 2012 and 

2014, the winter distribution was centered in North Carolina (median latitude = 34°, range = 26°-

41°), with males overwintering, on average, ~275 km further north than females. Based on tail 

feather samples collected from 106 individuals from the same population between 2008 and 2012, 

males and adults were found to have more negative δ2H values compared to females and juveniles, 

respectively, providing additional evidence that males wintered north of females and that adults 

wintered north of juveniles. Winter latitude and δ2H values within each sex were not found to be 

related to body size. From geolocator data, males returned to the breeding grounds, on average, 14 

d earlier than females. For males, there was some evidence that arrival date on the breeding 

grounds was negatively correlated with winter latitude and individuals that arrived earlier tended 

to breed earlier. Thus, benefits for males of early arrival on the breeding grounds may have 

contributed to their wintering farther north than females. Social dominance may also have 

contributed to age- and sex-differences in winter latitude, whereby dominant males and adults 

forced subordinate females and juveniles further south. 

INTRODUCTION 

For migratory species, decisions about when and how far to migrate can have important 

implications for fitness and population dynamics (Kokko 1999, Webster et al. 2002, Marra et al. 

2006, Taylor and Norris 2007, Boyle et al. 2011, Velmala et al. 2015). At an individual-level, 

migration timing can influence the ecological conditions experienced on the way to winter and 

breeding areas, and, in turn, the costs of migration (Wikelski et al. 2003, Klaassen et al. 2014, Lok 
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et al. 2015). Where an individual spends the winter can influence their condition and survival in 

the short-term, but also carry-over to influence performance in subsequent seasons (Norris et al. 

2004, Harrison et al. 2011). If populations are segregated by age or sex during the non-breeding 

season, exposure to different ecological conditions at different winter areas could impact age- 

and/or sex-specific vital rates, such as survival or productivity in the subsequent breeding season 

(Webster et al. 2002, Calvert et al. 2009). Consequently, knowledge of how migration patterns 

vary within species and populations and of the factors underlying this variation is important for 

our understanding of the ecology of migratory species. 

Differential migration of sex (and to a lesser extent age) classes during winter is common 

in migratory birds. For species breeding in the northern hemisphere, males typically overwinter 

north of females and adults north of juveniles or first-time migrants (Ketterson and Nolan 1976, 

Holberton and Able 2000, Catry et al. 2004, Mazerolle and Hobson 2007, Dale and Leonard 2011). 

Three non-mutually exclusive hypotheses have been proposed to explain differences in winter 

latitude among sex and age classes, each of which is based on the assumptions that migrating long 

distances and overwintering at more northern latitudes are costly. The early arrival hypothesis 

proposes that the sex that experiences the most intense intraspecific competition for resources 

(including mates) on the breeding grounds will overwinter at more northern latitudes to expedite 

arrival to the breeding grounds (Ketterson and Nolan 1976, Myers 1981). In most songbirds, males 

are the territorial sex and, in turn, tend to arrive at breeding areas earlier in spring than females to 

compete for and establish breeding territories (Francis and Cooke 1986, 1990, Morbey and 

Ydenberg 2001, Mazerolle and Hobson 2007, Morbey et al. 2012). A key assumption of this 

hypothesis that has yet to be adequately validated is that winter latitude is directly related to arrival 

date in spring and timing of breeding (Mazerolle and Hobson 2007, Dale and Leonard 2011). The 

body size hypothesis proposes that larger individuals (typically males) winter further north than 

smaller individuals because they are more capable of withstanding the harsh winter conditions of 

more northern latitudes (Ketterson and Nolan 1976). Third, the social dominance hypothesis 

proposes that dominant individuals (typically males and adults) will out-compete subordinates for 

winter resources, thereby forcing subordinates to migrate further south in search of available 

habitat (Gauthreaux 1978). 
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To date, the difficulty of determining where individuals spend the winter and, in turn, 

linking events during the breeding and non-breeding (migration and winter) seasons has limited 

our ability to gain a full understanding of the patterns and causes of differential migration. Here, 

we combined estimates of winter latitude and migration timing from light-level geolocators and 

the stable-hydrogen isotope (δ2H) content of feathers to evaluate three hypotheses for differential 

migration in Savannah sparrows (Passerculus sandwichensis) breeding on Kent Island in the Bay 

of Fundy, New Brunswick, Canada. Geolocators are archival, battery-powered, animal-borne 

devices that measure light intensity over time. Downloaded light records are used to determine day 

length and times of solar noon and midnight, which are then used to estimate latitude and longitude 

for every twelve-hour period. For studies of bird migration, geolocators are typically deployed 

during the breeding season and retrieved the following year, thereby providing information on an 

individual’s whereabouts and timing of movements for the full annual cycle. The δ2H content of 

feathers grown on the winter grounds can be used to approximate winter latitude because δ2H from 

the local environment is incorporated into inert feather tissue through an individual’s diet (Hobson 

and Wassenaar 1997) and environmental δ2H follows a predictable latitudinal gradient in eastern 

North America (Bowen et al. 2005). 

To evaluate the three hypotheses, we first tested for differences in winter latitude in relation 

to age and sex across all individuals in our study. Based on all three hypotheses, we predicted that 

males would winter further north than females since they are the larger, territorial, and socially-

dominant sex in our study population. Based on the social dominance hypothesis, we expected 

adults to winter further north than juveniles. To evaluate the body size hypothesis, we tested for 

relationships between winter latitude and body size (tarsus and wing length) within each sex. Based 

on the body size hypothesis, larger individuals were expected to winter further north than smaller 

individuals. Lastly, we evaluated links between winter latitude, timing of arrival to the breeding 

area, and breeding performance. Based on the early arrival hypothesis, we predicted that males 

that wintered further north would return to the breeding grounds earlier in spring and, in turn, that 

early arriving males would breed earlier than later arriving males. In relating winter latitude to 

arrival timing, we also evaluated a key, but under-tested, assumption of the early arrival 

hypothesis that winter latitude influences timing of arrival to the breeding grounds. 
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METHODS 

Study species and population 

We studied Savannah sparrows breeding on Kent Island, New Brunswick, Canada (Fig. 1.1; 

44.48°N, -66.79°W), a ~100 ha island that forms part of the Grand Manan Archipelago in the Bay 

of Fundy. Savannah sparrows are short-distance, migratory, grassland songbirds whose breeding 

range encompasses much of Canada and the northern United States and whose primary winter 

range includes the southern United States and Mexico (Wheelwright and Rising 2008). 

The breeding population on Kent Is. has been monitored annually since 1987 (Wheelwright 

et al. 1992, Wheelwright and Mauck 1998, Mitchell et al. 2012a, Williams et al. 2013). Each year 

from late May to the end of July, nests within a ~10 ha study plot are found during the egg-laying 

stage and monitored every second day until fledging or failure. Nestlings are banded on the seventh 

day after hatching with a USFWS/CWS aluminum leg-band and single colour leg-band. Nestlings 

that return to Kent Is. to breed in subsequent years are re-captured with mist-nets and given a 

unique three colour leg-band combination. Un-banded immigrants that enter the breeding 

population are also captured and banded with a USFWS/CWS aluminum leg-band and a unique 

three colour leg-band combination, such that all breeding individuals in the study population are 

marked and uniquely identifiable. Wing chord (unflattened, ± 1 mm), tarsus length (± 0.1 mm), 

and body mass (± 0.1 g) are also measured at the time of capture. The sex of nestlings that return 

to breed on Kent Is. and of un-banded immigrants is determined at the time of capture by the 

presence of a cloacal protuberance (males) or brood patch (females) and confirmed by behavioral 

observation (e.g., singing by males and brooding by females). The age of nestlings that return to 

breed on Kent Is. is known exactly, whereas immigrants are only known to be one year or older 

when first captured. Hereafter, we will describe individuals from which we collected geolocator 

and/or stable isotope data as either ‘juvenile’ or ‘adult’. We use ‘juvenile’ to describe individuals 

that were sampled during their first year of life, such that geolocator and stable isotope data 

provided information on their first migration. We use ‘adult’ to describe individuals that had bred 

in the study population and experienced migration at least once before being sampled. 
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Geolocator deployment 

Between July and September from 2011-2013, we deployed 163 light-level geolocators on 148 

individuals using a modified leg-loop harness (Stutchbury et al. 2009). Of the 163 geolocators we 

deployed, 68% (n = 111) were affixed to adults and 32% (n = 52) were affixed to juveniles. 

Thirteen individuals were affixed with a geolocator in two years and one individual was affixed 

with a geolocator in three consecutive years. At the time of deployment, juveniles were given a 

complete three colour leg-band combination to facilitate identification and recapture the following 

year. All adults had previously been given a three colour leg-band combination. 

Due to developments in geolocator technology concurrent with our study, we used three 

different models. In 2011, we used MK12 geolocators (weight = 0.7 g, approximate battery life = 

1 year; British Antarctic Survey, Cambridge, UK). In 2012 and 2013, we used MK5 and MK6 

geolocators (weight = 0.64-0.73 g, approximate battery life = 9 months; Biotrack, Wareham, UK). 

All three models recorded light measurements at two-minute intervals. The combined weight of 

geolocators and harness material ranged from ~ 0.75 to 0.90 g, which comprised less than 5 % of 

the average body mass of the individuals on which they were attached (mean ± SD = 19.5 ± 1.4 g, 

n = 163). To reduce shading by plumage, light sensors for the MK5 and MK6 geolocators used in 

2012 and 2013 were mounted on a 5- or 10-mm long stalk extending out from the body of the 

geolocator at a 30º angle. In 2011, light sensors were mounted on the body of the heavier MK12 

model, not on a stalk, to minimize weight. To account for potential differences in light 

measurements due to the presence/absence of a light stalk, we estimated separate sun elevation 

angles for each recovered geolocator (see details below). 

From 2012-2014, we recovered 43 geolocators from 39 individuals, corresponding to 

recovery rates of 42 % (21/50), 18 % (11/60), and 21 % (11/53) across the three years. Geolocators 

were recovered from two individuals in two consecutive years and from one individual in three 

consecutive years. Data were successfully downloaded from 42/43 geolocators and 40/42 recorded 

light measurements for the full period (deployment to recovery). The two geolocators that did not 

record light data for the full period stopped recording in early- to mid- April, before individuals 

had returned to Kent Is. 
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Analysis of geolocator light data 

Position estimates were derived from light-level recordings using the ‘threshold method’, which 

we implemented using the GeoLight package (Lisovski and Hahn 2012) in R 3.1.1 (R Core Team 

2014). We defined sunrise and sunset times using a light threshold value of 3. Erroneous sunrise 

and sunset times caused by shading events during the day or lighting events during the night were 

identified using a local polynomial regression (loessFilter function; k = 3) and either corrected (i.e. 

the point was shifted to the nearest realistic sunrise or sunset time) or excluded from subsequent 

calibration and position derivation when light data were too noisy to extract a realistic sunrise or 

sunset time. We estimated a sun elevation angle for each individual using on-board calibration of 

filtered sunset and sunrise times. For most individuals, sun elevation angles were estimated using 

sunrise and sunset times from the first 7-10 days post-deployment when they were known to be at 

the breeding site. However, in some cases we had to adjust our calibration approach. Four 

geolocators that were recovered in 2013 were deployed between early and mid July of 2012; for 

these individuals we calibrated between 15-Aug and 01-Sep when the majority of geolocators were 

deployed. For several individuals, we were unable to estimate a sun elevation angle from the 

breeding period that provided reasonable estimates of winter latitude (e.g., bulk of winter position 

estimates were over water). In these cases, we derived sun elevation angles using Hill-Ekstrom 

calibration for the primary stationary non-breeding period (Hill and Braun 2001, Ekstrom 2004). 

For this procedure, we used shifts in longitude to determine the beginning and end of the primary 

stationary winter period. Estimated sun elevation angles averaged -3.87 ± 0.1° (SE), with a range 

from -5.40° to -2.25° (n = 42). Following calibration, positions were derived for every 12-hour 

period using individual-specific sun elevation angles. Based on 522 position estimates from the 

breeding season calibration period for 39 individuals, total location error averaged 185 ± 186 km 

(SD), latitudinal error averaged 171 ± 189 km (SD), and longitudinal error averaged 46 ± 40 km 

(SD). 

Following position estimation, we then determined the center of the primary stationary 

winter period as well as the date of fall departure from the breeding grounds and spring arrival to 

the breeding grounds for every individual. We defined the primary stationary winter period as the 

longest period following fall migration and preceding spring migration during which latitude and 

longitude fluctuated over a narrow range of values with a constant mean, a similar pattern to that 
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observed during the stationary breeding season. We then defined the center of the stationary winter 

period as the centroid of the 30% kernel density polygon, which we estimated using the ‘kernelUD’ 

and ‘getverticeshr’ functions from the R package ‘adehabitatHR’(Calenge 2006). When estimating 

the utilization distribution for the stationary winter period, we excluded at least 14 d of latitude 

estimates surrounding the autumnal and vernal equinoxes because of similar day lengths across 

the globe. For some individuals the effect of the equinox on latitude estimates was apparent beyond 

14 d, in which cases we excluded additional points based on visual assessments of latitudinal 

variability (Lisovski et al. 2012). Stationary winter periods (excluding days affected by the vernal 

equinox) averaged (± SE) 114 ± 3 d in length (range = 74–167 d; n = 42). Lastly, we defined fall 

departure from the breeding grounds as the date in September/October at which latitude and 

longitude estimates stopped fluctuating narrowly around the known coordinates of Kent Is. and 

started moving to the southwest. Conversely, we defined arrival at the breeding grounds as the 

date between April and June at which latitude and longitude stopped moving to the northeast and 

stabilized around the coordinates for Kent Island. 

Feather sampling and scoring 

We collected 146 central tail feathers in whole from known-age individuals (76 juveniles and 70 

adults) between May and July from 2008-2012. Adult Savannah sparrows typically replace their 

tail feathers in a complete pre-basic molt after the breeding season and an estimated 42 % of 

individuals undergo a partial molt that includes 1-2 central tail feathers during winter (Pyle 1997). 

However, whether a given individual replaces its tail feathers in winter likely depends in part on 

the quality of habitat occupied and feather wear (Rohwer et al. 2005). To use the isotopic 

composition of feathers as a geographic marker of winter latitude, it is important that feathers 

grown on the wintering grounds can be distinguished from those grown at the end of the previous 

breeding season. Based on the assumption that feathers grown in winter would be in better 

condition than those grown during the previous breeding season, we assigned a wear score ranging 

from 0 to 3 to all feather samples (Willoughby 1986). Feathers were scored ‘0’ when little or no 

wear was evident, ‘1’ when few barb tips were missing from the distal 1/8th of the feather, ‘2’ 

when many barbs were missing tips from the distal 1/8th of the feather, and ‘3’ when complete 

barbs were missing from more than the distal 1/8th portion of the feather and when more than half 

the vane area was missing. Of the 146 samples collected, 99 were scored ‘0’, 42 were scored ‘1’, 
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4 were scored ‘2’, and 1 was scored ‘3’. 

Stable isotope analysis 

Stable isotope analysis was performed at the Stable Isotope Hydrology and Ecology Laboratory of 

Environment Canada, Saskatoon, Canada. Stable-hydrogen isotope analyses of feathers were 

conducted using the comparative equilibration method (Wassenaar and Hobson 2003), through the 

use of previously calibrated keratin hydrogen-isotope reference materials (Caribou Hoof Standard: 

δ2H = -197 +/-1.8 ‰VSMOW (n=10); Kudu Horn Standard: δ2H = -54.1 +/-0.6 ‰ VSMOW 

(n=10); Spectrum Keratin Fine Powder Lot # SJ1400: δ2H = -121.6 +/-1.9 ‰ VSMOW). Feathers 

were first rinsed in a 2:1 mixture of chloroform:methanol to remove surface oils, after which a 

distal 3-5 mm portion of each feather was sampled, weighed to 350 ± 10 ug, and placed into a 4x6 

mm silver capsule. Hydrogen isotopic measurements were performed on H2 derived from 1350°C 

flash pyrolysis of the feather subsamples and keratin standards using continuous-flow isotope-ratio 

mass spectrometry (CF-IRMS). All results reported for stable-hydrogen isotope ratios (2H/1H = R) 

are expressed in the typical delta notation (δ), where δ = [(Rsample/Rstandard) – 1] × 1,000 and Rstandard 

is the hydrogen isotope ratio (δ2H) of Vienna standard mean ocean water (V-SMOW) and Standard 

Light Antarctic Precipitation (VSMOW-SLAP). All stable-hydrogen isotope ratios are in units of 

per mil (‰). 

Statistical analysis 

To examine variation in winter latitude from the geolocator data and δ2H values from feathers in 

relation to sex, age, and body size, we fitted generalized linear models with a Gaussian distribution 

and identity link function (hereafter referred to as ‘GLM’). In cases where we had more than one 

year of data from the same individual, we only used values from the first year. This applied to both 

geolocator and δ2H data. For analyses involving δ2H values, we also excluded samples (i) from 

worn feathers (scores > 1) because these may not have been grown during the winter, and (ii) when 

we had geolocator data from the same individual in the same year to maintain independence 

between the two datasets. Final sample sizes for subsequent analyses using winter latitude and δ2H 

values were 38 and 106, respectively (Table 1.1). 
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In the first step of our analysis, we examined variation in winter latitude and δ2H across all 

individuals in relation to sex (male or female) and age (juvenile or adult). To account for potential 

annual variation in winter latitude and δ2H, we also included year as a categorical explanatory 

variable. We excluded body size from these two models because both tarsus and wing length were 

confounded with sex. In the second step of our analysis, we examined variation in winter latitude 

and δ2H within each sex in relation to body size (tarsus or wing length), while controlling for 

effects of age and year. Tarsus and wing length were modeled separately, resulting in four models 

for each response variable (winter latitude and δ2H), one for each sex by body size combination. 

For tarsus and wing length, we used a single measurement taken at the time of feather sampling or 

geolocator recovery. Given that the geolocator and stable isotope datasets differed in both number 

of observations and units of measure for the response, we calculated standardized effect sizes for 

age, sex, and body size to allow for direct comparison of effects between models. We calculated 

Cohen’s d for age and sex, and r for wing and tarsus length (equations 10 and 11, respectively, in 

(Nakagawa and Cuthill 2007). 

To test for relationships between winter latitude, spring arrival date, and breeding 

performance, we first fitted a GLM for each sex with the Julian date that individuals returned to 

the breeding grounds in spring as the response and winter latitude as the explanatory variable. Age 

was excluded from these models because arrival times of adult and juvenile males were similar 

and our sample size for juvenile females was too small (n = 2) to compare their arrival times with 

adult females (Fig. 1.2b). We then tested for relationships between arrival date and time of 

breeding (Julian date) and between time of breeding and winter latitude for both sexes using 

GLMs. We used hatch date of an individual’s first clutch as a measure of timing of breeding 

because clutch initiation dates are rarely known in this population since most nests are found when 

they have a complete or nearly complete clutch, not during the nest-building stage. Nests were 

found for 18/21 males and 14/17 females from which we recovered geolocators. Hatch dates of 

replacement nests were excluded from analyses when an individual’s first nest failed (males: n = 

6; females: n = 4), resulting in sample sizes of 12 for males and 10 for females. 

All statistical analyses were conducted in R 3.1.1 (R Core Team 2014). 
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RESULTS 

Based on 42 geolocators recovered from 38 individuals (14 adult males, 15 adult females, 7 

juvenile males, 2 juvenile females) between 2012 and 2014, we found the winter range of 

Savannah sparrows from Kent Is. was centered in North Carolina (median latitude = 34°), with a 

range from southern Florida (min. latitude = 26°) to Pennsylvania (max. latitude = 41°; Fig. 1.1). 

For 16 individuals from which we had geolocator and stable-hydrogen isotope data from the same 

year, winter latitude and δ2H were found to be weakly negatively correlated (i.e. higher latitudes 

corresponded to more negative δ2H values; Pearson’s r = -0.22, 95% CI = -0.59 – 0.38). Adult 

males (median departure date = 03-Oct, n = 14; Fig. 1.2a) departed the breeding grounds in the 

fall approximately six days later than adult females (median departure date = 27-Sep, n = 15; Fig. 

1.2a), and adults of both sexes departed later than juvenile males (median departure date = 22-Sep, 

n = 7; Fig. 1.2a). 

Latitudinal distribution during winter 

We found significant differences in winter latitude and δ2H values between males and females and 

in δ2H values between adults and juveniles. Although there was a substantial amount of overlap in 

winter latitude and δ2H values between sexes, both datasets suggested that males wintered further 

north than females. Based on estimates of winter latitude from geolocators for 38 individuals, 

males were estimated to winter (β ± SE) 2.5 ± 1.1° north of females (t33 = 2.3, d = 0.81, P = 0.03), 

which corresponds to a difference of approximately 275 km (Fig. 1.1). We found no evidence for 

a relationship between age and winter latitude (β ± SE = 0.22 ± 1.3, t33 = 0.2, d = 0.07, P = 0.87). 

Based on feather samples from 106 individuals, males were found to have δ2H values that were (β 

± SE) 5.6 ± 2.2 ‰ more negative than females (t99 = -2.5, d = -0.50, P = 0.01). In addition, adults 

had δ2H values that averaged (β ± SE) 6.2 ± 2.5 ‰ more negative than juveniles (t99 = -2.4, d = -

0.51, P = 0.02), suggesting that adults wintered further north than juveniles. Both winter latitude 

and δ2H varied among years, but not significantly (see Table 1.1 for full model results). 

Within each sex and controlling for age and year effects, we found no evidence for 

relationships between tarsus length and winter latitude (males: β ± SE = 1.76 ± 1.01, t16 = 1.7, r = 

0.40, P = 0.10; females: β ± SE = -1.21 ± 1.15, t12 = -1.1, r = -0.29, P = 0.31) or δ2H values (males: 
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β ± SE = -0.70 ± 3.03, t44 = -0.23, r = 0.03, P = 0.82; females: β ± SE = 3.34 ± 3.70, t42 = 0.9, r = 

0.14, P = 0.37) nor between wing length and winter latitude (males: β ± SE = 0.79 ± 0.53, t16 = 

1.5, r = 0.35, P = 0.15; females: β ± SE = -0.17 ± 0.52, t12 = -0.32, r = -0.09, P = 0.76) or δ2H 

values (males: β ± SE = -1.73 ± 0.99, t46 = -1.7, r = -0.25, P = 0.09; females: β ± SE = 0.00 ± 0.98, 

t43 = 0.0, r = 0.00, P = 0.99). Full model results are presented in Table S1.1. 

Timing of migration and breeding 

Arrival time at the breeding grounds differed by sex (Fig. 1.2b) and we found some evidence for 

a negative correlation with winter latitude in males (Fig. 1.3a). Adult males (n = 12) and juvenile 

males (n = 7) returned to Kent Is. at approximately the same time (median arrival date for both = 

26-Apr) and 14 d earlier than adult females (n = 15; median arrival date = 10-May; one-way 

ANOVA: F1,34 = 61.7, P < 0.001). Across all individuals within each sex, the correlation between 

arrival date and winter latitude was non-significant for both males (β ± SE = -0.77 ± 0.42, t17 = -

1.8, P = 0.08) and females (β ± SE = -0.28 ± 0.45, t15 = -0.6, P = 0.54). However, when we excluded 

one male that wintered in southern Florida (2.34 standard deviations south of the mean winter 

latitude of males), the correlation between arrival date and latitude was significant and negative (β 

± SE = -1.48 ± 0.53, t16 = -2.8, P = 0.01, Fig. 1.3a). In 12 males that successfully hatched their 

first nest after returning to the breeding grounds and for which arrival date was known, we found 

a significant positive correlation between arrival date and hatch date, such that those that returned 

earliest hatched their first nest earliest (β ± SE = 0.40 ± 0.17, t9 = 2.4, P = 0.04; Fig. 1.3b). For 

females (n = 10), hatch date and arrival date were weakly correlated (β ± SE = 0.60 ± 0.34, t8 = 

1.8, P = 0.11; Fig. 1.3b). When we related hatch date directly to winter latitude the correlation was 

marginally significant for males (β ± SE = -0.70 ± 0.34, t10 = -2.1, P = 0.07) and non-significant 

for females (β ± SE = 0.04 ± 0.67, t8 = 0.1, P = 0.96). 

DISCUSSION 

Our study using geolocators and feather δ2H values from Savannah sparrows breeding on Kent Is. 

in the Bay of Fundy, New Brunswick, Canada revealed significant sex differences in winter 

latitude and migration timing. The stationary winter distribution of this population was centered 

in North Carolina, ranging from southern Florida to Pennsylvania, with males overwintering, on 
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average, ~275 km further north than females and returning to breed, on average, 14 d earlier than 

females. Sex differences in winter latitude were also supported by males having more negative 

feather δ2H values than females and are consistent with several other studies documenting sexual 

segregation of migratory passerines on the wintering grounds (Ketterson and Nolan 1976, Dolbeer 

1982, Rising 1988, Holberton and Able 2000, Catry et al. 2004, Mazerolle and Hobson 2007, Dale 

and Leonard 2011, Gow and Wiebe 2014), including the closely-related Ipswich sparrow (P. s. 

princeps) which breeds on Sable Island, ~530 km east of Kent Is. in the northwest Atlantic (Dale 

and Leonard 2011). 

Given that male Savannah sparrows are larger, more socially-dominant, and experience a 

greater level of intra-specific competition for breeding resources compared to females, the pattern 

of males wintering farther north than females is consistent with that predicted by three hypotheses 

to explain differential migration: early arrival, body size, and social dominance. In further support 

of the early arrival hypothesis, which predicts that the sex that experiences greater competition 

for breeding resources will winter farther north to facilitate early arrival at the breeding grounds 

(Ketterson and Nolan 1976, Myers 1981), we found some evidence that arrival date on the breeding 

grounds was negatively correlated with winter latitude in males (dependent on the exclusion of 

one male that wintered over 2 SD south of the average winter latitude of males) and individuals 

that arrived earlier hatched their first nests earlier. Benefits of early arrival for male reproductive 

success have been found in several bird species (Myers 1981, Aebischer et al. 1996, Norris et al. 

2004). Although we do not know the exact mechanism by which early arrival leads to earlier hatch 

dates in this population, there are several possible explanations. Perhaps the simplest is early-

arriving males are able to start breeding earlier because they pair up with the earliest arriving 

females. However, in our study, there was very little overlap in spring arrival of males and females 

(i.e., only 2/17 female arrival dates were earlier than the latest male arrival date), suggesting that 

the vast majority of males arrived before the first-arriving females. A likely alternative is that 

males that arrive earlier are able to acquire higher quality breeding territories than later arriving 

individuals (Bensch and Hasselquist 1991, Lozano et al. 1996, Aebischer et al. 1996, Smith and 

Moore 2004). Early arriving males may also be preferred by females because they are in better 

condition having migrated shorter distances and/or having had more time to recover from 
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migration prior to female arrival compared to later arriving males (Holberton and Able 2000, Dale 

and Leonard 2011). 

Although the observed pattern of males wintering farther north than females provided 

support for the body size hypothesis, we did not find evidence for a direct relationship between 

body size and winter latitude or δ2H values within either sex. Similarly, Dale and Leonard (2011) 

found no association between body size and winter latitude in the closely-related Ipswich sparrow. 

Dolbeer et al. (1982) found that the degree of sexual segregation in Red-winged blackbirds 

(Agelaius phoeniceus), Brown-headed cowbirds (Molothrus ater), Common grackles (Quiscalu 

quiscula), and European starlings (Sturnus vulgaris) was highest for populations exhibiting the 

greatest sexual dimorphism, with maximum segregation occurring in Red-winged blackbirds in 

which females were 65 % the size of males. Given that males and females in our study differed by 

less than 10% in both tarsus and wing length, combined with the lack of a correlation between 

winter latitude or δ2H and body size, it seems unlikely that body size contributes greatly to patterns 

of differential migration in this population. 

We found mixed support for age-related differences in winter latitude. From the geolocator 

data, there was no evidence for a difference in winter latitude between age groups. However, δ2H 

values were found to be significantly more negative in adults compared to juveniles, suggesting 

that adults wintered further north than juveniles. In many passerines, older birds and males are 

dominant over younger birds and females, respectively (Gauthreaux 1978). Thus, age-related 

differences in δ2H values, as well as sex-related differences in winter latitude and δ2H values 

(discussed above), could support the social dominance hypothesis, which predicts that the 

dominant age and/or sex will outcompete subordinates for suitable habitat close to the breeding 

grounds, thereby forcing subordinates to migrate further south (Gauthreaux 1978). Indeed, age- 

and sex- related segregation among habitats during the non-breeding season has been demonstrated 

in some bird species (Marra 2000, Catry et al. 2004), but it is unlikely that habitat quality declines 

directly with decreasing latitude for most species. As such, the extent to which dominance-

mediated habitat segregation might contribute to latitudinal segregation of age- and sex- classes is 

unclear. Alternatively, age-related differences in winter latitude could be due to juveniles 

experiencing less pressure to return to the breeding grounds early, given that they are unlikely to 

outcompete adults for the best breeding territories (Francis and Cooke 1990). However, we found 
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no difference in spring arrival dates between adult and juvenile males. Lastly, we cannot rule out 

the possibility that the observed difference in feather δ2H values between age groups reflected 

differences in physiology or diet between adults and juveniles (Langin et al. 2007, Studds et al. 

2012, van Dijk et al. 2014) and not differences in winter latitude. 

In summary, combining estimates from geolocators and stable-hydrogen isotopes in 

feathers, we have provided strong evidence for sexual segregation during the winter and mixed 

evidence for age-related differences in winter latitude. The observed pattern of males wintering 

farther north than females is consistent with that predicted by the early arrival, body size, and 

social dominance hypotheses. Males that wintered further north arrived on the breeding grounds 

earlier in spring, and, in turn, hatched young earlier, providing some additional support for the 

early arrival hypothesis. Tests of the relationship of winter latitude and δ2H to body size failed to 

provide additional support for the body size hypothesis. Lastly, elucidating the mechanism(s) by 

which dominance may shape the non-breeding distribution of species will require more focused 

studies of their behavioural ecology at winter sites. Describing patterns of connectivity between 

breeding and non-breeding sites, as we have done here, is also critical for understanding the 

dynamics of migratory populations. Several recent studies have linked non-breeding conditions 

with trends in population growth and vital rates based on limited knowledge of species- or 

population-specific winter grounds (Sillett et al. 2000, Wilson et al. 2011, Pasinelli et al. 2011, van 

Oudenhove et al. 2014). Future work coupling information on population- and species-specific 

winter distributions, taking into account differences among age- and sex-classes, with long-term 

demographic data has the potential to greatly improve our understanding of the dynamics of 

migratory populations. 
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Table 1.1. Parameter estimates from two linear models examining variation in winter latitude and 

feather δ2H content of Savannah sparrows breeding on Kent Island in the Bay of Fundy, New 

Brunswick, Canada in relation to sex, age, and year. Winter latitude was estimated from 

geolocators (n = 38) and δ2H values were measured from feathers grown on the winter grounds (n 

= 106). For both models, reference levels for categorical variables were ‘female’ for sex, ‘juvenile’ 

for age, and ‘2011’ for year. 

Model Variable β ± SE t P 

latitude intercept 33.7 ± 1.5 22.9 < 0.01 

 sex (male) 2.5 ± 1.1 2.3 0.03 

 age (adult) 0.2 ± 1.3 0.2 0.87 

 year (2012) -2.2 ± 1.3 -1.7 0.09 

 year (2013) -2.6 ± 1.3 -2.0 0.05 

δ2H intercept -49.7 ± 3.8 -13.2 < 0.01 

 sex (male) -5.6 ± 2.2 -2.5 0.01 

 age (adult) -6.2 ± 2.5 -2.4 0.02 

 year (2008) 8.0 ± 4.6 1.7 0.08 

 year (2009) 6.2 ± 4.3 1.4 0.15 

 year (2010) 4.5 ± 4.3 1.1 0.29 

 year (2012) 3.0 ± 4.3 0.7 0.48 
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Figure 1.1. Winter distribution of a) male (n = 21) and b) female (n = 17) Savannah sparrows 

breeding on Kent Island in the Bay of Fundy, New Brunswick, Canada estimated from light-level 

geolocators recovered between 2012 and 2014. The location of Kent Is. is indicated by the black 

arrow. Points show the centroid of the primary stationary winter distribution of each individual 

and contours delineate the 75 %, 50 %, and 30 % kernel densities for each sex. 
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Figure 1.2. Timing of a) fall migration and b) spring arrival to the breeding grounds in relation to 

age (adult and juvenile) and sex (male = M; female = F). Box-and-whisker plots show the median, 

25 % (lower edge) and 75 % (upper edge) quantiles. The lower whisker shows the smallest 

observation greater than or equal to the lower edge - 1.5 * the interquartile range (IQR), whereas 

the upper whisker shows the largest observation less than or equal to the upper edge + 1.5 * IQR. 

Two juvenile females from which we recovered a geolocator initiated fall migration on 28-Sep 

and 04-Oct and returned to the breeding grounds on 22-May and 18-May, respectively.  
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Figure 1.3. a) Arrival dates of males and females at the breeding grounds on Kent Is. in relation 

to winter latitude, and b) first nest hatch dates of males (n = 12) and females (n = 10) in relation to 

arrival date. Blue and tan shading shows the 95 % confidence interval estimated from a linear 

model for each sex. For males, we excluded an individual whose primary stationary winter range 

was centered at ~ 26° (2.34 SD south of the mean male winter latitude) from the linear model. 
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Chapter 2 CHAPTER 2: WINTER TEMPERATURES LIMIT POPULATION GROWTH RATE 

OF A MIGRATORY SONGBIRD 

 

ABSTRACT 

Understanding the factors that limit and regulate wildlife populations requires insight into 

demographic and environmental processes acting throughout the annual cycle. Here, we combine 

multi-year tracking data of individual birds with a 26-year demographic study of a migratory 

songbird to evaluate the relative effects of density and weather at the breeding and wintering 

grounds on population growth rate. Our results reveal clear support for opposing forces of winter 

temperature and breeding density driving population dynamics. Above-average temperatures at 

the wintering grounds lead to higher population growth, primarily through their strong positive 

effects on survival. However, population growth is regulated over the long term by strong negative 

effects of breeding density on both fecundity and adult male survival. Such knowledge of how 

year-round factors influence population growth, and the demographic mechanisms through which 

they act, will vastly improve our ability to predict species responses to environmental change and 

develop effective conservation strategies for migratory animals. 

INTRODUCTION 

Understanding the factors that limit and regulate wildlife populations requires insight into 

interactions among demographic and environmental processes throughout the annual cycle (Adahl 

et al. 2006, Marra et al. 2015a). For migratory species, quantifying seasonal effects of density-

dependent and density-independent factors on population dynamics is particularly challenging due 

to the difficulty of following individuals between their distinct and often distant breeding and non-

breeding grounds (Calvert et al. 2009, Faaborg et al. 2010b). In birds, variation in the non-breeding 

environment has been shown to influence individual condition (Studds and Marra 2007), migration 

timing (Norris et al. 2004, Studds and Marra 2011), and subsequent reproductive success (Norris 

et al. 2004), as well as some components of population growth rate, such as survival and fecundity 

(Sæther et al. 2000, Sillett et al. 2000, Marra et al. 2015b, Gullett et al. 2015). However, the extent 

to which density-dependent and -independent effects during the non-breeding period scale up from 
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the individual to affect population growth rate, and the magnitude of these effects relative to those 

that occur during the breeding period, are unknown. Filling this void requires a full-annual-cycle 

approach that includes linking the breeding and non-breeding grounds, knowing how density-

dependent and -independent factors during different periods of the year influence vital rates, and 

understanding the relative contribution of those vital rates to population growth rate. 

In this chapter, we couple multi-year individual tracking data with long-term demographic 

data for a migratory population of Savannah sparrows (Passerculus sandwichensis) breeding on 

Kent Island (44.48°N, 66.79°W) in the Bay of Fundy, New Brunswick, Canada (Fig. 2.1) to 

quantify the relative effects of weather and density at the breeding and population-specific 

wintering grounds on population growth rate via the vital rates. We provide evidence that 

conditions outside the breeding season limit population growth rate and demonstrate the 

demographic mechanisms through which limitation occurs. 

METHODS 

Study population and field methods 

Savannah sparrows (Fig. 2.1a) are migratory songbirds that occupy all-purpose territories in 

grasslands and other open habitats across Canada and the northern USA during the breeding 

season, and form loose flocks across the southern USA and Mexico, as well as parts of Central 

America during the winter (Norris 1960, Wheelwright and Rising 2008). Although still abundant, 

Breeding Bird Survey data suggest that Savannah sparrow populations are declining (Environment 

Canada 2014, Sauer et al. 2017). The causes of these declines are unknown, but may be related to 

intensification of agricultural practices, urbanization, and forest regeneration in parts of their range 

(Jobin et al. 1996, Wheelwright and Rising 2008). 

The population of Savannah sparrows we studied breeds in a 10-ha study area on Kent 

Island (44.48°N, 66.79°W) and has been monitored annually since 1987, except for a three-year 

period from 2005-2007. Annual monitoring of the population takes place between late May and 

the end of July and involves capturing and color-banding new members of the study population, 

re-sighting returning color-banded individuals, mapping breeding territories, finding nests, and 

banding nestlings. All capturing of adults and independent juveniles is done using mist-nets. 
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Individuals entering the study population whose natal origins are unknown (immigrants) are 

marked with a USFWS/CWS aluminum leg-band and a unique random combination of three color 

leg-bands. Nestlings born in the study population are first banded in the nest on the seventh day 

after hatching with a USFWS/CWS aluminum leg-band and one color leg-band. Those that return 

to the study population in a subsequent year (local recruits) are re-captured and given a complete 

three-color leg-band combination. The sex of immigrants and local recruits is determined at the 

time of capture by the presence of a cloacal protuberance (males) or brood patch (females). The 

age of local recruits is known to the day, whereas immigrants are only known to be one year or 

older.  

Breeding territories are determined from daily observations of individual behaviours (e.g. 

locations of singing males) and movements. Savannah sparrows on Kent Island typically form 

socially monogamous breeding pairs, but a variable fraction of males (15-43%) will secure more 

than one female (Wheelwright et al. 1992). Nests within each territory are typically found at the 

beginning of incubation and are checked every second day to determine fledging or failure. 

Incubation lasts an average of 12 days and the nestlings remain in the nest for 9-11 days (Dixon 

1978). On average (± se), in each year, 91 ± 2% of females successfully fledge at least one nest 

(range = 69-100%) and 26 ± 2% (range = 12-48%) successfully fledge a second clutch. Both sexes 

feed young whereas only females build nests and incubate eggs (Wheelwright and Rising 2008). 

Collectively, these monitoring activities have produced 26 years of capture-

recapture/resighting (CR), reproductive success, and count data for the population. 

Geolocators 

Geolocators are archival, battery-powered, animal-borne devices that measure light intensity over 

time. When recovered from an animal, downloaded light records can be used to determine day 

length and times of solar noon and midnight, which, in turn, can be used to estimate latitude and 

longitude for every 12-h period (Stutchbury et al. 2009). To determine the primary wintering 

grounds of our study population, we deployed 163 geolocators (nadults = 111 [68%]; njuveniles = 52 

[32%]) on 148 individuals in Aug/Sep over the course of three years (2011-2013). From 2012 to 

2014, we recovered 43 geolocators from 39 different individuals and successfully downloaded 
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data from 42 geolocators representing 38 different individuals. Including individuals that lost their 

geolocators (nadults = 13; njuveniles = 4), return rates of adults (0.42) and juveniles (0.25) were similar 

to estimated age-specific apparent survival probabilities (Fig. 2.3b, c), suggesting little to no 

effects of geolocators on survival. Additional methods pertaining to geolocator deployments and 

position estimation from light data are detailed in Chapter 1. Given that geolocator data were 

collected from 2012-2014 (three of the most recent years of the long-term study), our analyses 

assume that the winter distribution of the study population has remained constant over time.  

Weather data and population density estimates 

Average daily temperature (°C), daily precipitation (mm), and population density estimates were 

compiled for both the breeding and geolocator-derived wintering grounds of the study population. 

Weather at the breeding grounds were obtained from an Environment Canada weather station 

(www.climate.weather.gc.ca) located ~110 km northeast of Kent Island (45.32°N, 65.89°W) and 

annual breeding population densities were extracted from the long-term demographic data for the 

study population. 

We defined the wintering grounds of the study population as the area within the 50% kernel 

density contour of the geolocator-derived winter locations of the study population (Fig. 2.1a). 

From inside this region, we extracted daily mean temperature and precipitation measurements from 

50 airport weather stations using the R package weatherData (Narasimhan 2014) and Savannah 

sparrow counts from 127 Christmas Bird Count (CBC; www.christmasbirdcount.org [National 

Audubon Society 2010]) routes for the period of 1986-2015. We also extracted and summarized 

weather data for the sex-specific wintering grounds (males wintered on average 275 km farther 

north than females; Chapter 1). Although temperatures were on average nearly 5°C warmer at the 

wintering grounds of females than males, temperatures in the two regions were highly correlated 

(r = 0.90) and preliminary analyses revealed little to no difference in effects of temperature on 

survival when temperature was extracted from sex-specific vs. population-wide wintering grounds. 

Thus, all analyses presented herein use weather and density from the population-wide wintering 

grounds (Fig. 2.1a). 

http://www.climate.weather.gc.ca/
http://www.audubon.org/cbc
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After extracting weather and CBC data from the wintering grounds, we summarized winter 

weather by averaging daily mean temperature and precipitation measurements between 01 Nov 

and 31 Mar across all weather stations in each year (Fig. 2.2c). Although weather at specific and 

shorter time intervals within a season might be expected to have strong effects on vital rates, 

preliminary analyses using average daily temperature and precipitation summarized at monthly 

intervals resulted in similar or weaker effects compared to when weather conditions were averaged 

across the entire winter period. To summarize Savannah sparrow abundance during winter, 

accounting for differences in survey effort among years, we summed the number of Savannah 

sparrows counted across all CBC routes and divided by the total number of survey hours. The 

mean number (± se) of Savannah sparrows observed per survey hour was 0.84 ± 0.03 (range = 

0.59-1.29; Fig. 2.2b). Unlike breeding population size, abundance of Savannah sparrows on the 

wintering grounds did not show evidence for a temporal trend in either direction (slope estimate ± 

se from regressing winter abundance [count hour-1] vs. time = 0.001 ± 0.004, R2 = 0.005), which 

might be because the population consists of individuals from different breeding populations that 

may be stable, increasing, or decreasing (Sauer et al. 2017). 

Integrated population model 

We used a modified version of the integrated population model (IPM) developed by Schaub et al. 

(2013) to estimate vital rates, population structure, and population growth rate from the population 

count, CR, and reproductive success data (Fig. 2.3a-e, Fig. S2.3). 

At the core of the IPM was a state-space model that described the likelihood of the population 

count data. The state process was represented by a pre-breeding population projection model that 

considered three stages and two sexes (hereafter, s denotes sex and can take values of f = female 

and m = male). The three stages were local recruits R (one-year-olds born in the study population 

the previous year), surviving adults S (≥ two-year-old individuals that bred in the study area the 

previous year), and immigrants I. Immigrants were not known to have bred or been born in the 

study area the previous year and were assumed to be one-year-olds (Wheelwright and Mauck 

1998). For modeling effects of winter weather and density on immigration rates, we further 

assumed that immigrants shared a similar wintering range as individuals born on Kent Island. This 

latter assumption was supported by the similar stable-hydrogen isotope content of feathers 
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collected from local recruits (mean ± se = -48.0 ± 1.6) and immigrants (mean ± se = -50.5 ± 1.5; 

see Chapter 1 Methods for more information on stable isotope analyses). 

To account for demographic stochasticity, we projected stage-specific abundances as 

binomial and Poisson processes. Sex-specific numbers of local recruits in year t+1 were projected 

as Rs,t+1 ~ Binomial(Fs,t, φj,s,t), where Fs,t is the sex-specific number of fledglings (F) in year t and 

φj,s,t is their sex-specific apparent survival probability (φj) from year t to t+1. Based on an assumed 

50:50 fledgling sex ratio (Wheelwright et al. 1994), number of female fledglings in year t was 

projected as Ff,t ~ Binomial(Ft, 0.5) and number of male fledglings in year t was calculated as Fm,t 

= Ft - Ff,t , where Ft denotes total number of fledglings in year t. Ft was projected as a Poisson 

process, Ft  ~ Poisson(ρt ·Bf,t), where ρt is fecundity (the number of fledglings produced in year t 

per female in year t) in year t and Bf,t is the number of breeding females in year t. Sex-specific 

numbers of surviving adults in year t+1 was projected as Ss,t+1 ~ Binomial(Bs,t, φad,s,t), where Bs,t is 

the sex-specific number of breeding adults in year t and φad,s,t is sex-specific adult apparent survival 

probability (φad) from year t to t+1. Lastly, sex-specific numbers of immigrants was projected as 

Is,t+1  ~ Poisson(ιs,t+1), where ιs,t+1 is the sex-specific expected number of immigrants in year t+1. 

The model assumed that no unmated individuals existed in the population and that individuals 

reached reproductive maturity in their first year (Wheelwright and Rising 2008). Following model 

fitting, population growth rate λt from year t to t+1 was calculated as λt = (Bf,t+1 + Bm,t+1) / (Bf,t + 

Bm,t), where Bs,t = Rs,t + Ss,t + Is,t. 

The observation process of the state-space model related sex-specific population counts 

Cs,t to the true sex-specific population sizes Bs,t and was modeled with a log-normal distribution 

and equal variances for the two sexes, log(Cs,t) ~ Normal(log(Bs,t), σt). Sex-specific population 

counts were taken each year at the time of peak breeding activity (median Julian date = 166; range 

= 156-176) and consisted almost exclusively of color-banded individuals. Accurate counts of 

males and females are attainable in this population because unmarked individuals are infrequent, 

nearly every nest attempted within the study area is found, and sexes are distinguishable based on 

behavior (e.g., males singing and females incubating). That nearly every counted individual is 

color-banded means that there was considerable overlap of the population count and mark-

recapture datasets. Although estimation of the joint likelihood of the IPM assumes independence 

of the different datasets, simulation studies have revealed that estimates of demographic 
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parameters, including those for which no data are available, are robust to violations of 

independence (Abadi et al. 2010, Schaub and Fletcher 2015). The state-space model was initialized 

using priors for the stage-specific abundances in the first year (see Supplementary Method S2.1 

for model code and prior specification). 

CR data were used to estimate apparent survival and recapture/resighting probabilities (p) 

and the likelihood of this dataset was described using a Cormack-Jolly-Seber (CJS) model 

(Lebreton et al. 1992). Apparent survival is the probability of an individual surviving from year t 

to t+1 and returning to the study area in year t+1 and recapture/resighting is the probability of 

detecting an individual given that they are alive and present in the study area in year t+1. We 

considered two age classes (adult ad and juvenile j) and both sexes in the estimation of both 

parameters. Juvenile survival φj,s,t is the probability of a fledgling born in the study area in year t 

surviving and returning to the study area in year t+1, whereas adult survival φad,s,t is the probability 

of an individual that bred in the study area in year t surviving and returning to the study area in 

year t+1. For estimation of juvenile survival, we again assumed a 50:50 fledgling sex ratio 

(Wheelwright et al. 1994). Recapture/resighting probabilities were fixed to zero from 2005 to 2007 

when population monitoring was interrupted. 

Lastly, reproductive success data contributed to the estimation of fecundity (ρ) and the 

likelihood of this dataset was described using a Poisson regression model, Jt ~ Poisson(ρt ·Cf,t), 

where Jt  is the number of fledglings produced in year t and Cf,t is the number of surveyed females 

in year t. 

Model implementation and goodness-of-fit 

We analysed the IPM in a Bayesian framework using Markov Chain Monte Carlo simulations, 

which we implemented in JAGS (Plummer 2003) using the R package jagsUI (Kellner 2016). 

Vague prior distributions were specified for all parameters (see Supplementary Method S2.1 for 

model code and prior specification). We ran three independent chains with different starting values 

for 1,000,000 iterations. We used a burn-in of 500,000 iterations and kept every hundredth sample, 

resulting in 15,000 posterior samples. Convergence of model chains was assessed using Gelman-
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Rubin R̂ diagnostic statistics (Brooks and Gelman 1998) and was reached for all parameters (R̂ < 

1.005). 

Measures of goodness-of-fit for state-space models and IPMs are not well established and 

remain under development (Newman et al. 2014, Besbeas and Morgan 2014). Therefore, we 

instead evaluated fit of the CJS and Poisson models to the individual CR and reproductive success 

datasets (Schaub et al. 2015). Fit of the CJS model was evaluated using the Freeman-Tukey 

statistic (Brooks et al. 2000) and fit of the Poisson model was evaluated using the Chi-square 

discrepancy measure. Both methods involved simulating expected data from the model and then 

comparing expected to observed data. We found little evidence for lack of fit of the CJS and 

Poisson models to the CR and reproductive success datasets (Fig. S2.4). 

Temporal variability of vital rates 

To quantify the temporal variability of the vital rates, we modeled each vital rate with a mean μ 

and temporal residual εt. Following the approach of Link and Barker (2005) as implemented in 

Schaub et al. (2013), εt were assumed to originate from a multivariate normal distribution with a 

mean of 0, εt ~ MVN(0, Σ), where Σ is the variance-covariance matrix for the vital rates. Age- and 

sex-specific survival probabilities were modeled using logit link functions, and fecundity and the 

expected number of immigrants were modeled using log link functions. This parameterization of 

the vital rates also allowed us to estimate effects of variation in weather and density at different 

periods of the annual cycle on each: 

 

 𝑙𝑜𝑔𝑖𝑡(𝜑𝑎𝑑,𝑠,𝑡) ~ 𝜇𝜑𝑎𝑑,𝑠
+ 𝛽𝑎,𝑠 ∙ 𝑋𝑡 +  𝜀𝜑

𝑎𝑑,𝑠,𝑡
 (1) 

 𝑙𝑜𝑔𝑖𝑡(𝜑𝑗,𝑠,𝑡) ~ 𝜇𝜑𝑗,𝑠
+ 𝛽𝑗,𝑠 ∙ 𝑋𝑡 +  𝜀𝜑

𝑗,𝑠,𝑡
 (2) 

 𝑙𝑜𝑔(𝜌𝑡) ~ 𝜇𝜌 + 𝛽 ∙ 𝑋𝑡 + 𝜀𝜌,𝑡 (3) 

 𝑙𝑜𝑔(𝜄𝑠,𝑡) ~ 𝜇𝜄𝑠
+ 𝛽𝑠 ∙ 𝑋𝑡 + 𝜀𝜄

𝑠,𝑡
 (4) 
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In equations (1) - (4), Xt represents annual values of an explanatory variable of interest 

(e.g., winter temperatures) and β denotes the estimated slope coefficient. 

Age- and sex-specific recapture/resighting probabilities were also modeled on the logit 

scale with a mean μ and temporal residual εt, but were assumed to vary independently over time: 

 𝑙𝑜𝑔𝑖𝑡(𝑝𝑎𝑔𝑒,𝑠,𝑡) ~ 𝜇𝑝𝑎𝑔𝑒,𝑠
+ 𝜀𝑝

𝑎𝑔𝑒,𝑠,𝑡
      𝜀𝑝

𝑎𝑔𝑒,𝑠,𝑡
 ~ 𝑁(0, 𝜎𝑝

2
𝑎𝑔𝑒,𝑠

) (5) 

Excluding 2005-2007 when population monitoring was interrupted, mean 

recapture/resighting probabilities were high for all four age-sex groups (adult males = 0.96 [95% 

CI = 0.92, 0.99]; adult females = 0.96 [95% CI = 0.93, 0.98]; juvenile males = 0.93 [95% CI = 

0.86, 0.98]; juvenile females = 0.93 [95% CI = 0.87, 0.97]). 

Weather and density variable selection 

We conducted a variable selection procedure to reduce the set of variables considered in the final 

path model of factors limiting and regulating population growth rate. Using the framework for 

decomposing temporal variability in the vital rates described in the previous section, we fit a series 

of models in which each vital rate was written as a linear function of a single weather or population 

density variable from a given period of the annual cycle (see Supplementary Method S2.2 for 

variable selection code). We considered average daily mean temperature and precipitation from 

01 Nov to 31 Mar at the wintering grounds and average daily mean temperatures and precipitation 

for three distinct periods at the breeding grounds: pre-breeding (15 Apr to 19 May), breeding (20 

May to 31 Jul), and post-breeding or pre-migration (15 Aug to 30 Sep). For each vital rate, we 

then selected the two weather variables, one from the breeding grounds (encompassing the pre-

breeding, breeding, and post-breeding periods) and one from the wintering grounds, for which the 

90% credible interval of the slope coefficient overlapped 0 the least. If the 90% credible interval 

of the slope coefficient excluded 0 for more than one variable from the breeding or wintering 

grounds, then all such variables were carried forward to the final path model. 

To assess density-dependence at the breeding and wintering grounds, we considered peak 

population size (Cm,t + Cf,t) and CBC-derived counts corrected for survey effort, respectively. 

Because both fecundity and population size at the breeding grounds have shown some evidence 
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for a decline over time (Fig. 2.3d), we regressed fecundity in relation to de-trended population 

density at the breeding grounds to avoid spurious detections of density-dependence (Graham 2003, 

Grosbois et al. 2008). 

All variables were standardized by subtracting the mean and dividing by the standard 

deviation. Because vital rates estimated from 2005-2007 (the years during which population 

monitoring did not occur) approximated the long-term mean, effect sizes of weather and density 

on vital rates were likely underestimated. See Figs. S2.1, S2.5, and S2.6 for results of weather and 

density variable selection. 

Direct and indirect effects on population growth rate 

We adopted a novel path analysis approach (Shipley 2000) that used annual estimates of vital rates 

and population growth rate (Fig. 2.3a-e) and key weather and density variables (Fig. 2.2, Figs. 

S2.1, S2.5, S2.6) to quantify the relative effects of weather and density at the breeding and 

wintering grounds on population growth rate via the vital rates. Advantages of this approach 

include the flexibility and accessibility of using common regression techniques to estimate direct 

and indirect effects of covariates on response variable(s) and the ability to account for uncertainty 

in model inputs (e.g., vital rates) by fitting the model to each sample of their posterior distributions. 

The path model consisted of seven normal linear models, one relating population growth rate to 

the vital rates and the remaining six relating the vital rates to weather and density at different 

periods of the annual cycle: 

 

 𝜆𝑡 ~  𝜑𝑗,𝑓,𝑡  +  𝜑𝑎𝑑,𝑓,𝑡  +  𝜑𝑗,𝑚,𝑡  +  𝜑𝑎𝑑,𝑚,𝑡  +  𝜌𝑡  +  𝜔𝑡 (6) 

 
𝜑𝑗,𝑓,𝑡~ breeding density𝑡−1 + breeding precipitation𝑡−1

+  winter temperature𝑡 

(7) 

 
𝜑𝑎𝑑,𝑓,𝑡~ winter density𝑡 + postbreeding temperature𝑡−1  

+  winter temperature𝑡 

(8) 
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𝜑𝑗,𝑚,𝑡 ~ breeding density𝑡−1 + breeding precipitation𝑡−1  

+  winter temperature𝑡 

(9) 

 
𝜑𝑎𝑑,𝑚,𝑡 ~ breeding density𝑡−1  +  prebreeding temperature𝑡

+ winter temperature𝑡 

(10) 

 𝜌𝑡 ~ breeding density𝑡  + breeding temperature𝑡 +  winter temperature𝑡 (11) 

 𝜔𝑡 ~ winter temperature𝑡  +  winter precipitation𝑡 (12) 

Because population growth rate is more naturally expressed in terms of an immigration 

rate, we parameterized immigration as a rate in the path model, rather than as a number of 

immigrants as in the IPM. Furthermore, given that numbers of male and female immigrants were 

similarly affected by weather at the wintering grounds (Fig. S2.6) and that immigration is the vital 

rate for which we had the least information (e.g., natal origins and wintering locations of 

immigrants were unknown), we combined estimated numbers of male and female immigrants to 

derive a single, population-wide annual estimate of immigration rate, where ωt = (If,t+1 + Im,t+1) / 

(Bf,t + Bm,t). Because winter density had little to no effect on sex-specific immigration (Fig. S2.1), 

we excluded winter density from the model of immigration rate. 

To account for uncertainty in the estimated vital rates, we fitted the path model to each of 

the 15,000 posterior samples. We excluded vital rate and population growth rate estimates for the 

three years (2005-2007) for which demographic data and population counts were not collected. At 

each iteration of the path model (i) all vital rates, population growth rates, and weather and density 

variables were scaled by subtracting the mean and dividing by the standard deviation, and (ii) 

standardized slope coefficient estimates from each of the seven sub-models were used to calculate 

indirect effects of weather and density on population growth rate via the vital rates. The indirect 

effect of a given covariate X on population growth rate via a given vital rate V was calculated as 

the product of the direct effect (standardized regression coefficient) of covariate X on vital rate V 

and the direct effect of vital rate V on population growth rate. Indirect effects for a given covariate 

X were then summed across vital rates to determine the cumulative indirect effect of a given 
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covariate on population growth rate. R code for the path model is provided in Supplementary 

Method S2.3. 

Code availability 

R and BUGS code for the integrated population model and path analysis are available as 

Supplementary Methods S2.1, S2.2, and S2.3. 

RESULTS 

Modeling approach and geolocator results 

To quantify the relative effects of weather and density during the breeding and non-breeding 

seasons on population growth rate, we first estimated annual vital rates (age- and sex-specific 

apparent survival, fecundity, and sex-specific immigration) and population growth rate. Vital rates 

and population growth rate were estimated from 26 years of capture-recapture/resighting, 

population census, and reproductive success data collected on the breeding grounds using an 

integrated population model (IPM) fitted in a Bayesian framework using Monte Carlo Markov 

Chain (MCMC) simulations (Schaub et al. 2013). We then used a novel path analysis approach to 

estimate (i) direct effects of the different vital rates on population growth rate and (ii) indirect 

effects of densities (Fig. 2.2a, b) and weather (daily mean temperature and precipitation; Fig. 2.2c) 

at the breeding and population-specific wintering grounds on growth rate via the vital rates. Year-

round individual tracking data from light-logging geolocators collected between 2011 and 2014 

revealed the population’s wintering grounds to be centered in North Carolina (34°N), at the far 

eastern extent of the species-wide winter distribution (Wheelwright and Rising 2008), with a range 

from southern Florida to Pennsylvania (Fig. 2.1a). To account for uncertainty in vital and growth 

rate estimates, we fitted the path model to each MCMC sample forming the posterior distribution 

of the estimated vital rates and population growth rate. Vital rates and effect sizes are presented as 

means with the upper and lower bounds of the 95% credible interval (CI) in square brackets. 

Demographic contributors to population growth rate 

Population size at the breeding grounds fluctuated between 50 and 114 adults over the course of 

the 26-year study (Fig. 2.2a), with population growth rates ranging from 0.52 [95% CI = 0.4, 0.56] 
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to 1.67 [95% CI = 1.55, 1.77] (Fig. 2.3a). Despite equal numbers of years of growth (λ > 1) and 

decline (λ < 1), the population on Kent Island appears to be declining, with current breeding 

population size only 44% the peak size in 1988 (slope estimate from regressing log-transformed 

estimated breeding population size vs. time = -0.012 [95% CI = -0.013, -0.011]). 

As expected, all vital rates (Fig. 2.3b-e) contributed positively to population growth rate, 

with the combined effects of adult and juvenile survival contributing most to variation in 

population growth rate, followed by immigration rate and, lastly, fecundity (Fig. 2.3f). When we 

considered effects of age- and sex-specific survival probabilities and sex-specific immigration 

rates separately, male and female immigration rates contributed most to population growth rate, 

followed closely by fecundity and adult male survival. Variation in survival of adult females and 

juveniles of both sexes contributed the least to variation in population growth rate. 

Direct effects of weather and density on vital rates 

Apart from fecundity, all vital rates were strongly correlated with temperatures on the wintering 

grounds. Annual adult and juvenile survival of both sexes and immigration rate were higher during 

years of warm winter temperatures (Fig. 2.4a). Higher survival in warm winters is likely a product 

of increased food availability relative to cold winters (Sherry et al. 2005, Ruthrauff et al. 2013). 

That we also observed a positive correlation between winter temperature and immigration rate 

supports our assumption that immigrants, many of whom were likely born elsewhere on Kent 

Island or nearby islands (Fig. 2.1b), occupied a similar wintering range to Savannah sparrows born 

on our study site and suggests that weather increased the pool of potential immigrants by increasing 

overwinter survival. Indeed, years of high survival tended to coincide with years of relatively 

higher immigration rates for males (correlations between survival and immigration rate: juvenile 

males = 0.35 [95% CI = -0.05, 0.67]; adult males = 0.37 [95% CI = -0.01, 0.68]), but less so for 

females (juvenile females = 0.32 [95% CI = -0.7, 0.65]; adult females = 0.25 [95% CI = -0.15, 

0.59]). 

Although non-breeding population density has been found to influence vital rates of other 

migratory birds during the non-breeding season (Gill et al. 2001, Lok et al. 2013, Marra et al. 

2015b) and subsequent periods of the annual cycle (e.g., sequential density-dependence; 
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Rakhimberdiev et al. 2015), none of the vital rates were found to be strongly correlated with 

wintering Savannah sparrow abundance in our study (Fig. 2.4a, Fig. S2.1). Population counts from 

the breeding grounds were consistent with estimates of true population size (Fig. 2.2a), but post-

breeding population size (number of breeding adults plus fledglings) on Kent Island was only 

weakly correlated with subsequent winter population density (0.06 [95% CI = -0.08, 0.19]). This 

suggests either that CBC counts may not have accurately captured interannual variation in winter 

Savannah sparrow abundance or that other factors along the migration route influence abundance 

prior to arrival on the wintering grounds. 

In contrast to winter density, population density at the breeding grounds had a greater effect 

on vital rates compared to weather. Fecundity and adult male survival were both strongly 

negatively correlated with breeding density (Fig. 2.4a). Juvenile survival of both sexes was also 

negatively correlated with density and the strength of density-dependence was similar to the effect 

of winter temperature (juvenile females: density = -0.36 [95% CI = -0.60, -0.07] vs. winter 

temperature = 0.39 [95% CI = 0.11, 0.61]; juvenile males: density = -0.37 [95% CI = -0.60, -0.11] 

vs. winter temperature = 0.35 [95% CI = 0.06, 0.58]; Fig. 2.4a).  

Negative density-dependence of fecundity and survival is likely the result of increased 

interference competition at high population densities (Lack 1954, Rodenhouse et al. 2003, Nevoux 

et al. 2010, Lok et al. 2013). In Savannah sparrows, as in most songbirds, males establish and 

defend breeding territories. At high densities, increased energy expenditure in the defense of 

territories and paternity (Freeman-Gallant 1996) may cause adults to be in poorer condition at the 

end of the breeding season, reducing their chances of survival during subsequent periods of the 

annual cycle. Similarly, lower fecundity and juvenile survival in years of high breeding density 

are likely due to increased interference competition leading to smaller territories, reduced food 

availability, and, in turn, reduced nestling survival and juvenile condition.  

If breeding density does indeed influence survival through individual condition, then we 

might expect effects of subsequent winter temperatures on survival to be stronger after years of 

high breeding density. However, we found no evidence for an interactive effect of breeding density 

and winter temperature on annual survival for adults and juveniles of either sex (Fig. S2.2), 

suggesting that carry-over effects of breeding density on survival through individual condition are 
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stronger during other periods of the annual cycle, such as the post-breeding season or fall 

migration. Alternatively, breeding density could influence annual apparent survival of juveniles 

through emigration rather than mortality. If high breeding densities in year t are followed by above 

average numbers of surviving adults in year t+1, then more first time breeders may be excluded 

from the breeding population in year t+1. Indeed, breeding density was positively correlated with 

the number of surviving adults the following year (0.56 [95% CI = 0.37, 0.73]). However, numbers 

of local recruits in year t and surviving adults in year t were also positively correlated (0.38 [95% 

CI = 0.08, 0.64]), suggesting that high density of experienced breeders does not necessarily lead 

to increased exclusion of first time breeders. 

In addition to being negatively density-dependent, adult male survival was positively 

correlated with temperature on the breeding grounds during the pre-breeding season (mid-April to 

late May). The lack of a similar effect of pre-breeding temperature on female survival is consistent 

with differences in arrival time between sexes (Chapter 1). Males return to the breeding grounds, 

on average, two weeks earlier than females during a time when weather can be severe (e.g., 

overnight temperatures falling below 0°C) and food abundance lower compared to when females 

return. Thus, although arriving early to the breeding grounds can increase reproductive success 

(Chapter 1), arriving in harsh springs may reduce survival. 

Indirect effects on population growth rate 

Combining direct effects of the vital rates on population growth rate with direct effects of weather 

and density at the breeding and wintering grounds on the vital rates, we found clear support for 

opposing forces of winter temperature and breeding density-dependence driving the dynamics of 

this migratory population (Fig. 2.4b). Above-average temperatures on the wintering grounds lead 

to increased population growth, primarily through increased survival. However, long-term growth 

of the population was regulated by strong negative density-dependence at the breeding grounds 

acting to suppress fecundity and survival of adult males and juveniles (Fig. 2.4b). 

DISCUSSION 

A growing body of evidence suggests that non-breeding conditions can have a significant impact 

on individual success within and across seasons in migratory animals (Sillett et al. 2000, Norris et 
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al. 2004, Studds and Marra 2007, 2011). Our results reveal that variation in the non-breeding 

environment can also scale up to limit population growth rate and, in doing so, strengthen recent 

calls to approach the study of migratory species from a full-annual-cycle perspective (Adahl et al. 

2006, Faaborg et al. 2010b, Marra et al. 2015a). We are currently amid a new era of tracking long-

distance migration due to the development of miniaturized tracking devices (Bridge et al. 2011). 

Major advances in our understanding of the ecology and evolution of migratory species will hinge 

on how these movement data are integrated with demographic data from both the breeding and 

non-breeding grounds. Our approach of coupling integrated population modeling with path 

analysis is an intuitive means by which to quantify the contributions of density-dependent and 

density-independent factors throughout the annual cycle on population growth rate, while 

explicitly incorporating uncertainty in parameter estimation. 

By accounting for the relative effects of each vital rate on population growth rate, our 

approach filters out factors that may have a strong direct effect on a given vital rate but that 

ultimately play a minor role in driving annual variation in population growth rate. Considering the 

relative contributions of vital rates to population growth rate is important not only for 

understanding species’ population dynamics, but can also help to improve the efficiency of 

conservation efforts by providing the components of populations, or periods of the annual cycle, 

on which targeted conservation actions are likely to have the greatest effect in sustaining 

populations. For example, warming temperatures are known to influence some migratory animals 

by altering their timing of breeding in relation to peak food supply for provisioning young (Visser 

and Both 2005). If fecundity contributes strongly to variation in population growth rate, then the 

fate of a population or species may hinge on its ability to cope with, or adjust to, long-term 

warming trends and conservation resources should be allocated to ensure successful reproduction 

(Both et al. 2006). In contrast, if fecundity contributes relatively little to population growth rate 

relative to survival, then conservation efforts will be more impactful during the period(s) of the 

annual cycle that have the greatest influence on survival. 

Although our study focused on a single population of a broadly distributed songbird, 

variation in the non-breeding environment likely plays a primary role in limiting population growth 

rates of a wide range of migratory birds (Rodenhouse et al. 2003, Gilroy et al. 2016), given that 

non-breeding grounds are typically used during resource-poor periods of the year and that survival 
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is a key vital rate driving population growth in birds (Sæther and Bakke 2000). That males and 

females had similar survival probabilities even though temperatures were, on average, 5°C higher 

at the female- vs. male-specific wintering grounds, suggests that temperature was not the only 

environmental factor influencing this vital rate. Other factors, such as differences in landscape 

cover on the wintering grounds, may also be contributing to variation in annual survival. Also, 

lower survival of females during other periods of the annual cycle, such as migration or the post-

breeding, pre-migration period, relative to males could cause annual survival estimates of the two 

sexes to balance out. 

Whereas density-dependent processes have been shown to regulate other bird populations 

within and across seasons (Gill et al. 2001, Gunnarsson et al. 2005, Burgess et al. 2008, Lok et al. 

2013, Rakhimberdiev et al. 2015, Marra et al. 2015b), we only found clear evidence for breeding 

density-dependence regulating population growth. The fact that our study was of a highly 

philopatric island population could have influenced the strength of density-dependence we 

observed at the breeding grounds. For example, density-dependence might be stronger in island 

populations if dispersal-limitation forces individuals to breed at high densities rather than disperse 

to areas of lower density where resource competition is relaxed. Further, lower species diversity 

on islands could lead to differences in the strength of density-dependence between island and 

mainland populations through reduced interspecific competition. Differences in dispersal rates 

could also explain why we observed density-dependence on the breeding grounds but not at the 

wintering grounds. During the breeding season, territoriality confines individuals to relatively 

small areas, leading to frequent aggressive interactions with neighbors. In contrast, during the 

winter, Savannah sparrows are generally not territorial (Wheelwright and Rising 2008) and thus, 

have greater flexibility to disperse away from areas of high density. 

Finally, it is important to recognize that single breeding populations typically share their 

non-breeding ranges with individuals from other breeding populations and vice versa (Marra et al. 

2006). Formation of such migratory networks can lead to dynamics being linked across breeding 

and non-breeding populations (Taylor and Norris 2010). Therefore, decomposing drivers of 

dynamics within migratory networks will require information on movements of individuals 

between breeding and non-breeding grounds as well as between populations. Such a full-annual-
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cycle, multi-population approach will be critical for predicting how species respond to 

environmental changes and stressors across their entire ranges (Adahl et al. 2006).  
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Figure 2.1. Savannah sparrow appearance, study area on the breeding grounds, and population-

specific wintering grounds (a) Winter distribution (blue contours) of Savannah sparrows from a 

breeding population on Kent Island, NB, Canada (orange arrow) inferred from geolocator tracking 

data collected from 2011-2014. Blue contours delineate the 30%, 50%, and 75% kernel densities 

estimated from the winter locations of 38 individuals. Embedded photo shows a color-banded 

Savannah sparrow (photo courtesy of S. Doucet) (b) Long-term study area (orange) on Kent Island, 

with Sheep Island to the west and Hay Island to the north (north arrow in a also applies to b). Maps 

were created in R (www.r-project.org) using packages ‘ggmap’, ‘adehabitatHR’, and ‘mapdata’. 

The map in (b) was used data from OpenStreetMap (www.openstreetmap.org) 

  

http://www.r-project.org/
http://www.openstreetmap.org/
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Figure 2.2. Average daily temperatures and Savannah sparrow densities at breeding and wintering 

grounds. (a) Mean (± 95% credible interval) estimated breeding population size (black points) and 

population counts (orange) at the breeding grounds (b) Mean (± se) number of Savannah sparrows 

counted per observer hour at Christmas Bird Count survey routes on the wintering grounds (c) 

Average daily temperatures (°C) at the wintering grounds (blue) and breeding grounds (orange) 

during the pre-breeding (dotted line), breeding (solid line), and post-breeding (dashed line) 

seasons. 
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Figure 2.3. Vital rates and their contributions to variation in population growth rate. Annual 

estimates (mean ± 95% credible interval) of (a) population growth rate, sex-specific (b) juvenile 

and (c) adult survival, (d) fecundity, and (e) sex-specific immigration rates for Savannah sparrows 

from a breeding population on Kent Island, NB, Canada (Fig. 2.1b). (f) Direct effects of variation 

in juvenile survival, adult survival, fecundity, and immigration rate on population growth rate. 
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Figure 2.4. Effects of weather and density at breeding and population-specific wintering grounds 

on population growth rate (λ). (a) Direct effects (mean ± 95% credible interval) of weather and 

density at the breeding (orange) and population-specific wintering grounds (blue) on vital rates. 

(b) Cumulative indirect effects of breeding and winter covariates on population growth rate via the 

vital rates. The total effect of a given covariate X (e.g., winter temperature) on population growth 

rate was calculated from standardized regression coefficients estimated using path analysis by 

calculating the indirect effects of covariate X on growth rate via each vital rate and then summing 

indirect effects across all vital rates. The indirect effect of covariate X on growth rate through a 

given vital rate V equals the product of the direct effect of vital rate V on growth rate and the direct 

effect of covariate X on vital rate V. 
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Chapter 3 CHAPTER 3: LOCAL DENSITY REGULATES FEMALE REPRODUCTIVE SUCCESS 

OF A MIGRATORY SONGBIRD THROUGH EFFECTS ON DOUBLE-BROODING 

AND NEST PREDATION 

 

ABSTRACT 

Knowledge of the density-dependent processes that regulate animal populations is key to 

understanding, predicting, and conserving populations. In migratory birds, density-dependence is 

most often studied during the breeding season, yet we still lack a robust understanding of the 

reproductive traits through which density influences individual reproductive success. We used 27-

years of detailed, individual-level productivity data from an island-breeding population of 

Savannah sparrows (Passerculus sandwichensis) to evaluate effects of local and total annual 

population density on female reproductive success. Local density (number of neighbors within 50 

m of a female’s nest) had stronger effects on the number of young fledged than did total annual 

population density. Females nesting in areas of high local density were more likely to suffer nest 

predation and less likely to initiate and fledge a second clutch, which led to fewer young fledged 

in a season. Fledging fewer young subsequently decreased the likelihood of a female recruiting 

offspring into the breeding population in a subsequent year. Collectively, these results provide 

insight into the scale and reproductive mechanisms mediating density-dependent reproductive 

success and fitness in songbirds. 

INTRODUCTION 

Knowledge of the processes that limit and regulate animal populations is key to understanding past 

population change and for predicting, managing, and conserving populations in the future (Lack 

1954, Hixon et al. 2002, Faaborg et al. 2010a). Population regulation occurs through density-

dependence, which is the negative relationship between a population’s growth rate, underlying 

vital rates, and size (Sibly et al. 2005). Many studies have sought to detect as well as quantify the 

strength and shape of density-dependence in wildlife populations, primarily using time-series of 

population counts, productivity, and mark-recapture data (Gill et al. 2001, Coulson 2001, Koons 

et al. 2015, Sæther et al. 2016). However, density-dependence at the population level is ultimately 
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the accumulation of density effects on components of individual fitness. How, and at what scale, 

density influences individual reproductive success, condition, and survival is not well understood. 

Resource competition is the primary mechanism by which density-dependence regulates 

populations (Lack 1954, Newton 1998). As populations grow, so does competition for resources 

such as space and food. Crowding can lead to increased time and energy spent competing with 

conspecifics to defend territories (Rodenhouse et al. 2003, Sillett et al. 2004), thereby reducing 

time and energy available for self-maintenance and reproduction. Crowding can also modify 

interspecific competition, predator-prey interactions (Arcese et al. 1992, Gunnarsson and Elmberg 

2008), and transmission of parasites and disease (Hochachka and Dhondt 2000). In heterogenous 

habitats, crowding effects can be magnified by site-dependent regulation, where population growth 

forces more and more individuals into poorer habitat where survival and reproduction are more 

challenging (Ferrer and Donazar 1996, Rodenhouse et al. 1997, 2003, Nevoux et al. 2010). Taken 

together, these are all potential means by which density can influence individual reproductive 

success, condition, and survival, and ultimately serve to regulate population vital rates and growth. 

In migratory songbirds, density-dependence has primarily been studied during the breeding 

season, yet we still lack a robust understanding of the specific reproductive traits that mediate 

density-dependent fecundity (Arcese et al. 1992, Rodenhouse et al. 2003, Sillett et al. 2004). Even 

less clear is the extent to which density-dependent effects on reproductive success can carry 

forward to influence recruitment of individuals into the breeding population. The amount that a 

given reproductive attempt contributes to an individual’s fitness depends first on the number of 

offspring produced and then whether those offspring survive and recruit into the breeding 

population. Thus, effects of density on reproductive success and recruitment not only contributes 

to population regulation but can also influence individual fitness. To fill these two knowledge 

gaps, we need detailed individual-level breeding and recruitment data under varying population 

densities. 

In a recent study (Chapter 2), we found evidence for density-dependent regulation of per-

capita female fecundity and first-year survival in a migratory songbird, the Savannah sparrow 

(Passerculus sandwichensis). Here, we used 27-years of detailed, individual-level reproductive 

data from the same breeding population on Kent Island in the Bay of Fundy, New Brunswick, 
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Canada to evaluate i) the reproductive traits through which density affects female reproductive 

success, ii) the spatiotemporal scale at which density-dependent effects are greatest, and iii) the 

potential for density to influence female fitness through offspring recruitment. To achieve these 

objectives, we used path analysis (Shipley 2009) to first quantify direct effects of four reproductive 

traits (timing of breeding, clutch size, nest predation, and double-brooding) on variation in the 

number of young fledged and then estimate direct effects of density at two spatiotemporal scales 

on the four reproductive traits. The two scales we considered were ‘local’, which corresponded to 

the number of neighboring pairs within 50-m of a female’s nest(s), and ‘annual’, which 

corresponded to the total population size in each year. We then generated predictions of the number 

of young fledged and offspring recruited under different simulated densities to compare the relative 

effects of density at the two spatiotemporal scales on variation in young fledged and probability 

of recruiting offspring. 

 The four reproductive traits we considered, clutch size (Arcese et al. 1992), timing of 

breeding (Norris et al. 2004), nest predation (Sherry et al. 2015), and double-brooding (Nagy et al. 

2005, Townsend et al. 2013, Hoffmann et al. 2015), are known to influence individual reproductive 

success and, thus, represent routes through which density-dependent productivity could arise. 

Under a crowding mechanism, time and energy spent defending territories is expected to delay 

breeding or limit energy available to allocate to egg production (Arcese et al. 1992). Crowding can 

also affect nest predation rates, either by attracting or repelling predators (Schmidt and Whelan 

1999, Giroux et al. 2016). Lastly, the propensity to initiate a second clutch and the success thereof 

could be directly reduced at high densities if there are insufficient food resources for raising 

additional young or indirectly through effects on the timing of breeding or higher predation rates 

(see Fig. 3.2 for predicted effects linked to these hypotheses). 

METHODS 

Study system and field methods 

Savannah sparrows are ground-nesting, migratory songbirds that breed in grasslands and other 

open habitats across Canada and the northern USA and overwinter in the southern USA, Mexico, 

and parts of Central America (Wheelwright and Rising 2008). The population we studied breeds 
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in a ~10-ha study area on Kent Island, NB, Canada (44.48°N, 66.79°W; Fig. 3.1) and overwinters 

at the eastern edge of the species-wide winter range, in the southeastern USA (Figs. 1.1, 2.1a). 

Previous research showing strong density-dependent effects on fecundity and first-year survival 

(Chapter 2), coupled with detailed individual-level productivity data and high natal philopatry 

(nestling return rate = 11.2%; Wheelwright and Mauck 1998), make this an ideal population in 

which to study the mechanisms of density-dependent female reproductive success and fitness. 

The breeding biology of Savannah sparrows on Kent Island has been studied since the 

1960’s (Dixon 1978) and has been monitored annually since 1987 (excluding 2005-2007). Each 

year, population monitoring occurs between late May and the end of July and involves capturing 

and color-banding new members of the population, re-sighting returning color-banded individuals, 

mapping breeding territories, finding and monitoring nests, and banding nestlings. All individuals 

in the breeding population are marked with a United States Fish & Wildlife Service or Canadian 

Wildlife Service (USFWS/CWS) aluminum leg-band and a unique combination of three plastic 

color leg-bands. Nestlings born in the study population are banded in the nest seven days after 

hatching with a USFWS/CWS aluminum leg-band and one color leg-band. Nestlings that return 

to the study population in a subsequent year (local recruits) are re-captured, identified, and given 

a complete three-color leg-band combination. 

Breeding territories are determined from daily observations of the behaviours and 

movements of individuals (e.g. locations of singing males and nests). Savannah sparrows on Kent 

Island typically form socially monogamous breeding pairs, but a variable fraction of males (15-

43%) will pair with more than one female (Wheelwright et al. 1992). Although female mating 

behaviour has the potential to influence their reproductive success, Wheelwright et al. (1992) 

found that female Savannah sparrows on Kent Island that were mated to a polygynous male had 

similar reproductive success to females that were monogamously-mated. This finding is supported 

by data from the most recent 22-years of the long-term study. From 1987 to 2016, the mean (±SE) 

number of young fledged was 4.3 ± 0.1 for monogamous females compared to 4.2 ± 0.1 for females 

mated to a polygynous male. As such, we excluded mating status from subsequent analyses of 

factors influencing female reproductive success. 
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Nests are typically found at the beginning of incubation and are checked every second day 

to determine dates of hatching and fledging or failure, numbers of young hatched and fledged, and 

fate of the nest (fledged, abandoned, or depredated). Savannah sparrows on Kent Island can fledge 

young from up to two clutches in a single season (known as ‘double-brooding’). Hereafter, we 

refer to the two clutches of a double-brooded female as the ‘first clutch’ and ‘second clutch’. If a 

female’s first clutch is depredated or abandoned, she may re-nest up to three or four times 

(‘replacement clutches’). A ‘second clutch’ refers to the clutch laid by a female after she has 

successfully fledged young from a first clutch or replacement thereof. Incubation begins once the 

female has laid her penultimate egg and lasts an average of 12 days, with nestlings remaining in 

the nest for 9-11 days (Dixon 1978). Both sexes provision young whereas only females build nests 

and incubate (Wheelwright and Rising 2008). Once each nest has fledged or failed, we recorded 

its spatial coordinates using a Global Positioning System. 

Definitions of reproductive success, traits, and fitness 

Reproductive success. Reproductive success was defined as the total number of young a female 

fledged in a year. Fledging success of each nest was confirmed on the ninth day after hatching by 

observing adults bringing food to the nest vicinity. The number of young fledged from a nest was 

recorded as the number of nestlings banded on the seventh day after hatching. In our analyses, we 

excluded data for females for which we lacked a complete breeding history (e.g., females for whom 

we were missing one or more nesting attempts or for which one or more nests was outside the 

standard study area) or whose nests were the subject of experimental manipulations (e.g., clutch 

size manipulations; Mitchell et al. 2011, Pakkala et al. 2015). 

Timing of breeding. Timing of breeding was the estimated Julian date on which a female laid her 

first egg. For females that successfully fledged their first clutch, first egg date was calculated by 

subtracting 12 days (the average duration of incubation; Dixon 1978) from the hatch date, plus 1 

additional day for each egg laid up to the penultimate egg. To determine first egg date for females 

whose initial nest attempt failed, we used data from all nests with known hatch dates to calculate 

the average difference (in days) between when a nest was found and when it hatched. We then 

subtracted the difference between this value and the length of incubation period from the found 
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date of each failed nest. Lastly, as with nests that successfully hatched, we then subtracted 1 day 

for each egg laid up to the penultimate egg. 

Clutch size. Clutch size was defined as the average number of eggs laid across all first clutches 

(first attempt and any replacement clutches) of a female in a given year. The average (± SE) size 

of first clutches and replacements thereof was 4.2 ± 0.02 eggs over the course of the study period, 

compared to 3.8 ± 0.04 eggs for second clutches. 

Nest predation. For our analyses, we categorized females as either having suffered nest predation 

or not. On average, 24% of nests are depredated in a breeding season, but the proportion varied 

among years (range = 6-54%). The most likely nest predator of Savannah sparrow nests on Kent 

Island is the American crow Corvus brachyrhynchos (Wheelwright et al. 1997). This species 

breeds on the island, often in trees on the perimeter of the study area, and is frequently observed 

foraging on the ground where Savannah sparrows nest. Only two other avian nest predators have 

been consistently observed on the island since the start of the long-term Savannah sparrow study. 

The Common raven Corvus corax breeds on Kent Island but is far less abundant than the American 

crow (N. T. Wheelwright and D. R. Norris, personal observation) and a breeding colony of Herring 

gulls Larus argentatus overlaps with approximately one quarter of the southern Savannah sparrow 

study field. However, although gulls opportunistically depredate Savannah sparrow eggs or 

nestlings that they encounter, nest predation inside the gull colony tends to be lower than outside 

of the colony, likely because gulls aggressively defend their own nests against crows (Wheelwright 

et al. 1997). No mammalian predators exist on Kent Island. 

Double-brooding. For our analyses, we defined females as either having successfully fledged a 

second clutch or not. Over the 27-year study, on average, 29% of all females attempted a second 

clutch in a given year (range = 14-58%). Among the females that were successful on their first 

nest attempt, 56% attempted a second clutch (range = 20-92%). In an average year, 90% of second 

clutches were successful (range = 63-100%), whereas only 67% of first clutches were successful 

(range = 35-92%). 

Recruitment. To evaluate potential effects of density on female fitness as mediated by their 

reproductive success the previous year, we determined whether the offspring produced by a female 



 

54 

recruited into the breeding population in a subsequent year. Between 1987 and 2015, the average 

(apparent) first-year survival probability was 10.1% (range = 4.4-18.5%; Chapter 2). We excluded 

juveniles born in 2004 from our recruitment analyses because population monitoring was 

interrupted from 2005-2007 and recruitment was unknown. Juveniles born in 2016 were also 

excluded because their recruitment is not yet known. 

Population density estimates 

We evaluated population densities at two spatiotemporal scales: annual and local. Annual density 

corresponded to the peak number of breeding adults of both sexes in the study area in each year 

(Fig. 3.1e). Because unpaired individuals are rare in this population, annual density is equivalent 

to the total population size. Local density corresponded to the average number of breeding pairs 

within 50-m of a female’s nest(s) (Fig. 3.1d). Local densities for each female were calculated by 

placing a 50-m buffer around the spatial coordinates of each of her nests. For each nest, we then 

extracted all other nests not belonging to the focal female that fell within the 50-m buffer and 

counted the number of distinct breeding pairs to which the other nest(s) belonged. Since most 

females attempt more than one nest in a breeding season, we averaged the number of neighboring 

pairs across nests to produce a single local density estimate for each female in each year. 

Consistent with the species-wide population trend (Sauer et al. 2017), Savannah sparrows 

have been declining on Kent Island since the early 2000’s (Chapter 2). Prior to 2016, per capita 

female fecundity was also declining on Kent Island (Chapter 2). Therefore, for our statistical 

analyses, we removed the temporal trend in population density (‘de-trended’; Graham 2003) to 

avoid spurious detection of density-dependence due the co-occurrence of a temporal decline in 

population size and fecundity (Grosbois et al. 2008). 

Statistical analysis 

We evaluated the scale and reproductive mechanisms mediating density-dependence of female 

reproductive success using a mixed-effects path modelling approach (Shipley 2000, 2009). We 

fitted two path models, one for local density and the other for annual density, each of which 

consisted of six sub-models. The first sub-model related the probability of a female recruiting one 

or more offspring into the breeding population in year t to the number of young she fledged in year 
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t-1 and density (local or annual) in year t-1. The second sub-model related the number of young 

fledged by a female to the four reproductive traits and density. The final four sub-models related 

the reproductive traits to density. The sub-models for clutch size, predation, and double-brooding 

also included a fixed effect for timing of breeding. The sub-model for double-brooding also 

included a fixed effect for predation (see Fig. 3.2 for a graphical representation of the full path 

models). 

Sub-models were fitted using generalized-linear mixed-effects models implemented in the 

R package lme4 (Bates et al. 2015). Recruitment probability, double-brooding, and predation were 

modeled with a binomial distribution (logit link), whereas the number of young fledged was 

modeled with a Poisson distribution (log link). Clutch size and timing of breeding were 

standardized in all analyses and modeled with a Gaussian distribution (identity link). All sub-

models included year as a random effect to account for among-year differences in environmental 

conditions, that could have influenced productivity, as well as a random effect for individual ID to 

account for repeated measures of the same female. Finally, all sub-models included a fixed effect 

for female age to account for age-related differences in reproductive performance between first 

time breeders and individuals that had bred in the study population in at least one previous year 

(Wheelwright and Schultz 1994). 

To compare total effects of density at the two spatiotemporal scales on young fledged  and 

recruitment, we first derived the most parsimonious path model for local and annual density using 

an AIC model selection procedure (Shipley 2013; model selection description and results are 

available in Supplementary Method S3.1 and Supplementary Tables S3.1-S3.4). We then used the 

best model for each spatiotemporal scale to predict the number of young fledged and probability 

of recruitment under simulated changes in density. For both local and annual density, we restricted 

simulated densities within the range of observed densities. For local density (de-trended number 

of neighboring pairs; range = -5.7 to 7.3, SD = 2.2), we predicted number of young fledged and 

recruitment when we added -4, -2, 0, +2, +4, and +6 pairs to the de-trended local density 

experienced by each female in each year. For annual density (de-trended number of breeding 

adults; range = -24.3 to 38.5, SD = 16.1), we predicted the number of young fledged and 

recruitment when we added -20, -10, 0, +10, +20, and +30 breeding adults to the de-trended annual 

density experienced by each female in each year. We simulated 1000 predictions of young fledged 
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and recruitment probability for each change in density. In each simulation, predicted values for 

binomial responses (predation, double-brooding, recruitment) were drawn from a binomial 

distribution where the input probabilities were those predicted by the respective sub-models. 

Predicted numbers of young fledged and recruitment probabilities were then summarized across 

simulations for each change in density (Fig. 3.4). 

All statistical analyses and spatial operations for determining local densities were 

performed in R (R Core Team 2016). R code for generating model predictions for young fledged 

and offspring recruitment probability under simulated changes in local and annual density are 

provided in Supplementary Method S3.2. Figures were produced using the R package ggplot2 

(Wickham 2009). 

RESULTS 

We quantified the reproductive success of 534 females that collectively comprised 1567 nest 

attempts over the course of the 27-year study period. Over half (57%) of the females bred in only 

one year of the study, but four individuals bred for six years and another for seven years. The 

average (±SE) number of young fledged per female per season was 4.2 ± 0.1 (range = 0-10). Of 

the 3692 young fledged over the course of the study (excluding 2004 and 2016), 10% (n = 380) 

recruited into the breeding population the subsequent year. Over half (57%) of the females failed 

to recruit a single offspring into the population over their lifetime, whereas 26% recruited one 

offspring and 17% recruited two or more offspring (maximum = 9). 

Contributions of reproductive traits and age to reproductive success 

All four reproductive traits were retained in the final path models for both local and annual density 

(Fig. 3.3). Females that produced larger clutches (β ± SE = 0.12 ± 0.02) and that fledged young 

from two clutches in a season (β ± SE = 0.58 ± 0.04) produced more offspring than females that 

laid fewer eggs and fledged only one clutch in a season (Fig. 3.3). Double-brooded females 

produced an average (± SE) of 7.0 ± 0.1 fledglings compared to only 3.3 ± 0.1 offspring produced 

by single-brooded females (β ± SE = 0.58 ± 0.04). As expected, nest predation (β ± SE = -0.30 ± 

0.04) and timing of breeding (β ± SE = -0.06 ± 0.03) both had negative effects on the number of 

young fledged (Fig. 3.3). Among females that did not attempt a second clutch, those that did not 
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experience nest predation produced 3.6 ± 0.1 offspring per year compared to 2.8 ± 0.1 offspring 

produced by those that lost one or more nests to predators. Females that laid their first egg after 

the mean first egg date (31 May or mean [±SD] Julian date = 152 ± 7 days) averaged 1.4 fewer 

young fledged compared to those that initiated egg-laying on or before the mean first egg date. 

Female age was also retained in the final path models and influenced female reproductive 

success both directly and indirectly through the reproductive traits (Wheelwright and Schultz 

1994). Experienced breeders (those that bred in the population in at least one previous year) tended 

to produce more offspring than first-time breeders (β ± SE = 0.06 ± 0.03). Furthermore, 

experienced females also bred earlier, laid larger clutches, were more likely to initiate and fledge 

a second clutch, and were less likely to lose a nest to predation compared to first-time breeders 

(Fig. 3.3). 

Direct effects of density on reproductive traits and success 

Both local and annual density influenced female reproductive success but, despite being strongly 

correlated (Pearson’s r for annual density vs. mean local density = 0.74), their effects differed in 

strength and were mediated by different reproductive traits (Fig. 3.3). Local density had a strong 

negative effect on double-brooding and a positive effect on nest predation, such that females that 

nested in areas of high local density were more likely to suffer nest predation and less likely to 

fledge a second clutch (Fig. 3.3a). Double-brooding was also strongly negatively influenced by 

nest predation and, thus, was affected by density both directly as well as indirectly through nest 

predation (Fig. 3.3a). After accounting for variation explained by the reproductive traits, local 

density did not have a direct effect on female reproductive success (Fig. 3.3a). In contrast, annual 

density had a direct negative effect on young fledged, as well as an indirect effect on young fledged 

through clutch size (Fig. 3.3b). Annual density did not influence nest predation or the probability 

of initiating and fledging young from a second clutch.  

Timing of breeding was the only reproductive trait that was not influenced by local or 

annual density (Fig. 3.3a, b). However, timing of breeding did influence clutch size, double-

brooding, and nest predation. Females that bred earlier tended to lay more eggs and were more 
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likely to initiate and fledge young from a second clutch, but they were also more likely to suffer 

nest predation (Fig. 3.3a, b). 

Cumulative effects of local and annual density on reproductive success and recruitment 

Overall, female reproductive success was influenced more strongly by local than by annual density 

(Fig. 3.4). Predicted reproductive success declined by 0.91 offspring per female (from a mean of 

4.65 to 3.74 fledglings per female) over the range of simulated local densities. In contrast, 

predicted reproductive success declined by 0.53 offspring per female (from a mean of 4.45 to 3.92 

fledglings per female) over the range of simulated annual densities. In turn, the probability of 

recruiting an offspring into the study population was also more strongly influenced by local 

compared to annual density (Figs. 3.4b, d). Predicted recruitment probability declined by 6.9% in 

response to changes in local density compared to 3.8% in response to changes in annual density. 

DISCUSSION 

Our study elucidates the reproductive traits that mediate density-dependent reproductive success 

and the scale at which density influences these traits. We found that female reproductive success 

was primarily regulated by local density through effects on nest predation and double-brooding. 

As density increased, females were more likely to suffer nest predation and less likely to initiate 

and fledge young from a second clutch, thereby lowering their reproductive success. Importantly, 

we also show that density-dependent regulation of reproductive success can carry forward to 

influence recruitment of offspring into the breeding population. At high densities, females fledged 

fewer young, which, in turn, reduced their probability of recruiting offspring. 

Although density-dependent effects on reproductive traits have been detected at a 

population-level for several songbird species (Muller et al. 2004, McKellar et al. 2013a, Gullett et 

al. 2015) and many studies have related variation in reproductive success to different reproductive 

traits (Verhulst et al. 1995, Muller et al. 2004, McKellar et al. 2013b, Hoffmann et al. 2015), rarely 

are the two parts quantitatively linked to investigate the reproductive processes that mediate 

density-dependent reproductive success. Path analysis is a useful technique to provide insight into 

causal mechanisms mediating density-dependent relationships from historic datasets. The ability 

to infer causal relationships from existing observational data also provides an alternative to 
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experimental manipulations of density, which can pose ethical challenges and may not be a viable 

option for many species, avian or otherwise (e.g., species-at-risk), given that they often require 

removal or translocation of individuals from a population (Rodenhouse et al. 2003, Sillett et al. 

2004; but see Both 1998). In circumstances where manipulations of density are possible, our 

results provide guidance on the spatiotemporal scale at which density should be manipulated and 

the types of reproductive traits that may be affected. 

Despite being positively correlated, effects of local and annual density on reproductive 

success varied in strength and were mediated by different reproductive traits. Double-brooding 

and predation were strongly influenced by local density, but not annual density, whereas the 

opposite was true for clutch size (Fig. 3.3). The difference of scale at which density affects double-

brooding and clutch size could be related to differences in when females make these reproductive 

decisions. On average, females laid their first egg of the season on 31 May and thus, the amount 

of energy available for egg production is determined early in the spring when territory boundaries 

are still being settled and females are likely competing for limited resources with a greater 

proportion of the population compared to later in the season. In contrast, second clutches were 

initiated, on average, a full month later in the season when breeding pairs and territories are well 

established and, therefore, the decision to double-brood is likely shaped by resource availability 

and competition in the more immediate environment (Sillett et al. 2004, Nagy et al. 2005). Nest 

predators with large daily home ranges, such as crows, are also likely to cue into areas of high 

local densities due to the higher probability of encountering a nest (Roos 2002, McKellar et al. 

2013a, Giroux et al. 2016). 

Timing of breeding had direct effects on reproductive success and each of the reproductive 

traits, but it was not strongly affected by density at either spatiotemporal scale. The lack of a 

density effect suggests that timing of breeding is more strongly influenced by timing of arrival at 

the breeding grounds (Chapter 1) and/or factors influencing individual condition during the pre-

breeding and/or non-breeding seasons (Bêty et al. 2003, Norris et al. 2004). Consistent with 

Hoffmann et al. (2015) and Townsend et al. (2013), females that bred earlier were more likely to 

fledge a second clutch (but see Nagy et al. 2005). This effect is likely due to the shortness of the 

breeding season relative to the amount of time it takes to complete a clutch, fledge young, and care 

for them until independence (Wheelwright and Templeton 2003). Across all years of the study, 
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90% of nests were initiated (first egg laid) within a span of just 44 days and the average length of 

time between initiating first and second clutches was ~30 days. Females that bred earlier also laid 

larger clutches. Increased investment in egg production early in the season is likely due to the 

higher survival probability of young the earlier they are fledged in a season (Hochachka 1990, 

Bêty et al. 2003, Mitchell et al. 2011). However, early breeding is not entirely free of cost. Nest 

predation, which had a negative effect on both double-brooding and reproductive success, was also 

higher earlier in the season. This seasonal decline in nest predation is likely a consequence of 

vegetation growth providing increased nest cover as the season progresses (Borgmann et al. 2013), 

as well as the increased availability of alternative food sources (e.g., gull eggs and nestlings) to 

crows (Roos 2002, Borgmann et al. 2013). 

In addition to regulating female reproductive success, our results point to a mechanism by 

which local density can affect fitness. Through negative effects on young fledged, variation in 

local density caused a 7 % decline in predicted offspring recruitment probability, from 35% to 

28%. However, given that most females only bred in the population in one or two years, density 

likely only plays a minor role in determining the total number of offspring recruited by a female 

in her lifetime. Rather, whether or not a female is successful in recruiting offspring is likely 

determined more by factors that influence offspring survival, such as individual quality or 

condition (Both et al. 1999, Mitchell et al. 2011) and environmental conditions experienced during 

different phases of the annual cycle (Chapter 2). It is also important to acknowledge that some 

offspring disperse away from their natal grounds (Wheelwright and Mauck 1998), so our ability 

to assess recruitment and, in turn, female fitness is imperfect. Separating emigration and survival 

is a much broader issue in population ecology, especially for small motile species, and a resolution 

hinges on the ongoing development of new tracking technologies and modeling techniques 

(Klaassen et al. 2014, Schaub and Royle 2014). 

In summary, our study provides insight into the reproductive mechanisms that mediate 

density-dependent female reproductive success and offspring recruitment in a migratory songbird. 

Given the importance of understanding how density influences population vital rates for both basic 

and applied purposes in ecology, maximizing the use of existing observational data to characterize 

species-specific density-dependent relationships is essential. Path analysis (Shipley 2000, Grace 

2008) is a useful approach to achieving this goal. Collectively, results of such studies will help 



 

61 

contribute to a more general understanding of how density-dependent processes contribute to the 

population dynamics of both migratory and non-migratory species (Sæther et al. 2016).  
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Figure 3.1. (a) Map of the long-term Savannah sparrow study area (orange) on Kent Island and 

the distribution of breeding pairs (black dots) in a year of (b) high population density (2012) and 

(c) low population density (2015). Points in (b) and (c) represent the average nest location of each 

breeding pair. (d) Distribution of local densities, as measured by the average number of 

neighboring pairs within 50-m of a females’ nest(s) in a single breeding season, over the 27-year 

study period. (e) Variation in the size of the breeding population between 1987 and 2016. The map 

in (a) was generated using data from OpenStreetMap (www.openstreetmap.org). 

  

http://www.openstreetmap.org/
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Figure 3.2. Directed acyclic graph depicting predicted relationships among density, reproductive 

traits, reproductive success, and recruitment for female Savannah sparrows. Solid lines show 

positive effects and dashed lines show negative effects. Path colors correspond to the three levels 

of the path model used in the AIC model selection procedure (see Supplementary Method S3.1). 

The first level (black) consists of a sub-model relating offspring recruitment probability to density 

and number of young fledged. The second level (yellow) consists of a sub-model relating number 

of young fledged to density and the reproductive traits. The third level consists of four sub-models 

relating each of the reproductive traits to density and a subset of the other reproductive traits. All 

sub-models accounted for female age. 
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Figure 3.3. Final path models following AIC model selection showing direct and indirect effects 

of density at two spatiotemporal scales, (a) local and (b) annual, on female reproductive success 

and offspring recruitment. Black lines represent paths included in the final model and grey lines 

show paths excluded from the final model. Solid lines show positive effects and dashed lines show 

negative effects. The values associated with each path correspond to slope estimates (± SE) from 

the sub-models (see Supplementary Tables S3.1-S3.4 for the model selection results).  
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Figure 3.4. Predicted effects of variation in local and annual density on female (a, c) reproductive 

success and (b, d) offspring recruitment as mediated by the reproductive traits. Predicted changes 

in reproductive success are shown using violin plots, where the shape and length of the violin is 

based on kernel density estimation of the distribution of young fledged (Hintze and Nelson 1998). 

Offspring recruitment probabilities for each change in density were averaged across females, with 

error bars showing the upper and lower 95% quantiles. Predictions were generated from the final 

path models shown in Fig. 3.3. 
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EPILOGUE 

The objective of my thesis was to address when and where migratory species are limited and 

regulated during the annual cycle. By combining longitudinal data from a long-term population 

study at the breeding grounds with year-round tracking, I found clear evidence for winter limitation 

and breeding season regulation of a migratory songbird population. More specifically, population 

growth rate of Savannah sparrows from a breeding population on Kent Island was limited by 

temperature at their wintering grounds in The Carolinas, USA, primarily through positive effects 

on survival. In contrast, regulation of population growth rate occurred at the breeding grounds 

through density-dependence of fecundity as well as adult male and juvenile survival. Regulation 

of fecundity was found to occur primarily through increased nest predation and reduced double-

brooding in areas of high local density (number of neighbours within 50-m of a female’s nest). 

Collectively findings of my research reveal where and when this migratory species is limited and 

regulated while also providing insight into the demographic and individual-level mechanisms 

mediating density-dependent and -independent effects on population growth rate. 

As first argued in Chapter 2, I suggest that winter limitation and breeding regulation is not 

likely unique to the Savannah sparrow population on Kent Island, but rather, likely extends to other 

populations across the species’ range and to other migratory bird species (but see Blackburn and 

Cresswell 2016). However, even if winter limitation and breeding regulation applies across the 

species’ range, this does not necessarily mean that population growth rates and demography will 

always be synchronized among subpopulations. Rather, demographic synchrony will depend both 

on the degree to which subpopulations are connected throughout the annual cycle (Marra et al. 

2006, Taylor and Norris 2010, Betini et al. 2015) and the extent to which the environment varies 

across the breeding and non-breeding ranges. For example, if individuals from the same breeding 

populations remain together throughout the year and geographically separated from other 

populations during the non-breeding season (‘high degree of connectivity’), then dynamics may 

be highly asynchronous if environmental conditions differ among breeding and/or non-breeding 

grounds. Alternatively, if breeding populations undergo substantial mixing in the winter (‘weak 

connectivity’), then dynamics will be much more synchronized among subpopulations spanning a 

species range. Efforts to delineate species-wide patterns of migratory connectivity have grown in 

recent years (Iwamura et al. 2013, Trierweiler et al. 2014, Knight et al. 2017, Procházka et al. 
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2017, Brown et al. 2017). Integrating this information with demographic data from across a species 

range will provide tremendous insight into range-wide patterns of limitation and regulation and 

the potential for environmental variation throughout the annual cycle to induce population 

synchrony (Schaub et al. 2005, 2015). 

One seemingly obvious conclusion that could be drawn from the finding that survival and 

population growth rate were limited by winter temperatures is that warming global temperatures 

should benefit Savannah sparrow populations and populations of any other species that may be 

limited by winter temperatures (e.g., Sæther et al. 2000, Gamelon et al. 2017). However, this 

conclusion ignores the consequences of increased survival during the non-breeding season for 

demography during subsequent breeding seasons, not to mention potential consequences of 

increased severity and frequency of extreme climatic events in the future (discussed below; 

Easterling et al. 2000, van de Pol et al. 2017). More specifically, increased winter survival will 

lead to more individuals returning to the breeding grounds in spring, which, in turn, will increase 

the strength of breeding density-dependence on fecundity and survival of adult males and 

juveniles. Thus, without a corresponding increase in carrying capacity at the breeding grounds, 

increasing winter temperatures alone are unlikely to reverse the negative population trend observed 

on Kent Island and across much of the species’ range (Sauer et al. 2017). In fact, higher winter 

survival leading to stronger density-dependence could have a detrimental effect on populations by 

decreasing a population’s buffer to stochastic environmental events (Gamelon et al. 2017). 

Among the more interesting of my findings was that, on average, males and females had 

similar survival probabilities, but the variance in male survival was higher (Fig. 2.3c). These 

patterns are interesting for a couple of reasons. First, the average 5°C difference between the 

female- and male-specific wintering grounds suggests that female survival should be higher than 

that of males. One potential explanation for this discrepancy is that differences in other 

environmental factors at the sex-specific wintering grounds, such as habitat quality, could equalize 

survival among males and females. Alternatively, annual survival probabilities of males and 

females could be equalized by higher costs of reproduction for females (but see Mitchell et al. 

2012b) or differential survival in other parts of the annual cycle, such as migration. Future studies 

that incorporate information gained from higher precision tracking devices, such as GPS, could 

help evaluate these alternative scenarios by providing information on habitats occupied during 
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migration and winter and potential variation therein among sexes. Second, higher variance of adult 

male survival suggests that the extent to which reproductive benefits of overwintering at northern 

latitudes and early arrival at the breeding grounds outweigh the survival costs likely varies strongly 

among years depending on the severity of weather conditions during winter (at the northern extent 

of the winter range) and early spring (Newton 2007). Indeed, we found a strong positive 

relationship between annual survival of males and temperatures during the pre-breeding season 

(Fig. 2.4a), which average 2°C to 3°C colder than temperatures at the wintering grounds. In 

general, the pre-breeding period is an understudied component of the annual cycle, but one that 

deserves greater attention. This may be particularly true for short-distance migrants and migrants 

that breed at high northern latitudes (e.g., Bêty et al. 2003), given that early spring conditions at 

northern breeding locations can be harsher and more unpredictable than those at the wintering 

grounds. 

Although my research focused on effects of weather variables averaged over the entire 

winter, pre-breeding, breeding, and post-breeding periods, conditions over shorter time scales 

could have similar or even stronger effects on population vital rates. For migrants that overwinter 

in temperate climes, the main mechanism by which weather is likely to influence survival is food-

limitation (Sherry et al. 2005, Danner et al. 2013, Ruthrauff et al. 2013). Thus, shorter-term 

weather patterns that limit food availability, such as snowfall, consecutive days of below-freezing 

temperatures, and extreme climactic events (Anderson et al. 2017, van de Pol et al. 2017), could 

have equally strong or stronger negative effects on survival. Similarly, consecutive days of heavy 

rainfall or abnormally cold temperatures at the breeding grounds could negatively affect survival 

of juveniles in the nest or shortly after fledging (Gullett et al. 2015). A better understanding of 

how extreme climactic events contribute to population dynamics are of particular relevance given 

that such events are expected to increase in frequency with a changing climate (Easterling et al. 

2000). 

An obvious gap in my research is that the population consequences of density-dependent 

and -independent conditions during migration were not considered. This was largely because of 

the difficulty of delineating clear migration routes for the population due to the short distance and 

duration of migration relative to the spatiotemporal resolution of the geolocator-derived positional 

estimates, especially during the vernal and autumnal equinoxes which overlap spring and fall 
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migration. However, conditions during migration undoubtedly have consequences for individual 

survival and reproduction as well population vital rates (Sillett and Holmes 2002, Klaassen et al. 

2014, Paxton et al. 2017, Studds et al. 2017). During migration, individuals face high energetic 

requirements, particularly during stopover (Wikelski et al. 2003), which they must fulfill in 

unfamiliar habitats where predation risk can be high. Results of my Masters research on Bon 

Portage Island, Nova Scotia, ~150 km south-southeast of Kent Island, revealed that another 

songbird species, the Red-eyed Vireo (Vireo olivaceus), experienced mortality rates of 25% at this 

one stopover site (Woodworth et al. 2014). If summed over a full migration, it is easy how 85% of 

annual mortality in Black-throated blue warblers (Sillett and Holmes 2002) or 62% of annual 

mortality in Willow flycatchers (Empidonax traillii) (Paxton et al. 2017) occurs during migration. 

Ongoing advances in technology for tracking individuals during migration, in real time and at high 

spatiotemporal resolution, will continue to improve our ability to assess the true cost of migration 

and population-level consequences of this difficult-to-study period (Wikelski et al. 2007, Bridge 

et al. 2011, Taylor et al. 2017).  

Final remarks 

We are currently amid an exciting and expanding era of tracking migratory animals due to the 

ongoing development of miniaturized tracking devices. Major advances in our understanding of 

the ecology and evolution of migratory species will hinge on these movement data being integrated 

with demographic data from across the annual cycle. Recently, Studds et al. (2017) showed how 

degradation of habitat in one portion of a migration route can imperil an entire migratory flyway. 

In an even broader analysis of 340 breeding bird species, Gilroy et al. (2016) showed that 

population declines were more prevalent in species with lower migratory diversity, as measured 

by the size of the species-wide non-breeding range relative to the breeding range. These broad-

scale studies, coupled with findings of more detailed, longitudinal studies, like those presented 

here, will greatly improve our understanding of population limitation and regulation of migratory 

species and contribute the necessary scientific information to help to ensure that these species 

persist into the future.  
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Chapter 4 SUPPLEMENTARY MATERIAL: CHAPTER 1 

Table S1.1. Parameter estimates from linear models examining within-sex variation in winter 

latitude estimated from geolocators (n = 38) and feather δ2H content (n = 106) of Savannah 

sparrows breeding on Kent Island in the Bay of Fundy, New Brunswick, Canada in relation to 

body size (tarsus and wing length), age, and year. For all models, reference levels were ‘juvenile’ 

for age and ‘2011’ for year. 

Model Sex – body size Variable β ± SE t P 

latitude male – wing intercept -17.2 ± 36.3 -0.5 0.64 

  wing 0.8 ± 0.5 1.5 0.15 

  age (adult) -1.9 ± 1.8 -1.0 0.31 

  year (2012) -4.6 ± 2.0 -2.3 0.03 

  year (2013) -0.9 ± 1.9 -0.4 0.66 

 male – tarsus intercept 0.3 ± 21.2 0.0 0.99 

  tarsus 1.8 ± 1.0 1.7 0.10 

  age (adult) -0.6 ± 1.4 -0.4 0.68 

  year (2012) -5.0 ± 1.8 -2.8 0.01 

  year (2013) 0.2 ± 2.2 0.1 0.92 

 female – wing intercept 40.1 ± 34.5 1.2 0.27 

  wing -0.2 ± 0.5 -0.3 0.76 

  age (adult) 3.7 ± 2.6 1.4 0.18 

  year (2012) 1.4 ± 2.0 0.7 0.49 
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  year (2013) -2.3 ± 2.1 -1.1 0.29 

 female – tarsus intercept 54.3 ± 23.9 2.3 0.04 

  tarsus -1.2 ± 1.1 -1.1 0.31 

  age (adult) 3.2 ± 2.6 1.2 0.24 

  year (2012) 0.7 ± 2 0.3 0.74 

  year (2013) -2.8 ± 2 -1.4 0.18 

δ2H male – wing intercept 41.7 ± 64.2 0.7 0.52 

  wing -1.7 ± 1.0 -1.7 0.09 

  age (adult) -2.2 ± 3.3 -0.7 0.50 

  year (2008) 24.3 ± 11.6 2.1 0.04 

  year (2009) 28.7 ± 11.3 2.5 0.01 

  year (2010) 24.4 ± 11.0 2.2 0.03 

  year (2012) 22.9 ± 11.6 2.0 0.05 

 male – tarsus intercept -54.4 ± 61.3 -0.9 0.38 

  tarsus -0.7 ± 3.0 -0.2 0.82 

  age (adult) -4.4 ± 3.3 -1.4 0.18 

  year (2008) 14.7 ± 11.5 1.3 0.21 

  year (2009) 21.7 ± 11.4 1.9 0.06 

  year (2010) 18.5 ± 11.3 1.6 0.11 

  year (2012) 15.2 ± 11.6  1.3 0.20 
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 female – wing intercept -49.2 ± 63.2 -0.8 0.44 

  wing 0.0 ± 0.98 0.0 0.99 

  age (adult) -8.1 ± 4.2 -1.9 0.06 

  year (2008) 13.8 ± 6.1 2.3 0.03 

  year (2009) 0.7 ± 5.7 0.10 0.90 

  year (2010) 3.1 ± 5.5 0.6 0.58 

  year (2012) 2.0 ± 5.3 0.4 0.71 

 female – tarsus (intercept) -117.2 ± 75.8 -1.5 0.13 

  tarsus 3.3 ± 3.7 0.9 0.37 

  age (adult)  -8.0 ± 4.1 -2.0 0.06 

  year (2008) 9.9 ± 6.6 1.5 0.14 

  year (2009) 0.7 ± 5.6 0.1 0.90 

  year (2010) 2.2 ± 5.5 0.4 0.70 

  year (2012) 1.6 ± 5.2 0.3 0.77 
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Chapter 5 SUPPLEMENTARY MATERIAL: CHAPTER 2 

 

Figure S2.1. Effects of density at the breeding and wintering grounds on vital rates of a breeding 

population of Savannah sparrows on Kent Is., NB, Canada. Vital rates were modeled against 

standardized densities at the breeding and wintering grounds within an integrated population 

model. For a given vital rate, the strongest effect is shown in black and the weaker effect is shown 

in grey. Survival probabilities from year t to t+1 were regressed against standardized breeding 

population density in year t and fecundity in year t+1 was regressed against breeding population 

density in year t+1. All vital rates in year t were regressed against population density at the 

wintering grounds from the previous winter (counts occurred in late Dec of year t-1 or early Jan 

of year t). The strongest effect for each vital rate is shown in black. Density-dependence was 

strongest for adult male survival and fecundity. Both vital rates were negatively correlated with 

population density at the breeding grounds (adult male survival = -0.25 [95% CI = -0.47, -0.05]; 

fecundity = -0.08 [95% CI = -0.17, 0.01]. Adult female survival was the only vital rate for which 

the effect of winter density was greater than that of breeding density.  
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Figure S2.2. Interactive effect of breeding density and subsequent winter temperature on survival 

of Savannah sparrows from a breeding population on Kent Is., NB, Canada. Annual apparent 

survival probabilities were modeled against standardized average daily mean temperature and 

precipitation as well as population densities at the breeding and population-specific wintering 

grounds. Effects of the interaction between breeding density and subsequent winter temperature 

on survival were weak for both sexes and age groups (adult male = -0.15 [95% CI = -0.34, 0.05], 

juvenile male = -0.06 [95% CI = -0.33, 0.24], adult female = 0.04 [95% CI = -0.26, 0.36], juvenile 

female = -0.08 [95% CI = -0.35, 0.24]).  
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Figure S2.3. Estimates of population size and stage- and sex-specific abundances for a breeding 

population of Savannah sparrows on Kent Island, NB, Canada. (a-c) Estimates (mean ± 95% 

credible interval) of population structure were obtained by jointly analyzing mark-

recapture/resighting, reproductive success, and population count data using an integrated 

population model. 
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Figure S2.4. Posterior predictive checks of model fit for mark-recapture/resighting and 

reproductive success data. Scatterplots show the discrepancy between observed and expected data 

simulated from Cormack-Jolly-Seber and Poisson models for the mark-recapture/resighting and 

reproductive success data, respectively. A model that fits the data perfectly will result in a Bayesian 

p-value = 0.5, corresponding to equal numbers of points above and below the 1:1 line. P-values 

greater than 0.5 indicate that the expected data are more variable than the observed data, whereas 

p-values < 0.5 indicate that expected data are less variable than the observed data.  

P = 0.78 P = 0.70

P = 0.32 P = 0.33 

P = 0.57 
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Figure S2.5. Effects of weather at the breeding grounds on vital rates of Savannah sparrows on 

Kent Is., NB, Canada. Vital rates were modeled against standardized average daily mean 

temperature and precipitation during the pre-breeding, breeding, and post-breeding periods within 

an integrated population model. For a given vital rate, the strongest effect is shown in black and 

weaker effects are shown in grey. Survival probabilities from year t to t+1 and fecundity in year 
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t+1 were each regressed against average daily mean temperatures during the pre-breeding and 

breeding periods in year t+1. Survival probabilities from year t to t+1 were also regressed against 

average daily mean temperature and precipitation during the post-breeding season in year t. 

Precipitation during the breeding period had the strongest effect on juvenile survival of both sexes 

(juvenile female = -0.16 [95% CI = -0.35, 0.04]; juvenile male = -0.27 [95% CI = -0.48, -0.06]), 

temperature during the post-breeding period had the strongest effect on adult female survival (0.11 

[95% CI = -0.04, 0.26]), and pre-breeding temperature had the strongest effect on survival of adult 

males (0.22 [95% CI = 0.04, 0.41]). Juvenile survival of both sexes was negatively correlated with 

breeding precipitation, whereas survival probabilities of adult males and females were positively 

correlated with pre-breeding and post-breeding temperatures, respectively. Weather at the 

breeding grounds was most weakly correlated with fecundity, with temperature during the 

breeding period having the strongest effect (-0.05[95% CI = -0.14, 0.02]). We did not evaluate 

effects of weather during the post-breeding season on fecundity, nor did we consider effects of 

weather at the breeding grounds on immigration. 
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Figure S2.6. Effects of weather at the wintering grounds on vital rates of Savannah sparrows from 

a breeding population on Kent Is., NB, Canada. Vital rates were modeled against standardized 

average daily mean temperatures and precipitation at the wintering grounds within an integrated 

population model. For a given vital rate, the strongest effect is shown in black and the weaker 

effect is shown in grey. Vital rates in year t were regressed against daily mean temperatures and 

precipitation averaged over the period of 01 Nov in year t-1 to 31 Mar in year t. Temperature had 

strong positive effects on survival of adults and juveniles of both sexes (juvenile female = 0.17 

[95% CI = 0.01, 0.35]; adult female = 0.22 [95% CI = 0.09, 0.36]; juvenile male = 0.17 [95% CI 

= -0.01, 0.35]; adult male = 0.33 [95% CI = 0.14, 0.51]) as well as on numbers of immigrants of 

both sexes (female = 0.27 [95% CI = 0.02, 0.49]; male = 0.23 [95% CI = -0.07, 0.50]). We also 



 

99 

found evidence for immigration being negatively correlated with winter precipitation (female = -

0.47 [95% CI = -1.08, -0.08]; male = -0.54 [95% CI = -1.37, -0.04]), but precision of the estimated 

slope coefficient was poor. Similar to the breeding grounds, fecundity was the most weakly 

correlated of the vital rates with weather at the wintering grounds (temperature effect = -0.03 [95% 

CI = -0.09, 0.04]; precipitation effect = 0.02 [95% CI = -0.06, 0.11]).  
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Method S2.1 

R and BUGS code for fitting the integrated population model are provided below. Code was 

adapted from Schaub et al. (2013) and includes the following modifications: 

1. Recapture probabilities were fixed to 0 for 2005-2007 (t = 18, 19, 20) when the population 

study was interrupted. 

2. Goodness-of-fit tests were added for the Cormack-Jolly-Seber and Poisson regression models 

following (Schaub et al. 2015). 

 
# Specify working directory ------------------------------------------------ 
 
setwd('C:/...') 
 
# Write model in JAGS language --------------------------------------------- 
 
sink("ipm_null_gof.jags") 
cat(" 
    model 
    { 
     
    ############################################################ 
    # Define the priors for parameters 
    ############################################################  
     
    # Initial population sizes 
    rf ~ dnorm(10, 0.01)T(0,) 
    Rf[1] <- round(rf)      # Local recruits (females) 
    sf ~ dnorm(15, 0.01)T(0,) 
    Sf[1] <- round(sf)      # Surviving adults (females) 
    ifem ~ dnorm(25, 0.01)T(0,) 
    If[1] <- round(ifem)    # Immigrants (females) 
     
    rm ~ dnorm(10, 0.01)T(0,) 
    Rm[1] <- round(rm)      # Local recruits (males) 
    sm ~ dnorm(15, 0.01)T(0,) 
    Sm[1] <- round(sm)      # Surviving adults (males) 
    imale ~ dnorm(25, 0.01)T(0,) 
    Im[1] <- round(imale)   # Immigrants (males) 
     
    # Relationships for vital rates parameters 
    for (t in 1:(ti-1)){ 
    logit(phijf[t]) <- logit.b0.phijf + epsilon[t,1] # Juvenile female survival 
    logit(phiaf[t]) <- logit.b0.phiaf + epsilon[t,2] # Adult female survival 
    logit(phijm[t]) <- logit.b0.phijm + epsilon[t,3] # Juvenile male survival 
    logit(phiam[t]) <- logit.b0.phiam + epsilon[t,4] # Adult male survival 
    log(fec[t]) <- log.b0.fec + epsilon[t,5] # Fecundity 
    log(omegaf[t]) <- log.b0.omf + epsilon[t,6] # Female immigrants 
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    log(omegam[t]) <- log.b0.omm + epsilon[t,7] # Male immigrants 
    } 
 
    # Fix recapture probability to zero for lost years and  
    # specify priors for recapture probability 
     
    for (t in c(1:17, 21:(ti-1))){ 
    logit(pjf[t]) <- logit.b0.pjf + err.pjf[t] 
    logit(pjm[t]) <- logit.b0.pjm + err.pjm[t] 
    logit(pf[t]) <- logit.b0.pf + err.pf[t] 
    logit(pm[t]) <- logit.b0.pm + err.pm[t] 
    err.pjf[t] ~ dnorm(0, tau.pjf) 
    err.pjm[t] ~ dnorm(0, tau.pjm) 
    err.pf[t] ~ dnorm(0, tau.pf) 
    err.pm[t] ~ dnorm(0, tau.pm) 
    } 
     
    for (t in 18:20){ 
    pjf[t] <- 0 ; err.pjf[t] <- 0 
    pjm[t] <- 0 ; err.pjm[t] <- 0 
    pf[t] <- 0 ; err.pf[t] <- 0 
    pm[t] <- 0 ; err.pm[t] <- 0 
    } 
 
    # Priors for random effects of demographic rates 
    for (i in 1:7) {zero[i] <- 0} 
    for (t in 1:(ti-1)){ 
    epsilon[t,1:7]  ~ dmnorm(zero[], Omega[,]) 
    } 
     
    # Prior for precision matrix 
    Omega[1:7, 1:7]  ~ dwish(R[ , ], 8) 
    Sigma[1:7, 1:7] <- inverse(Omega[ , ]) 
     
    # Priors for variance parameters (hyperparameters) of resighting rates and census 
error 
    tau.pjf <- 1 / pow(sigma.pjf, 2) 
    sigma.pjf ~ dunif(0, 10) 
    sigma2.pjf <- pow(sigma.pjf, 2) 
     
    tau.pf <- 1 / pow(sigma.pf, 2) 
    sigma.pf ~ dunif(0, 10) 
    sigma2.pf <- pow(sigma.pf, 2) 
     
    tau.pjm <- 1 / pow(sigma.pjm, 2) 
    sigma.pjm ~ dunif(0, 10) 
    sigma2.pjm <- pow(sigma.pjm, 2) 
     
    tau.pm <- 1 / pow(sigma.pm, 2) 
    sigma.pm ~ dunif(0, 10) 
    sigma2.pm <- pow(sigma.pm, 2)    
     
    tau.c ~ dgamma(0.001, 0.001) 
    sigma2.c <- 1 / tau.c 
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    # Priors for the mean of demographic and resighting rates 
    b0.phijf ~ dunif(0, 1) 
    b0.phiaf ~ dunif(0, 1) 
    b0.phijm ~ dunif(0, 1) 
    b0.phiam ~ dunif(0, 1) 
    b0.fec ~ dunif(0, 10) 
    b0.omf ~ dunif(0, 75) 
    b0.omm ~ dunif(0, 75) 
    b0.pjf ~ dunif(0, 1) 
    b0.pf ~ dunif(0, 1) 
    b0.pjm ~ dunif(0, 1) 
    b0.pm ~ dunif(0, 1) 
     
    # Back-transformations   
    logit.b0.phijf <- log(b0.phijf / (1 - b0.phijf)) 
    logit.b0.phiaf <- log(b0.phiaf / (1 - b0.phiaf)) 
    logit.b0.phijm <- log(b0.phijm / (1 - b0.phijm)) 
    logit.b0.phiam <- log(b0.phiam / (1 - b0.phiam)) 
    log.b0.fec <- log(b0.fec) 
    log.b0.omf <- log(b0.omf) 
    log.b0.omm <- log(b0.omm) 
    logit.b0.pjf <- log(b0.pjf / (1 - b0.pjf)) 
    logit.b0.pf <- log(b0.pf / (1 - b0.pf)) 
    logit.b0.pjm <- log(b0.pjm / (1 - b0.pjm)) 
    logit.b0.pm <- log(b0.pm / (1 - b0.pm)) 
     
    # Prior for productivity in the last year 
    fec[ti] ~ dunif(0, 10)   # treated as fixed effect (not possible to be included i
n random effects) 
     
    ###################################################################### 
    # Likelihoods of the integrated population model 
    ###################################################################### 
     
    #################################################### 
    # - Likelihood for reproductive data 
    #################################################### 
     
    for (t in 1:ti){ 
    J[t] ~ dpois(M[t] * fec[t]) 
    J.rep[t] ~ dpois(M[t] * fec[t]) # replicate data for GOF 
     
    # Compute statistics for posterior predictive checks 
    J.exp[t] <- M[t] * fec[t] 
    J.chi[t] <- (J[t] - J.exp[t])^2 / (J.exp[t] + 0.5) 
    J.chi.new[t] <- (J.rep[t] - J.exp[t])^2 / (J.exp[t] + 0.5) 
    } #i 
 
    fit.J <- sum(J.chi[1:ti]) 
    fit.J.new <- sum(J.chi.new[1:ti]) 
     
    #################################################### 
    # - Likelihood for population survey data 
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    #################################################### 
     
    ############################# 
    # -- System process 
    ############################# 
     
    for (t in 2:ti){ 
    meanfl[t-1] <- fec[t-1] * Bf[t-1] 
    F[t-1] ~ dpois(meanfl[t-1])          # Total number of fledglings 
    Ff[t-1] ~ dbin(0.5, F[t-1])          # Number of female fledglings 
    Rf[t] ~ dbin(phijf[t-1], Ff[t-1])    # Number of female local recruits 
    Sf[t] ~ dbin(phiaf[t-1], Bf[t-1])    # Number of surviving adult females 
    If[t] ~ dpois(omegaf[t-1])           # Number of immigrated females 
     
    Fm[t-1] <- F[t-1] - Ff[t-1]          # Number of male fledglings 
    Rm[t] ~ dbin(phijm[t-1], Fm[t-1])    # Number of male local recruits 
    Sm[t] ~ dbin(phiam[t-1], Bm[t-1])    # Number of surviving adult males 
    Im[t] ~ dpois(omegam[t-1])           # Number of immigrated males 
    } # t 
     
    # Number of fledglings in the last study year 
    meanfl[ti] <- fec[ti] * Bf[ti] 
    F[ti] ~ dpois(meanfl[ti]) 
    Ff[ti] ~ dbin(0.5, F[ti]) 
    Fm[ti] <- F[ti] - Ff[ti] 
     
     
    ############################### 
    # -- Observation process 
    ############################### 
     
    for(t in 1:ti){ 
    Bf[t] <- Sf[t] + Rf[t] + If[t]       # Total number of breeding females 
    logBf[t] <- log(Bf[t]) 
    Cf[t] ~ dlnorm(logBf[t], tau.c) 
     
    Bm[t] <- Sm[t] + Rm[t] + Im[t]       # Total number of breeding males 
    logBm[t] <- log(Bm[t]) 
    Cm[t] ~ dlnorm(logBm[t], tau.c)          
    } # t 
     
    ################################################ 
    # - Likelihood for capture-recapture data (Cormack-Jolly-Seber model with 2 age c
lasses) 
    ################################################ 
     
    # Likelihood 
    for (t in 1:(2*(ti-1))) { 
    MF[t,1:ti] ~ dmulti(prf[t,], r.f[t]) 
    MM[t,1:ti] ~ dmulti(prm[t,], r.m[t]) 
    } # t 
     
    # m-array cell probabilities for juveniles 
    for (t in 1:(ti-1)){ 
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    qf[t] <- 1-pf[t]        # probability of non-capture (females) 
    qm[t] <- 1-pm[t]        # probability of non-capture (males) 
    # main diagonal 
    prf[t,t] <- phijf[t] * pjf[t] 
    prm[t,t] <- phijm[t] * pjm[t] 
     
    # above main diagonal 
    for (j in (t+1):(ti-1)){ 
    prf[t,j] <- phijf[t] * prod(phiaf[(t+1):j]) * (1-pjf[t]) * prod(qf[t:(j-1)]) * pf
[j] / qf[t] 
    prm[t,j] <- phijm[t] * prod(phiam[(t+1):j]) * (1-pjm[t]) * prod(qm[t:(j-1)]) * pm
[j] / qm[t] 
    } # j 
     
    # below main diagonal 
    for (j in 1:(t-1)){ 
    prf[t,j] <- 0 
    prm[t,j] <- 0 
    } # j 
     
    # last column 
    prf[t,ti] <- 1 - sum(prf[t,1:(ti-1)]) 
    prm[t,ti] <- 1 - sum(prm[t,1:(ti-1)]) 
    } # t 
     
    # m-array cell probabilities for adults 
    for (t in 1:(ti-1)){ 
    # main diagonal 
    prf[t+ti-1,t] <- phiaf[t] * pf[t] 
    prm[t+ti-1,t] <- phiam[t] * pm[t] 
     
    # above main diagonal 
    for (j in (t+1):(ti-1)){ 
    prf[t+ti-1,j] <- prod(phiaf[t:j]) * prod(qf[t:(j-1)]) * pf[j] 
    prm[t+ti-1,j] <- prod(phiam[t:j]) * prod(qm[t:(j-1)]) * pm[j] 
    } # j 
     
    # below main diagonal 
    for (j in 1:(t-1)){ 
    prf[t+ti-1,j] <- 0 
    prm[t+ti-1,j] <- 0 
    } # j 
     
    # last column 
    prf[t+ti-1,ti] <- 1 - sum(prf[t+ti-1,1:(ti-1)]) 
    prm[t+ti-1,ti] <- 1 - sum(prm[t+ti-1,1:(ti-1)]) 
    } # t   
     
    # Compute Freeman-Tukey statistics for posterior predictive checks of the CR data 
    for (t1 in 1:(ti-1)) { 
    for (t2 in 1:ti) { 
    # Juveniles 
    exp.Mjf[t1,t2] <- prf[t1,t2] * r.f[t1] 
    exp.Mjm[t1,t2] <- prm[t1,t2] * r.m[t1] 
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    E.org.jf[t1,t2] <- pow((pow(MF[t1,t2],0.5)-pow(exp.Mjf[t1,t2],0.5)),2) 
    E.org.jm[t1,t2] <- pow((pow(MM[t1,t2],0.5)-pow(exp.Mjm[t1,t2],0.5)),2) 
    # Adults 
    exp.Maf[t1,t2] <- prf[t1+ti-1,t2] * r.f[t1+ti-1]  
    exp.Mam[t1,t2] <- prm[t1+ti-1,t2] * r.m[t1+ti-1]  
    E.org.af[t1,t2] <- pow((pow(MF[t1+ti-1,t2],0.5)-pow(exp.Maf[t1,t2],0.5)),2) 
    E.org.am[t1,t2] <- pow((pow(MM[t1+ti-1,t2],0.5)-pow(exp.Mam[t1,t2],0.5)),2) 
    } # t2 
    } # t1 
     
    # Generate replicate data and compute fit statistics  
    for (t1 in 1:(ti-1)){ 
    # Juveniles 
    new.Mjf[t1,1:ti] ~ dmulti(prf[t1,], r.f[t1]) 
    new.Mjm[t1,1:ti] ~ dmulti(prm[t1,], r.m[t1]) 
    # Adults 
    new.Maf[t1,1:ti] ~ dmulti(prf[t1+ti-1,], r.f[t1+ti-1]) 
    new.Mam[t1,1:ti] ~ dmulti(prm[t1+ti-1,], r.m[t1+ti-1]) 
    for (t2 in 1:ti){ 
    # Juveniles 
    E.new.jf[t1,t2] <- pow((pow(new.Mjf[t1,t2],0.5)-pow(exp.Mjf[t1,t2],0.5)),2) 
    E.new.jm[t1,t2] <- pow((pow(new.Mjm[t1,t2],0.5)-pow(exp.Mjm[t1,t2],0.5)),2) 
    # Adults 
    E.new.af[t1,t2] <- pow((pow(new.Maf[t1,t2],0.5)-pow(exp.Maf[t1,t2],0.5)),2) 
    E.new.am[t1,t2] <- pow((pow(new.Mam[t1,t2],0.5)-pow(exp.Mam[t1,t2],0.5)),2) 
    } # t2 
    } # t1 
     
    # Summarize test statistics for each age-sex group 
    fit.jf <- sum(E.org.jf[,]) 
    fit.jm <- sum(E.org.jm[,]) 
    fit.new.jf <- sum(E.new.jf[,]) 
    fit.new.jm <- sum(E.new.jm[,]) 
    fit.af <- sum(E.org.af[,]) 
    fit.am <- sum(E.org.am[,]) 
    fit.new.af <- sum(E.new.af[,]) 
    fit.new.am <- sum(E.new.am[,]) 
 
    }  # End Model 
    ",fill = TRUE) 
sink() 
 
# Specify required data for the model ---------------------------------------- 
 
load('ipm_data.RData') 
 
# M, BF = vectors of annual counts of breeding females  
# BM = vector of annual counts of breeding males  
# J = vector of annual numbers of fledged young 
# MF = matrix of female capture-recapture/resighting data in multinomial array format 
# MM = matrix of male capture-recapture/resighting data in multinomial array format 
 
data =  
  list(ti = ncol(MF),  
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       MF = MF, MM = MM,  
       r.f = rowSums(MF), r.m = rowSums(MM),  
       Cf = BF[1:ncol(MF)], Cm = BM[1:ncol(MM)],  
       J = J[1:ncol(MF)], M = M[1:ncol(MF)],  
       R = diag(c(1,1,1,1,1,1,1), ncol = 7))  
 
# Run the model in JAGS from R using jagsUI package -------------------------- 
 
library(jagsUI) 
 
# MCMC settings 
chain = 3 
burn = 500000 
iter = 1000000 
thin = 100 
 
# Specify initial values 
ti = ncol(MF) 
 
inits = 
  function() {  
    list(b0.phijf = runif(1,0,0.5), b0.phiaf = runif(1,0.1,0.6),  
         b0.phijm = runif(1,0,0.5), b0.phiam = runif(1,0.1,0.6),  
         b0.fec = runif(1,2,3), b0.omf = runif(1,0,20), b0.omm = runif(1,0,20),  
         b0.pjf = runif(1,0.2,0.7), b0.pf = runif(1,0.1,0.6), b0.pjm = runif(1,0.2,0.
7), b0.pm = runif(1,0.5,1),  
         sigma.pjf = runif(1,0,1), sigma.pf = runif(1,0,1), sigma.pjm = runif(1,0,1), 
sigma.pm = runif(1,0,1),  
         If = c(NA, round(runif(ti-1,0,20),0)),  
         Im = c(NA, round(runif(ti-1,0,20),0)),  
         Omega = diag(7))}  
 
# Define parameters to be monitored 
parameters = 
  c("phijf", "phiaf", "phijm", "phiam",  
    "b0.phijf", "b0.phiaf", "b0.phijm", "b0.phiam",  
    "pf", "pjf", "pm", "pjm", 
    "b0.pjf", "b0.pf", "b0.pjm", "b0.pm",  
    "fec", "b0.fec", "F",    
    'omegam','omegaf',"b0.omf", "b0.omm", 
    "Sigma", "sigma2.pjf", "sigma2.pf",  
    "iratef","iratem","irate", 
    "sigma2.pjm", "sigma2.pm", "sigma2.c", 
    "Rf", "Sf", "Bf", "If", "Ff", 
    "Rm", "Sm", "Bm", "Im", "Fm", 
    "fit.jf","fit.new.jf","fit.jm","fit.new.jm", 
    "fit.af","fit.new.af","fit.am","fit.new.am", 
    "fit.J", "fit.J.new") 
 
# Run the model 
ipm_gof =  
  jags(data, inits = inits, model.file = "ipm_null_gof.jags", parameters = parameters
,  
       n.iter = iter, n.chains = chain, n.burnin = burn, n.thin = thin, 



 

107 

       parallel = TRUE) 
 
# View and save model results 
print(ipm_gof, digits = 3) 
 
save(ipm_gof, file = 'ipm_null_gof.RData') 
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Method S2.2 

To reduce the set of variables considered in the final path model of factors limiting and regulating 

population growth rate, we conducted a variable selection procedure that involved fitting each vital 

rate as a linear function of a single weather or density variable from a given period of the annual 

cycle. R and BUGS code for fitting univariable models is given below. 

 

# Write models in JAGS language --------------------------------------------- 
 
### Univariable models for survival 
 
sink("ipm_univ_phi.jags") 
cat(" 
    model 
    { 
     
    ### ... (model code up to here is the same as ipm_null_gof.jags) ...  
     
    # Relationships for vital rates parameters 
    for (t in 1:(ti-1)){ 
    logit(phijf[t]) <- logit.b0.phijf + b[1]*cov[t] + epsilon[t,1]  
    logit(phiaf[t]) <- logit.b0.phiaf + b[2]*cov[t] + epsilon[t,2] 
    logit(phijm[t]) <- logit.b0.phijm + b[3]*cov[t] + epsilon[t,3] 
    logit(phiam[t]) <- logit.b0.phiam + b[4]*cov[t] + epsilon[t,4] 
    log(fec[t]) <- log.b0.fec + epsilon[t,5] 
    log(omegaf[t]) <- log.b0.omf + epsilon[t,6] 
    log(omegam[t]) <- log.b0.omm + epsilon[t,7] 
    } 
     
    # Priors for regression coefficients 
    for (i in 1:4) { b[i] ~ dnorm(0, 0.0001)T(-5,5) } 
 
    # For models of breeding density-dependence, we specified priors for breeding den
sities  
    # from 2005 (t=19) to 2007 (t=21) when the population study was interrupted,  
    # where dd.prior equals the mean of breeding densities at t=18 and t=22 
 
    # for (t in 19:21) { cov[t] ~ dnorm(dd.prior, 1) } 
 
    ### ... (model code hereafter is the same as ipm_null_gof.jags) ...  
 
    }  # End Model 
    ",fill = TRUE) 
sink() 
 
### Univariable models for fecundity 
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sink("ipm_univ_fec.jags") 
cat(" 
    model 
    { 
 
    ### ... (model code up to here is the same as ipm_null_gof.jags) ...  
 
    # Relationships for vital rates parameters 
    for (t in 1:(ti-1)){ 
    logit(phijf[t]) <- logit.b0.phijf + epsilon[t,1] 
    logit(phiaf[t]) <- logit.b0.phiaf + epsilon[t,2] 
    logit(phijm[t]) <- logit.b0.phijm + epsilon[t,3] 
    logit(phiam[t]) <- logit.b0.phiam + epsilon[t,4] 
    log(fec[t]) <- log.b0.fec + b[1]*cov[t] + epsilon[t,5] 
    log(omegaf[t]) <- log.b0.omf + epsilon[t,6] 
    log(omegam[t]) <- log.b0.omm + epsilon[t,7] 
    } 
     
    # Priors for regression coefficients 
    for (i in 1) { b[i] ~ dnorm(0, 0.0001)T(-5,5) } 
     
    # For models of breeding density-dependence, we specified priors for breeding den
sities  
    # from 2005 (t=19) to 2007 (t=21) when the population study was interrupted,  
    # where dd.prior equals the mean of breeding densities at t=18 and t=22 
     
    # for (t in 19:21) { cov[t] ~ dnorm(dd.prior, 1) } 
     
    ### ... (model code hereafter is the same as ipm_null_gof.jags) ...  
 
    }  # End Model 
    ",fill = TRUE) 
sink() 
 
### Univariable models for immigration 
   
sink("ipm_univ_omega.jags") 
cat(" 
    model 
    { 
 
    ### ... (model code up to here is the same as ipm_null_gof.jags) ...  
 
    # Relationship for vital rates parameters 
    for (t in 1:(ti-1)){ 
    logit(phijf[t]) <- logit.b0.phijf + epsilon[t,1] 
    logit(phiaf[t]) <- logit.b0.phiaf + epsilon[t,2] 
    logit(phijm[t]) <- logit.b0.phijm + epsilon[t,3] 
    logit(phiam[t]) <- logit.b0.phiam + epsilon[t,4] 
    log(fec[t]) <- log.b0.fec + epsilon[t,5] 
    log(omegaf[t]) <- log.b0.omf + b[1]*cov[t] + epsilon[t,6] 
    log(omegam[t]) <- log.b0.omm + b[2]*cov[t] + epsilon[t,7] 
    } 
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    # Priors for regression coefficients 
    for (i in 1:2) { b[i] ~ dnorm(0, 0.0001)T(-5,5) } 
     
    ### ... (model code hereafter is the same as ipm_null_gof.jags) ... 
 
    }  # End Model 
    ",fill = TRUE) 
sink() 
 
# Define parameters for running models in loop (see below) ----------------- 
 
model = one of 'ipm_univ_phi.jags' or 'ipm_univ_fec.jags' or 'ipm_univ_omega.jags'  
nbeta = number of regression coefficients estimated in model 
 
# Load covariate data ------------------------------------------------------ 
 
load('ipm_covariate_data.RData')  
 
### stdBa = vector of standardized breeding densities for survival models 
### stdBa.dt = vector of standardized, de-trended breeding densities for fecundity mo
dels 
### stdNBa = vector of standardized winter densities 
### mean_ssn_temp_phi, mean_ssn_precip_phi =  
###       matrices of pre-breeding, breeding, and post-breeding average daily mean  
###       temperatures and precipitation at the breeding grounds for survival models 
### mean_ssn_temp_fec, mean_ssn_precip_fec = 
###       matrices of pre-breeding, breeding, and post-breeding average daily mean  
###       temperatures and precipitation at the breeding grounds for fecundity models 
### mean_nb_temp = matrix of average daily mean temperatures at the wintering grounds 
### mean_nb_precip = matrix of average daily precipitation at the wintering grounds 
 
cov.mat = one of above vectors or matrices of annual density or weather values 
 
### For estimating breeding density-dependence:  
dd.prior = mean(c(stdBa[18], stdBa[22])) # for survival models 
### OR 
dd.prior = mean(c(stdBa.dt[18], stdBa.dt[22])) # for fecundity models 
 
# Specify MCMC settings and generate initial values ------------------------ 
 
### MCMC settings 
chain = 3 
burn = 50000 
iter = 100000 
thin = 10 
 
### Initial values 
ti = ncol(MF) 
 
inits <-  
  function() {  
    list(b0.phijf = runif(1,0,0.5), b0.phiaf = runif(1,0.1,0.6),  
         b0.phijm = runif(1,0,0.5), b0.phiam = runif(1,0.1,0.6),  
         b0.pjf = runif(1,0.2,0.7), b0.pf = runif(1,0.1,0.6),  
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         b0.pjm = runif(1,0.2,0.7), b0.pm = runif(1,0.5,1),  
         sigma.pjf = runif(1,0,1), sigma.pf = runif(1,0,1),  
         sigma.pjm = runif(1,0,1), sigma.pm = runif(1,0,1),  
         b0.omf = runif(1,0,20), b0.omm = runif(1,0,20),  
         If = c(NA, round(runif(ti-1,0,20),0)),  
         Im = c(NA, round(runif(ti-1,0,20),0)), 
         b0.fec = runif(1,2,3),  
         Omega = diag(7), 
         b = rnorm(nbeta, 0.2,0.5))} # initial values for regression coefficients 
 
### Define parameters to be monitored 
parameters <-  
  c("phijf", "phiaf", "phijm", "phiam",  
    "b0.phijf", "b0.phiaf", "b0.phijm", "b0.phiam",  
    "pf", "pjf", "pm", "pjm", 
    "b0.pjf", "b0.pf", "b0.pjm", "b0.pm",  
    "fec", "b0.fec", "F",    
    'omegam','omegaf',"b0.omm", "b0.omf", 
    "Sigma", "sigma2.pjf", "sigma2.pf",  
    "sigma2.pjm", "sigma2.pm", "sigma2.c", 
    "Rf", "Sf", "Bf", "If", "Ff", 
    "Rm", "Sm", "Bm", "Im", "Fm", 
    "fit.jf","fit.new.jf","fit.jm","fit.new.jm", 
    "fit.af","fit.new.af","fit.am","fit.new.am", 
    "fit.J", "fit.J.new", 
    "b") # monitor regression coefficients 
 
# Run models in loop and save output---------------------------------------- 
 
ipm = NULL  
start = Sys.time() 
for (z in 1:ncol(cov.mat)) {  
   
  data =  
    list(ti = ncol(MF),  
         MF = MF, MM = MM,  
         r.f = rowSums(MF), r.m = rowSums(MM),  
         Cf = BF[1:ncol(MF)], Cm = BM[1:ncol(MF)],  
         J = J[1:ncol(MF)], M = M[1:ncol(MF)],  
         R = diag(c(1,1,1,1,1,1,1), ncol = 7), 
         dd.prior = dd.prior, # only used for breeding density-dependence models 
         cov = cov.mat[,z]) 
   
  ipm =  
    jags(data, inits = inits, model.file = model, parameters = parameters,  
         n.iter = iter, n.chains = chain, n.burnin = burn, n.thin = thin, 
         parallel = TRUE) 
   
  save(ipm, file = paste0(paste(substr(model, 1, 12), z, sep="_"), ".RData")) 
     
  print(z)  
   
}  
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Method S2.3 

Below we provide code for the path analysis to quantify the relative effects of weather and density 

at the breeding and wintering grounds on population growth rate via the vital rates. The path model 

was fitted to annual estimates of vital rates and population growth rate from the null IPM and key 

weather and density variables identified from the univariable models fitted in Supplementary 

Method S2.2. 

 

load('ipm_null_gof.RData')  
 
# Create vectors and matrices for storing direct and indirect effects ------ 
 
### *.mat and *.r2 objects contain standardized regression coefficients and 
### r-squared values, respectively, from models of population growth rate vs. 
### vital rates OR vital rates vs. weather and density 
 
### *.ie.* objects denote vectors of indirect effects of a given weather or  
### density covariate on population growth rate (lambda). As an example,  
### phijf.ie.X is a vector of indirect effects of variable X on lambda via 
### phijf, whereas ie.X is a vector of the cumulative indirect effects of  
### variable X on lambda across all vital rates. Weather and density variables 
### are denoted as follows: 
###   NBt = winter temperature 
###   NBp = winter precipitation 
###   Bt = breeding temperature 
###   Bp = breeding precipitation 
###   preBt = pre-breeding temperature 
###   preBp = pre-breeding precipitation 
###   postBt = post-breeding temperature 
###   postBp = post-breeding precipitation 
###   Bdd = breeding density-dependence 
###   NBdd = winter density-dependence 
 
n.samples = ipm_gof$mcmc.info$n.samples 
 
### Population growth rate 
 
##### Total immigration rate 
lambda.mat = matrix(nrow = n.samples, ncol = 6)  
lambda.r2 = vector(length = n.samples) 
 
##### Sex-specific immigration rate 
lambda.ssim.mat = matrix(nrow = n.samples, ncol = 7) 
lambda.ssim.r2 = vector(length = n.samples) 
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### Juvenile female survival 
phijf.mat = matrix(nrow = n.samples, ncol = 3) 
phijf.r2 = vector(length = n.samples) 
phijf.ie.NBt = matrix(nrow = n.samples, ncol = 1) 
phijf.ie.Bp = matrix(nrow = n.samples, ncol = 1) 
phijf.ie.Bdd = matrix(nrow = n.samples, ncol = 1) 
 
### Adult female survival 
phiaf.mat = matrix(nrow = n.samples, ncol = 3) 
phiaf.r2 = vector(length = n.samples) 
phiaf.ie.NBt = matrix(nrow = n.samples, ncol = 1) 
phiaf.ie.postBt = matrix(nrow = n.samples, ncol = 1) 
phiaf.ie.NBdd = matrix(nrow = n.samples, ncol = 1) 
 
### Juvenile male survival 
phijm.mat = matrix(nrow = n.samples, ncol = 3) 
phijm.r2 = vector(length = n.samples) 
phijm.ie.NBt = matrix(nrow = n.samples, ncol = 1) 
phijm.ie.Bp = matrix(nrow = n.samples, ncol = 1) 
phijm.ie.Bdd = matrix(nrow = n.samples, ncol = 1) 
 
### Adult male survival 
phiam.mat = matrix(nrow = n.samples, ncol = 3) 
phiam.r2 = vector(length = n.samples) 
phiam.ie.NBt = matrix(nrow = n.samples, ncol = 1) 
phiam.ie.preBt = matrix(nrow = n.samples, ncol = 1) 
phiam.ie.Bdd = matrix(nrow = n.samples, ncol = 1) 
 
### Fecundity 
fec.mat = matrix(nrow = n.samples, ncol = 3) 
fec.r2 = vector(length = n.samples) 
fec.ie.Bt = matrix(nrow = n.samples, ncol = 1) 
fec.ie.NBt = matrix(nrow = n.samples, ncol = 1) 
fec.ie.Bdd = matrix(nrow = n.samples, ncol = 1) 
 
### Immigration 
im.mat = matrix(nrow = n.samples, ncol = 2) 
im.r2 = vector(length = n.samples) 
im.ie.NBp = matrix(nrow = n.samples, ncol = 1) 
im.ie.NBt = matrix(nrow = n.samples, ncol = 1) 
 
### Indirect effects 
ie.Bdd = matrix(nrow = n.samples, ncol = 1) 
ie.NBdd = matrix(nrow = n.samples, ncol = 1) 
ie.NBt = matrix(nrow = n.samples, ncol = 1) 
ie.NBp = matrix(nrow = n.samples, ncol = 1) 
ie.Bp = matrix(nrow = n.samples, ncol = 1) 
ie.Bt = matrix(nrow = n.samples, ncol = 1) 
ie.postBt = matrix(nrow = n.samples, ncol = 1) 
ie.preBt = matrix(nrow = n.samples, ncol = 1) 
 
# Run path model ----------------------------------------------------------- 
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### We excluded population growth rate and vital rate estimates from the years the  
### population study was interrupted (2005-2007). 
 
for (i in 1:n.samples) { 
   
  # Calculate population growth rate and immigration rates from IPM estimates 
  # of sex- and stage-specific abundances 
   
  lambda = vector(length = 28) # Population growth rate 
  imf = vector(length = 28) # Female immigration rate 
  imm = vector(length = 28) # Male immigration rate 
  im = vector(length = 28) # Total immigration rate 
   
  for (t in 1:28){ 
    lambda[t] <-  
      (ipm_gof$sims.list$Bf[i,t+1] + ipm_gof$sims.list$Bm[i,t+1]) /  
      (ipm_gof$sims.list$Bf[i,t] + ipm_gof$sims.list$Bm[i,t])  
    
    imf[t] =  
      (ipm_gof$sims.list$If[i,t+1])/ (ipm_gof$sims.list$Bf[i,t]) 
     
    imm[t] =  
      ipm_gof$sims.list$Im[i,t+1] / (ipm_gof$sims.list$Bm[i,t]) 
     
    im[t] =  
      (ipm_gof$sims.list$Im[i,t+1] + ipm_gof$sims.list$If[i,t+1]) /  
      (ipm_gof$sims.list$Bm[i,t] + ipm_gof$sims.list$Bf[i,t]) 
    } 
   
  # Direct effects of vital rates on lambda  
   
  ### Total immigration rate 
  lambda.lm =  
    lm(scale(lambda[-c(18:21)]) ~ 
         scale(ipm_gof$sims.list$phijf[i,-c(18:21)]) + 
         scale(ipm_gof$sims.list$phiaf[i,-c(18:21)]) + 
         scale(ipm_gof$sims.list$phijm[i,-c(18:21)]) + 
         scale(ipm_gof$sims.list$phiam[i,-c(18:21)]) + 
         scale(ipm_gof$sims.list$fec[i,-c(18:21,29)]) + 
         scale(im[-c(18:21)])) 
   
  lambda.mat[i,] = lambda.lm$coefficients[-1]  
  lambda.r2[i] = summary(lambda.lm)$r.squared 
   
  ### Sex-specific immigration rates 
  lambda.ssim.lm =  
    lm(scale(lambda[-c(18:21)]) ~ 
         scale(ipm_gof$sims.list$phijf[i,-c(18:21)]) + 
         scale(ipm_gof$sims.list$phiaf[i,-c(18:21)]) + 
         scale(ipm_gof$sims.list$phijm[i,-c(18:21)]) + 
         scale(ipm_gof$sims.list$phiam[i,-c(18:21)]) + 
         scale(ipm_gof$sims.list$fec[i,-c(18:21,29)]) + 
         scale(imf[-c(18:21)]) + 
         scale(imm[-c(18:21)])) 
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  lambda.ssim.mat[i,] = lambda.ssim.lm$coefficients[-1]  
  lambda.ssim.mat[i] = summary(lambda.ssim.lm)$r.squared 
   
  # Direct effects of weather and density on vital rates 
   
  ### Juvenile female survival 
  phijf.lm =  
    lm(scale(ipm_gof$sims.list$phijf[i,-c(18:21)]) ~  
         mean_ssn_precip_phi[-c(18:21),'breeding'] +  
         mean_nb_temp[-c(1,18:21),'Nov-Mar'] + 
         stdBa[-c(18:21,29)]) 
   
  phijf.mat[i,] = phijf.lm$coefficients[-1] 
  phijf.r2[i] = summary(phijf.lm)$r.squared 
   
  ##### Indirect effects on lambda via phijf 
  phijf.ie.Bp[i] = phijf.mat[i,1] * lambda.mat[i,1] 
  phijf.ie.NBt[i] = phijf.mat[i,2] * lambda.mat[i,1] 
  phijf.ie.Bdd[i] = phijf.mat[i,3] * lambda.mat[i,1] 
   
  ### Adult female survival 
  phiaf.lm =  
    lm(scale(ipm_gof$sims.list$phiaf[i,-c(18:21)]) ~  
         mean_ssn_temp_phi[-c(18:21),'post-breeding'] +  
         mean_nb_temp[-c(1,18:21),'Nov-Mar'] + 
         stdNBa$std_count[-c(-1,18:21)]) 
   
  phiaf.mat[i,] = phiaf.lm$coefficients[-1] 
  phiaf.r2[i] = summary(phiaf.lm)$r.squared 
   
  ##### Indirect effects on lambda via phiaf 
  phiaf.ie.postBt[i] = phiaf.mat[i,1] * lambda.mat[i,2] 
  phiaf.ie.NBt[i] = phiaf.mat[i,2] * lambda.mat[i,2] 
  phiaf.ie.NBdd[i] = phiaf.mat[i,3] * lambda.mat[i,2] 
   
  ### Juvenile male survival 
  phijm.lm =  
    lm(scale(ipm_gof$sims.list$phijm[i,-c(18:21)]) ~  
         mean_ssn_precip_phi[-c(18:21),'breeding'] + 
         mean_nb_temp[-c(1,18:21),'Nov-Mar']+ 
         stdBa[-c(18:21,29)]) 
   
  phijm.mat[i,] = phijm.lm$coefficients[-1] 
  phijm.r2[i] = summary(phijm.lm)$r.squared 
   
  ##### Indirect effects on lambda via phijm 
  phijm.ie.Bp[i] = phijm.mat[i,1] * lambda.mat[i,3] 
  phijm.ie.NBt[i] = phijm.mat[i,2] * lambda.mat[i,3] 
  phijm.ie.Bdd[i] = phijm.mat[i,3] * lambda.mat[i,3] 
   
  ### Adult male survival 
  phiam.lm =  
    lm(scale(ipm_gof$sims.list$phiam[i,-c(18:21)]) ~  
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         mean_ssn_temp_phi[-c(18:21),'pre-breeding'] +  
         mean_nb_temp[-c(1,18:21),'Nov-Mar'] + 
         stdBa[-c(18:21,29)]) 
   
  phiam.mat[i,] = phiam.lm$coefficients[-1] 
  phiam.r2[i] = summary(phiam.lm)$r.squared 
   
  ##### Indirect effects on lambda via phiam 
  phiam.ie.preBt[i] = phiam.mat[i,1] * lambda.mat[i,4] 
  phiam.ie.NBt[i] = phiam.mat[i,2] * lambda.mat[i,4] 
  phiam.ie.Bdd[i] = phiam.mat[i,3] * lambda.mat[i,4] 
   
  ### Fecundity 
  fec.lm =  
    lm(scale(ipm_gof$sims.list$fec[i,-c(19:21,29)]) ~  
         mean_ssn_temp_fec[-c(19:21, 29),'breeding'] + 
         mean_nb_temp[-c(19:21,29),'Nov-Mar'] + 
         stdBa.dt[-c(19:21,29)]) 
   
  fec.mat[i,] = fec.lm$coefficients[-1] 
  fec.r2[i] = summary(fec.lm)$r.squared 
   
  ##### Indirect effects on lambda via fecundity 
  fec.ie.Bt[i] = fec.mat[i,1] * lambda.mat[i,5] 
  fec.ie.NBt[i] = fec.mat[i,2] * lambda.mat[i,5] 
  fec.ie.Bdd[i] = fec.mat[i,3] * lambda.mat[i,5] 
 
  ### Immigration rate 
  im.lm =  
    lm(scale(im[-c(18:21)]) ~  
         mean_nb_temp[-c(1,18:21),'Nov-Mar'] + 
         mean_nb_precip[-c(1,18:21),'Nov-Mar']  
       ) 
   
  im.mat[i,] = im.lm$coefficients[-1] 
  im.r2[i] = summary(im.lm)$r.squared 
   
  ##### Indirect effects on lambda via immigration rate 
  im.ie.NBt[i] = im.mat[i,1] * lambda.mat[i,6] 
  im.ie.NBp[i] = im.mat[i,2] * lambda.mat[i,6] 
   
  # Cumulative indirect effects of covariates on lambda via survival and fecundity 
   
  ### Breeding density-dependence 
  ie.Bdd[i] = phijf.ie.Bdd[i] + phijm.ie.Bdd[i] + phiam.ie.Bdd[i] + fec.ie.Bdd[i] 
  ### Winter density-dependence 
  ie.NBdd[i] = phiaf.ie.NBdd[i] 
  ### Winter temperature 
  ie.NBt[i] =  
    phijf.ie.NBt[i] + phiaf.ie.NBt[i] + phijm.ie.NBt[i] + phiam.ie.NBt[i] + fec.ie.NB
t[i] + 
    im.ie.NBt[i] 
  ### Winter precipitation 
  ie.NBp[i] = im.ie.NBp[i] 
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  ### Breeding temperature 
  ie.Bt[i] = fec.ie.Bt[i] 
  ### Breeding precipitation 
  ie.Bp[i] =  phijf.ie.Bp[i] + phijm.ie.Bp[i] 
  ### Pre-breeding temperature 
  ie.preBt[i] = phiam.ie.preBt[i] 
  ### Post-breeding temperature 
  ie.postBt[i] = phiaf.ie.postBt[i] 
 
  } 
 
# Save model output -------------------------------------------------------- 
save(list = c(ls()[grep(ls(), pattern = 'ie.')], 
              ls()[grep(ls(), pattern = 'mat')], 
              ls()[grep(ls(), pattern = 'r2')], 
              'lambda.mat'), 
     file = 'path-results.RData') 
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Chapter 6 SUPPLEMENTARY MATERIAL: CHAPTER 3 

Method S3.1 

Model selection 

For the purposes of model selection, we divided the path models for local and annual density into 

three levels (Fig. 3.2). With the second and third levels of the path model, which included the sub-

models for number of young fledged and the reproductive traits, we undertook an AIC model 

selection procedure to determine the most parsimonious model structure (Shipley 2013). The AIC 

model selection procedure was based on tests of directed separation, which evaluate the 

importance of missing paths on model fit (Shipley 2013, Lefcheck 2016). We initiated model 

selection in two steps. First, we calculated a Fisher’s C statistic and corresponding Akaike 

information criterion statistic (corrected for small sample size; AICc) for the full model to 

determine if important paths were missing (Shipley 2013). Following Flockhart et al. (2016), we 

then evaluated the importance of existing paths by removing them one-by-one and calculating the 

change in overall model fit (ΔAICc). If path removal increased the AICc score by more than 3.0 

the path was retained. We initiated model selection on the sub-model for young fledged, followed 

by sub-models for timing of breeding, nest predation, clutch size, and double-brooding. For a given 

sub-model, we determined order of term removal by assessing AICc support for models in which 

one term had been removed (MuMIn package, Barton 2016). Terms whose removal from a sub-

model had the weakest effect on model support were removed first, whereas those whose removal 

increased the AICc the most were removed last. Similarly, the order in which we conducted model 

selection on the sub-models for the reproductive traits was inversely related to the magnitude of 

their effect on AICc for the sub-model of young fledged. Model selection results are presented in 

Tables S1-S2. 

Quality of fit of the recruitment sub-model (first level of the full path model; Fig. 3.2) was 

assessed by comparing AICc support for all model subsets. We excluded the recruitment sub-

model from the model selection involving tests of directed separation for two reasons. First, 

recruitment of young born in 2004 and 2016 was not known, which resulted in different sample 

sizes between the sub-model for recruitment and those for young fledged and the reproductive 
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traits. Secondly, we encountered issues of model convergence when testing conditional 

independence between recruitment and the reproductive traits due to strong collinearity between 

young fledged and the reproductive traits. Model selection results are presented in Tables S3-S4. 
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Method S3.2 

R code for predicting female reproductive success and offspring recruitment probability under 

simulated variation in local and annual density using the final path models (shown in Fig 3.3). 

Predicted reproductive success and offspring recruitment probability are shown in Fig. 3.4. 

############################################################################# 
### Predict female reproductive success and offspring recruitment         ###        
### probability under simulated variation in ANNUAL density               ### 
############################################################################# 
 
library(lme4) 
library(tidyverse) 
 
# Load female reproductive success and recruitment data 
load('female.50.RData') 
 
# Load scaled female reproductive success and recruitment data 
load('female.50.scaled.RData') 
 
# Load de-trended annual density estimates 
load('annual.density.RData') 
 
# Load final path model for ANNUAL density  
load('annual-density-path-selection.RData') 
 
### Final recruitment sub-model 
  
rec.ad =  
  glmer(recruit.bin ~   
          fledglings + 
          (1 | focal.female) + 
          (1 | year),  
        data = filter(female.50.scaled, !(year %in% c(2004, 2016))), 
        family = binomial()) 
 
# SD of de-trended annual density 
sd.ad = sd(annual.density) 
 
# Minimum and maximum de-trended and scaled annual density 
min.ad = min(female.50.scaled$annual.density.dt) 
max.ad = max(female.50.scaled$annual.density.dt) 
 
# Changes in annual density for simulations 
dAD = seq(from = -20*(1/sd.ad), to = 30*(1/sd.ad), by = 10/sd.ad) 
 
# Objects for storing predicted young fledged and recruitment 
ad.predict = NULL 
ad.recruit = NULL 
 
# Number of simulations for each change in annual density 
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sims = 1000 
 
for (i in 1:length(dAD)) { 
  for (n in 1:sims) {  
     
    # New data for predicting young fledged 
    newdata =  
      mutate(female.50.scaled,  
             annual.density.dt = annual.density.dt + dAD[i], 
             annual.density.dt =  
               ifelse(annual.density.dt > max.ad, max.ad, annual.density.dt), 
             annual.density.dt =  
               ifelse(annual.density.dt < min.ad, min.ad, annual.density.dt)) 
     
    # Predicted clutch size 
    cs.fit = predict(ad.list.updated$cs.ad, newdata, type = 'response') 
     
    # Predicted young fledged 
    fec.fit.t =  
      predict(ad.list.updated$fec.ad,  
              newdata =  
                mutate(newdata,  
                       average.first.clutch = cs.fit), 
              type = 'response') 
 
    # New data for predicting offspring recruitment    
    rec.newdata =  
      mutate(newdata,  
             fledglings.obs = fledglings,  
             fledglings = fec.fit.t) %>% 
      filter(!(year %in% c(2004,2016))) 
     
    # Predicted offspring recruitment probability 
    rec.fit.prob =  
      predict(rec.ad, 
              newdata = rec.newdata,  
              type = 'response') 
     
    rec.fit.bin =  
      rbinom(n = length(rec.fit.prob), size = 1,  
             prob = rec.fit.prob) 
     
    tmp.recruit =  
      data_frame(focal.female = rec.newdata$focal.female, 
                 year = rec.newdata$year, 
                 recruit.fit.bin = rec.fit.bin, 
                 delta.density = dAD[i], 
                 n = n) 
     
    tmp.predict =  
      data_frame(focal.female = newdata$focal.female, 
                 year = newdata$year, 
                 fledglings.fit.t = fec.fit.t, 
                 delta.density = dAD[i], 
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                 n = n) 
    
    ad.predict = bind_rows(ad.predict, tmp.predict) 
    ad.recruit = bind_rows(ad.recruit, tmp.recruit) 
     
    print(paste(i,n,sep ='-')) 
     
  } 
} 
 
save(list = c('ad.predict','ad.recruit'), 
     file = 'annual-density-predictions.RData') 
 
 
############################################################################# 
### Predict female reproductive success and offspring recruitment         ###        
### probability under simulated variation in LOCAL density                ### 
############################################################################# 
 
library(lme4) 
library(tidyverse) 
 
# Load female reproductive success and recruitment data 
load('female.50.RData') 
 
# Load scaled female reproductive success and recruitment data 
load('female.50.scaled.RData') 
 
# Load final path model for LOCAL density  
load('local-density-path-selection.RData') 
 
### Final recruitment sub-model 
 
rec.ld =  
  glmer(recruit.bin ~   
          fledglings +  
          (1 | focal.female) +  
          (1 | year),  
        data = filter(female.50.scaled, !(year %in% c(2004, 2016))), 
        family = binomial()) 
 
# SD of de-trended local density 
sd.ld = sd(female.50$n.neighbours.dt) 
 
# Minimum and maximum de-trended and scaled local density 
min.ld = min(female.50.scaled$n.neighbours.dt) 
max.ld = max(female.50.scaled$n.neighbours.dt) 
 
# Changes in local density for simulations 
dLD = seq(from = -4*(1/sd.ld), to = 6*(1/sd.ld), by = 2/sd.ld) 
 
# Objects for storing predicted young fledged and recruitment 
ld.predict = NULL 
ld.recruit = NULL 
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# Number of simulations for each change in local density 
sims = 1000 
 
for (i in 1:length(dLD)) { 
  for (n in 1:sims) { 
     
    # New data for predicting young fledged 
    newdata =  
      mutate(female.50.scaled,  
             n.neighbours.dt = n.neighbours.dt + dLD[i],  
             n.neighbours.dt =  
               ifelse(n.neighbours.dt > max.ld, max.ld, n.neighbours.dt), 
             n.neighbours.dt =  
               ifelse(n.neighbours.dt < min.ld, min.ld, n.neighbours.dt)) 
     
     
    # Predicted probability of nest predation 
    pred.fit =  
      predict(ld.list.updated$pred.ld, newdata, type = 'response') %>% 
      rbinom(n = length(.), size = 1, prob = .) 
   
    # Predicted probability of double-brooding 
    db.fit =  
      predict(ld.list.updated$db.ld,  
            newdata = mutate(newdata, predated = factor(pred.fit)), 
            type = 'response') %>% 
      rbinom(n = length(.), size = 1, prob = .) 
   
    # Predicted young fledged 
    fec.fit.t =  
      predict(ld.list.updated$fec.ld,  
              newdata =  
                mutate(newdata,  
                       double.brooded = factor(db.fit), 
                       predated = factor(pred.fit)),  
              type = 'response') 
     
    # New data for predicting offspring recruitment  
    rec.newdata =  
      mutate(newdata,  
             fledglings.obs = fledglings,  
             fledglings = fec.fit.t) %>% 
      filter(!(year %in% c(2004,2016))) 
   
    # Predicted offspring recruitment probability 
    rec.fit.prob =  
      predict(rec.ld, 
              newdata = rec.newdata,  
              type = 'response') 
   
    rec.fit.bin =  
      rbinom(n = length(rec.fit.prob), size = 1,  
             prob = rec.fit.prob) 
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    tmp.recruit = 
      data_frame(focal.female = rec.newdata$focal.female, 
                 year = rec.newdata$year, 
                 recruit.fit.bin = rec.fit.bin, 
                 delta.density = dLD[i], 
                 n = n) 
   
    tmp.predict =  
      data_frame(focal.female = newdata$focal.female, 
                 year = newdata$year, 
                 fledglings.fit.t = fec.fit.t,  
                 delta.density = dLD[i], 
                 n = n) 
   
    ld.predict = bind_rows(ld.predict, tmp.predict) 
    ld.recruit = bind_rows(ld.recruit, tmp.recruit) 
   
  print(paste(i,n,sep ='-')) 
   
  } 
} 
 
save(list = c('ld.predict','ld.recruit'), 
     file = 'local-density-predictions.RData') 
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Table S3.1. AICc model selection results for the path model evaluating effects of local density on 

the reproductive success of female Savannah sparrows over a 27-year study (N = 926). The first 

row shows all sub-models that form the full path model, whereas subsequent rows show only the 

path(s) that were removed from the full model during model selection. For example, the second 

row shows that local density was removed from the sub-models for young-fledged and timing of 

breeding, but the rest of the model was unchanged. The model shown in bold is the final model 

represented in Fig. 3.3a. K is the number of parameters in the path model and Fisher’s C statistic 

corresponds to -2 * ln(model likelihood). All sub-models included random intercepts for female 

ID and year. 

Model structure K Fisher’s 

C 

AICc ΔAICc 

Young fledged ~  

intercept + female age + double-brooded + predation 

+ timing + clutch size + local density 

 

Double-brooded ~  

intercept + female age + predation + timing +      

local density 

 

Predation ~  

intercept + female age + timing + local density 

 

Timing ~  

intercept + female age + local density 

 

Clutch size ~  

intercept + female age + timing + local density 

 

35 4.94 77.77 0 

Young fledged ~ – local density 

Timing ~ – local density 

 

33 9.83 78.35 0.58 

Young fledged ~ – local density  

Timing ~ – local density 

Clutch size ~ – local density 

 

32 12.06 78.43 0.66 

Young fledged ~ – local density 

  

34 7.77 78.44 0.67 

Young fledged ~ – local density – female age 33 12.31 80.82 3.06 
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Young fledged ~ – local density – female age 

Predation ~ – female age 

Timing ~ – local density 

 

32 16.42 82.79 5.02 

Young fledged ~ – local density  

Predation ~ – local density 

Timing ~ – local density 

 

32 16.63 82.99 5.22 

Young fledged ~ – local density  

Timing ~ – local density 

Clutch size ~ – local density – female age 

 

31 26.43 90.65 12.88 

Young fledged ~ – local density  

Double-brooded ~ – local density 

Timing ~ – local density 

Clutch size ~ – local density 

 

31 30.01 94.22 16.46 

Young fledged ~ – local density 

Timing ~ – local density – female age 

 

32 83.36 149.73 83.36 
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Table S3.2. AICc model selection results for the path model evaluating effects of annual density 

on the reproductive success of female Savannah sparrows over a 27-year study (N = 926). The first 

row shows all sub-models that form the full path model, whereas subsequent rows show only the 

path(s) that were removed from the full model during model selection. For example, the second 

row shows that annual density was removed from the sub-models for timing of breeding and 

predation, whereas the rest of the model was unchanged. The model shown in bold is the final 

model represented in Fig. 3.3b. K is the number of parameters in the path model and Fisher’s C 

statistic corresponds to -2 * ln(model likelihood). All sub-models included random intercepts for 

female ID and year. 

Model structure K Fisher’s 

C 

AICc ΔAICc 

Young fledged ~  

intercept + female age + double-brooded + predation 

+ timing + clutch size + annual density 

 

Double-brooded ~  

intercept + female age + predation + timing +     

annual density 

 

Predation ~  

intercept + female age + timing + annual density 

 

Timing ~ 

intercept + female age + annual density 

 

Clutch size ~  

intercept + female age + timing + annual density 

 

35 4.98 77.81 0 

Timing ~ – annual density 

Predation ~ – annual density 

 

33 7.87 76.39 -1.42 

Timing ~ – annual density 

 

34 6.70 77.37 -0.44 

Timing ~ – annual density 

Double-brooded ~ – annual density 

Predation ~ – annual density 

 

32 11.65 78.02 0.20 

Young fledged ~ – female age 34 10.18 80.85 3.04 



 

129 

 

Timing ~ – annual density 

Predation ~ – annual density – female age 

 

33 14.86 81.23 3.42 

Young fledged ~ – annual density 

 

32 11.54 82.21 4.40 

Timing ~ – annual density 

Predation ~ – annual density 

Clutch size ~ – annual density 

 

32 16.16 82.52 4.71 

Timing ~ – annual density 

Double-brooded ~ – annual density – female age 

Predation ~ – annual density 

 

31 42.46 106.67 28.86 

Timing ~ – annual density – female age 

 

33 79.06 147.58 69.76 
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Table S3.3. AICc results for models of offspring recruitment probability of female Savannah 

sparrows over a 27-year study (N = 926). The full model contained fixed effects for female age, 

young fledged in year t, and local density. We examined all model subsets (n = 8) with the table 

showing the top five with respect to AICc support. All models included random intercepts for 

female ID and year. Given that the top two models were equally supported (ΔAICc = 0.34), we 

included the simpler model that only included a fixed effect for the number of young fledged in 

the final path model (Fig. 3.3a). 

Model structure df AICc ΔAICc 

Recruited (0/1) ~  

intercept + young fledged + female age 

5 1021.0 0.00 

intercept + young fledged 4 1021.4 0.34 

intercept + young fledged + female age + local density 6 1022.8 1.83 

intercept + young fledged + local density 5 1023.2 2.15 

intercept + female age + local density 5 1088.8 67.76 
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Table S3.4. AICc results for models of offspring recruitment probability of female Savannah 

sparrows over a 27-year study (N = 926). The full model contained fixed effects for female age, 

young fledged in year t, and annual density. We examined all model subsets (n = 8) with the 

table showing the top five with respect to AICc support. All models included random intercepts 

for female ID and year. Given that the top two models were equally supported (ΔAICc = 0.34), 

we included the simpler model that only included a fixed effect for the number of young fledged 

in the final path model for annual density (Fig. 3.3b). 

Model structure df AICc ΔAICc 

Recruited (0/1) ~  

intercept + young fledged + female age 

5 1021.0 0.00 

intercept + young fledged 4 1021.4 0.34 

intercept + young fledged + female age + annual density 6 1022.6 1.61 

intercept + young fledged + annual density 5 1023.1 2.15 

intercept + female age  5 1089.4 68.38 
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