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Abstract 

Full annual cycle research has become increasingly important as more evidence is found of 

connections between events that occur during different periods of the annual cycle, sometimes 

thousands of kilometers apart. For instance, long term negative carry-over effects arising from 

poor quality wintering habitat in the tropics have been shown to reduce future reproductive 

success and survival. Habitat loss and fragmentation on the breeding grounds have a negative 

effect on immediate breeding success of many bird species; however, short-term impacts on 

adult body condition and long-term impacts on migration and survival have not been studied. 

Individuals occupying small forest fragments are expected to experience high rates of cowbird 

brood parasitism, higher nest predation, and lower food availability which could directly delay 

fall migration due to timing constraints from late re-nesting or indirectly delay migration if 

adults are in poorer condition. If small fragments are lower quality habitat, breeding adults are 

also expected to have lower relative mass, and higher baseline levels of blood corticosterone. 

During the 2016-2019 breeding seasons, I fitted 117 adult Wood Thrushes with coded radio-

tags in a variety of large and small forest fragments in Norfolk County, Ontario, to track their 

movements using Motus. For two years of the study, I also collected blood samples to measure 

corticosterone levels. I found that fragment size was related to many vegetation variables (e.g. 

density of trees, shrubs, groundcover) as expected, but it did not have a strong effect on 

relative mass or blood corticosterone of adults. Contrary to prediction, season-long 

reproductive success was also not lower in small fragments. In addition, I found that fall 

migration timing and annual survival were also not related to fragment size. Overall, I found no 

evidence that breeding habitat quality has a significant negative short-term or long-term effect 

on Wood Thrushes. This suggests that small forest fragments can provide good quality breeding 

habitat for forest songbirds and differences in quality between small and large fragments are 

not strong enough to trigger the kinds of negative carry-over effects that have been 

documented in other species on the wintering grounds. 
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Chapter 1: General Introduction 
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Forest fragmentation and bird conservation 

The alarming decline of North American songbirds was first brought to light in the 1980s 

and has become one of the most studied and publicized conservation issues today. The 

continent-wide North American Breeding Bird Survey began in 1966, and by the late 1980s it 

had documented trends pointing to a steep decrease in migratory bird populations that quickly 

garnered significant attention from the scientific community and national media. Forest-

dwelling migrants that wintered in forests of the Neotropics were declining the most steeply 

(Ambuel and Temple 1982; Wilcove 1985; Robbins, Sauer et al. 1989) suggesting a link to the 

high rates of tropical deforestation that had occurred in recent decades. Year-round residents 

and short-distance migrants to the U.S. did not show the same general pattern of decrease 

(Robbins, Sauer et al. 1989) which further suggested that tropical deforestation was likely the 

driving force of observed declines. 

However, other research had shown that deforestation and fragmentation on the 

temperate breeding grounds strongly reduced reproductive success, with some researchers 

even suggesting that this was likely the main culprit for population declines (Ambuel and 

Temple 1982; Holmes and Sherry 1988; Hutto 1988; Bohning-Gaese et al. 1993; Askins 1995, 

Donovan and Flather 2002). Breeding ground events could drive population declines via 

increased brood parasitism of nests by Brown-headed Cowbirds (Molothrus ater) (Brittingham 

and Temple 1983) and higher nest predation rates (Wilcove 1985) in small fragments.  There is 

still debate surrounding the causes of decline in even well-studied species like the Wood 

Thrush, with one modelling approach suggesting breeding ground drivers while another finding 

strong support for wintering ground drivers (Rushing, Ryder et al. 2016; Taylor and Stutchbury 
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2016). The common underlying theme of these studies, whether they implicated the wintering 

grounds or breeding grounds, was that the fragmentation of once continuous forest habitats 

into smaller pieces through increased urbanization, agriculture, and other human development 

was creating multiple stressors on migratory songbirds.  

The net loss of habitat is perhaps the most obvious result of forest fragmentation (e.g. 

Murcia 1995) but the destruction of forested land often leaves behind fragments that are 

isolated and separated by a matrix of human-transformed land cover (e.g. Haddad et al. 2015). 

Forest fragments are often compared to islands using the principles outlined in MacArthur and 

Wilson’s 1967 revolutionary book The Theory of Island Biogeography. Specifically, MacArthur 

and Wilson proposed that island biodiversity is balanced by immigration and extinction, which 

in turn are influenced by island size and degree of isolation. The largest, least isolated islands 

are expected to have the highest diversity and the smallest, most isolated islands have the least 

diversity. In 1975, Jared Diamond used the principles of island biogeography to suggest a set of 

rules for the design of conservation reserves in a fragmented landscape. They proposed that a 

single large reserve would be superior to any combination of smaller reserves that match the 

same total area. Early field studies on North American birds confirmed that the number of 

species does increase with forest size (Galli et al. 1976) and that total area along with the 

degree of isolation of a fragment was more important in predicting number of species than any 

habitat variables (Robbins, Dawson, et al. 1989). Lynch and Whigham (1984) found that both 

land area and degree of isolation were significant factors in predicting the presence of many 

species. In Connecticut, Askins et al. (1987) also found that species richness and density were 

related to fragment size. 
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Forest fragmentation can also lead to the loss of diversity through the creation of 

extensive forest edge (Haddad et al. 2015). As the land area of a forest gets smaller, the 

proportion of edge to interior habitat of the forest also increases, and the temperature of edge 

habitat is typically hotter and drier, with lower humidity and less soil moisture (Kapos 1989; 

Saunders et al. 1991) which can lead to smaller fragments having low invertebrate diversity and 

abundance (Klein 1989). Many studies found that species richness of North American breeding 

passerines was positively correlated with the size of forest fragments and that some species 

had minimum size requirements (Forman et al. 1976; Galli et al. 1976; Ambuel and Temple 

1983). Blake and Karr (1984) discovered that although large fragments did not necessarily have 

more species than combinations of smaller fragments that equaled the same land area, some 

long-distance migrants and interior species were only located in large fragments. 

The idea of fragmentation being bad for biodiversity has been a dogma in bird 

conservation research since it began, but in 2003, Lenore Fahrig published a review on habitat 

fragmentation studies and found that many studies were looking at the effects of patch scale 

(e.g. fragment size) on species abundance and richness, but were not testing for fragmentation 

effects at the landscape scale. They concluded that there was little evidence that one large 

habitat patch was of greater ecological value than the same area fragmented into smaller, 

widely separated patches.  While small fragments may have lower species richness than large 

ones, there could be landscape-level benefits of fragmentation that counteract the negative 

effects that occur at a smaller spatial scale. For instance, with the same total amount of 

forested habitat, avian species richness should be the same in a fragmented versus non-

fragmented landscape because the former provides more diverse habitat. Testing her “habitat 
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amount hypothesis” would require an experimental design that compares landscapes that have 

the same total forest cover, but which differ widely in extent of fragmentation (Fahrig 2017). 

This idea was so contrary to current thinking at the time that it ignited a debate that continues 

to this day (Fletcher Jr et al. 2018; Fahrig et al. 2019; Fahrig 2021; Saura 2021).  The studies 

intended to test the HAH have ended with mixed results but those conducted on migratory 

birds in Ontario have found strong support (De Camargo et al. 2018) and partial support 

(Torrenta and Villard 2017) for the hypothesis. De Camargo et al. (2018) divided the province 

into 100km2 regions and looked at how species richness was affected by the degree of 

fragmentation after controlling for the total amount of habitat in each region. Overall, they 

found that species richness was strongly related to habitat amount, while fragmentation had no 

additional affect; however, they still found that 13% of forest bird species used in the study had 

significant negative responses to fragmentation. Torrenta and Villard (2017) opted for a 

different approach, conducting point counts in only five regions, and quantifying landscape at 

three spatial scales of 500m, 1000m, and 1500m. While they found evidence that habitat 

amount can provide an indication of species richness, fragment size was the better predictor in 

most cases. Both of these studies highlight that habitat amount may be important in predicting 

species richness, but in the context of migratory songbirds, degree of fragmentation also 

remains an important factor. 

 

Fragmentation effects on reproductive success and demography 

These studies on avian diversity in fragmented landscapes gave support to the idea that 

small fragments provided unsuitable habitat for many species of long-distance migrants and 
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concurrent research had begun to tease apart the underlying mechanisms of why this was the 

case. In 1983, Brittingham and Temple showed that the rate of brood parasitism by Brown-

headed cowbirds decreased for nests that were farther from a forest opening or the forest 

edge. Later studies showed that parasitism rate was higher in small fragments and that 

parasitism greatly reduced host reproductive success (Bohning-Gaese et al. 1993; Donovan et 

al. 1995; Robinson et al. 1995; Porneluzi and Faaborg 1999). Early studies also found high nest 

predation near edge habitat (Gates and Gysel 1978) and an experimental study with artificial 

nests found higher nest predation in small fragments (Wilcove 1985). Many subsequent studies 

have confirmed that overall productivity is lower in small fragments (Yahner and Scott 1988; 

Porneluzi et al. 1993; Donovan et al. 1995; Robinson et al. 1995; Porneluzi and Faaborg 1999; 

Morris et al. 2015), and nesting success increases with distance to edge for forest songbirds 

(Burke and Nol 1998; Mancke and Gavin 2000; Batary and Baldi 2004).  

Gibbs and Faaborg (1990) uncovered another reason that small fragments are 

detrimental to breeding success in forest songbirds, through female choice for larger 

fragments. They monitored Ovenbirds in small fragments and contiguous forest and found that 

not only was there a higher density of male Ovenbirds in contiguous tracts, but about 75% of 

male Ovenbirds were able to pair with females, compared to only about 25% of males in 

fragmented sites. They suspected this difference in pairing success was related to females 

preferentially choosing to nest in the contiguous forest. Later studies also found more evidence 

of reduced pairing success in small fragments (Villard et al. 1993; Van Horn et al. 1995; Burke 

and Nol 1998; Fraser and Stutchbury 2004, Lampila et al. 2005; Parker et al. 2005). Females may 

prefer large fragments not only because these typically provide higher nesting success but 



7 
 

because the extra-pair mating system means that females have more choices among 

neighbouring males in larger fragments. This has since been dubbed the “hidden lek” to refer to 

females being attracted to breeding sites (e.g. large fragments) where they can find the highest 

quality males as extra-pair mates (Wagner 1998).  

With an increasing understanding of many of the mechanisms associated with poor 

nesting and mating success in small forest fragments, researchers began to investigate how 

small fragments in the landscape affected overall population dynamics. Using a modelling 

approach, Pulliam (1998) found that populations that were not viable on their own (sinks) could 

be maintained by immigration from nearby populations that were self-sustaining (sources).  

Donovan et al. (1995) used population growth models to assess the viability of populations of 

Wood Thrushes, Red-eyed vireos, and Ovenbirds in fragmented and contiguous landscapes. 

They found that nest predation and brood parasitism were so high in small fragments for Red-

eyed vireos and Ovenbirds that these act as population sinks (see also Robinson et al. 1995, 

Trine 1998). While there was some evidence that not all small fragments act as sinks (Friesen et 

al. 1999), later studies continued to find more evidence for source-sink dynamics taking place in 

a fragmented landscape (Porneluzi and Faaborg 1999; Burke and Nol 2000; Eng et al. 2011). A 

source-sink relationship can occur over long distances in fragmented landscapes, with Tittler et 

al. (2006) finding evidence that Wood Thrush source and sink populations in Ontario could be 

60-80km apart. Many studies provide support for the importance of regional forest cover in 

sustaining viable populations of migratory songbirds (Austen et al. 2001; Betts et al. 2006; 

Zuckerberg and Porter 2010; Smith et al. 2011).  
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Given the extensive evidence that small fragments reduce nesting success of many 

forest songbirds, occupying such habitat is expected to have short-term and long-term negative 

consequences for adults. The focus of this dissertation (Chapter 2) is to examine the novel 

question of how small forest fragments affect the body condition (mass, corticosterone) of 

breeding adults, the timing of their fall migration departure, and their annual survival.  

This dissertation includes an opportunistic chapter (Chapter 3) that is also novel because 

the migration tracking method used (Motus Wildlife Tracking System) allows one to gather 

migration route data on both survivors and non-survivors. All other tracking methods for 

songbirds are archival; requiring the device to be retrieved from individuals after migration, and 

so are biased because information can be obtained only for survivors. 

 

Natural history and life cycle of the Wood Thrush 

Wood Thrushes were chosen as the focus for this study because much is known about 

the effects of fragmentation on their nesting success (Hoover et al. 1995; Robinson et al. 1995; 

Weinberg and Roth 1998; Burke and Nol 2000; Etterson et al. 2014), adults are able to carry a 

radio transmitter without negative effects on survival and behaviour (Vega Rivera et al. 1998; 

Anders et al. 1998; Gow et al. 2011), and they have been successfully tracked year-round using 

archival light level geolocators (Stutchbury et al. 2009; Stutchbury et al. 2010).  

The information contained in the following sections that outline the breeding, 

migration, and wintering periods of the annual cycle for Wood Thrushes was previously 

reviewed by Evans et al. (2020) unless otherwise indicated. Wood Thrushes breed throughout 

the mixed and deciduous forests of southeastern Canada and the eastern United States. They 
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prefer mature forests with trees greater than 15m in height, a high diversity of deciduous trees, 

a somewhat open forest floor with some shrub cover, and moist ground with a decaying layer 

of leaves. In Canada, they arrive on the breeding grounds in early May with males arriving a few 

days earlier than females to secure a territory which they defend until the end of the breeding 

season. Once a female chooses a mate, it builds a nest that is typically less than three meters 

off the ground and then lays a clutch of 3-5 blue-green eggs. Wood Thrushes are socially 

monogamous and maintain a pair bond for the length of the breeding season, but like many 

temperate songbirds they are known to engage in extra-pair copulations but at a low 

frequency. The female is responsible for the 12-13 day incubation of the eggs, but after they 

hatch, the male helps to feed the nestlings. When the nestlings are 12-14 days old, they leave 

the nest but remain with the parents for about three weeks. Wood Thrushes are a double 

brooded species, so if their first nest is successful, the female will begin building a new nest to 

repeat the process and raise a second set of young.  

Typically during mid-August after breeding but prior to migration, adult Wood Thrushes 

undergo a complete molt, replacing all of their feathers.  After molting, Wood Thrushes migrate 

to Central America and Mexico where they spend the winter months, departing the breeding 

grounds from September to early October. During fall migration, they progress at a slower pace 

compared to spring migration, which can proceed 2-6 times faster. This slower pace in fall is 

attributed to more time spent at stopover sites, with some stops lasting 1-2 weeks. High levels 

of individual variation in migration pace exist, with some birds reaching their wintering territory 

by mid-October, and others not arriving until early December. The initiation of northward 

spring migration occurs during Mar-Apr when Wood Thrushes head back to their temperate 
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breeding sites, lasting an average of 13-15 days. Spring and fall migration routes differ, with fall 

migration occurring farther to the east, and spring migration more to the west. Migration in this 

species is nocturnal, with migratory flights typically beginning an hour after sunset and 

concluding 1-2 hours before sunrise. 

Wood Thrushes occupy a variety of habitats in the overwintering range but are most 

common in the understory of low elevation primary forest with a closed canopy along the 

Atlantic slope from around Veracruz, Mexico, through to the western half of Panama. Rappole 

et al. (1989) found that Wood Thrushes exhibited two different strategies during the wintering 

months. Some individuals remained sedentary and defended a territory against other Wood 

Thrushes in primary forest, while others wandered through second growth forest and did not 

maintain a territory. They found that birds occupying territories in the primary forest had 

higher survival rates than the wanderers. In Belize, McKinnon et al. (2015) showed that scrub 

habitat was actually the highest quality for Wood Thrushes during the wet season but later in 

the dry season, there was no significant difference between forest, disturbed, and scrub 

habitats. While the previous studies showed relatively little movement during the non-breeding 

season, Stanley et al. (2021) used a combination of radio and GPS tracking to find that while 

some individuals were relatively sedentary, others made permanent long-distance, mid-winter 

relocations. They believe that these movements were in response to declining habitat 

suitability but found no evidence that Wood Thrushes were tracking resources or moving to 

higher quality habitat. 
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Chapter 2: Carry-over effects of forest fragmentation on breeding adult Wood 

Thrushes (Hylocichla mustelina) 
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Introduction 

 

Parental stress and forest fragmentation 

With the foundation of negative consequences of temperate forest fragmentation on 

the diversity, occurrence, and breeding success of Neotropical migrants well established, the 

field has not had any major advancement in some time. The effects of forest fragmentation are 

expected to lead to adverse conditions for birds breeding in small fragments. Chronic (long-

term) and acute (immediate) stress levels have been used as indirect measures of habitat 

quality in birds and are measured through quantification of the level of a glucocorticoid found 

in the blood that is associated with stress response (e.g. Marra and Holberton 1998). The 

resting, or baseline level of this glucocorticoid, corticosterone (CORT), has been found to be 

elevated in birds that face unfavourable conditions (e.g. Marra and Holberton 1998). If the 

conditions found in small forest fragments (high brood parasitism, high nest predation) are 

subjecting birds residing in them to chronic stress, this is expected to translate into higher 

levels of baseline CORT. Stress physiology and its role in natural systems is not a new subject, 

but it has increased in prominence in recent years as conservation biologists have begun to link 

anthropogenic stressors to animal behaviour, demographics, and biodiversity loss. Measures of 

stress have been increasingly used as a method of gauging animal disturbance to anthropogenic 

changes (reviewed by Bonier, Martin et al. 2009; Sheriff et al. 2011). When these stress 

responses are quantified, inferences can be drawn about the relative health of individuals and 

populations (Bonier, Martin et al. 2009) that can have vital conservation implications (Sheriff et 

al. 2011; Cooke et al. 2013).  
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Variation in the acute stress response (i.e. CORT concentration 30min after capture) has 

been long thought to play an important role in survival and reproductive success (reviewed by 

Breuner et al. 2008). The acute stress response can vary among individuals, between sexes, and 

across seasons even when baseline CORT remains consistent (Wingfield et al. 1992, 1994, 1995; 

Angelier et al. 2009; Done et al. 2011). Response CORT has even been found to increase (Dietz 

et al. 2013) and decrease (Grunst et al. 2014) in response to anthropogenic disturbance. Due to 

the well-known detrimental effects that CORT can have on reproduction (Wingfield et al. 1998; 

McEwen and Wingfield 2003; Williams et al. 2008), the acute stress response is thought to 

represent a trade-off between survival and reproductive success, with greater suppression of 

the response occurring when the current value of reproduction is high (Lendvai et al. 2007). The 

suppression has been found to be greatest when parental care is highest, in the sex providing 

the most care, and when the chance of rebreeding is low (Wingfield et al. 1995). This 

relationship has been identified in a field study on White-crowned Sparrows (Zonotrichia 

leucophrys) where response CORT was negatively correlated with reproductive output 

(Patterson et al. 2014).  

An increased intensity of this acute response is expected to result in an increased ability 

to escape the life-threatening situation responsible for its trigger, leading to increased annual 

survival. Though this relationship has been found (Beziers et al. 2020), most studies with this 

focus have ended with mixed results (reviewed by Breuner et al. 2008) and some have even 

found a negative correlation (MacDougall-Shackleton et al. 2009). Breuner et al. (2008) believe 

that there is no real evidence that the strength of an acute stress response can reliably predict 

an individual’s chance of survival. So, what then, can the strength of an acute response tell us? 
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Angelier et al. (2009) suggest that using acute stress response to predict survival is useful but it 

may be context dependent, playing a more important role in some individuals than others. They 

found that the level of stress response CORT did not predict annual survival in American 

redstarts (Setophaga ruticilla) occupying high quality winter habitat; however, it was a 

significant predictor of annual survival for those birds occupying low quality winter habitat. The 

ability to mount a strong stress response might only be beneficial to birds that repeatedly face 

unpredictable environmental challenges. Angelier et al. (2009) conclude that the CORT acute 

stress response can have serious fitness consequences but it is essential to consider the 

environmental context and the phenotype of individuals involved. 

Baseline CORT, measured upon capture, has become increasingly used as a physiological 

index of the relative condition or health of individuals or populations (Bonier, Martin et al. 

2009). Higher baseline CORT has been linked to many environmental stressors including 

reduced food availability (Wingfield and Ramenofsky 1997; Buck et al. 2007; Kitaysky et al. 

2007; Williams et al. 2008), higher predator abundance (Clinchy et al. 2004), increased re-

nesting as a result of predation (Morris et al. 2015), anthropogenic disturbance (Wasser et al. 

1997; Zhang et al. 2011; Leshyk et al. 2012), and poor habitat quality (Marra and Holberton 

1998; Rivers et al. 2014; Cirule et al. 2017). The high levels of baseline CORT associated with 

chronic stress can have direct effects such as impaired cognitive function (McEwen and 

Sapolsky 1995; Wingfield et al. 1998; McEwen 1999), suppressed immune capability (McEwen 

and Sapolsky 1995; Dhabhar and McEwen 1997; Sapolsky et al. 2000; Saino et al. 2003), and 

reduced feather quality (Saino et al. 2005; DesRochers et al. 2009; Butler et al. 2010; Jenni-

Eiermann et al. 2015; Vagasi et al. 2018), but are also linked to indirect, long term effects 
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including delayed breeding (Schoech et al. 2009), lower nesting success (Angelier et al. 2007; 

Angelier et al. 2010; Jaatinen et al. 2013), smaller offspring (Soursa et al. 2003; Saino et al. 

2005; Morris et al. 2015), a reduced stress response (Marra and Holberton 1998; Cirule et al. 

2017), poor body condition (Marra and Holberton 1998; Muller et al. 2007; Roberts et al. 2007; 

Morris et al. 2015; Vagasi et al. 2018; Vagasi et al. 2020), and lower rates of annual survival 

(Goutte et al. 2010; Cirule et al. 2017; Quirici et al. 2021). Some studies have found that the 

response to elevated baseline CORT varies across individuals and populations (Brown et al. 

2005; Roberts et al. 2007; Bonier, Moore et al. 2009; Hennin et al. 2016; Madlinger and Love 

2016a, 2016b; Fischer et al. 2020) and this has increased the popularity of the idea that the 

interpretation of baseline CORT should be context-dependent. Through the early stages of the 

study of stress response in birds, elevated baseline CORT was widely considered to be negative 

and associated with many detrimental effects; however, as context is increasingly included in 

studies, the relationship becomes less clear. Now, it seems that elevated baseline CORT can act 

in a positive, negative, or neutral manner that varies by individual, population, and life history 

stage, which further stresses the importance of recognizing and accounting for the context in 

which the samples are taken. The capture of Wood Thrushes for this study will necessitate 

some disturbance prior to capture through the process of setting up mist nets in relatively close 

proximity to nests. Due to the possibility that this early disturbance could initiate a stress 

response and compromise a true baseline CORT sample, hereafter I instead use the term 

“initial” CORT sample to refer to any sample collected <3 minutes after capture. 
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Seasonal carry-over effects 

It has become clear that a better understanding of how events throughout the annual 

cycle are interconnected is essential for conservation efforts because anthropogenic stressors 

in one season can have long term negative effects on survival and reproductive success.  

Seasonal carry-over effects are challenging to study in migratory birds, in part due to the 

difficulty and expense of tracking individuals between periods of their annual cycle, often 

across large geographic distances (Faaborg et al. 2010; Harrison et al. 2011; Catry et al. 2013; 

Marra et al. 2015); however, as technology continues to improve, these types of studies are 

becoming increasingly feasible. Adults breeding in small forest fragments may face longer-term 

negative consequences through seasonal carry-over effects that delay fall migration and reduce 

annual survival, but this has not yet been studied for a migratory songbird. In contrast, many 

studies have documented carry-over effects arising from differential winter habitat quality that 

results in differing levels of food availability.  Marra et al. (1998) found that American Redstarts 

(Setophaga ruticilla) occupying lower quality winter habitat in the tropics (dry scrub) had a 

lower body condition which delayed their spring departure and in turn, their arrival on the 

breeding grounds (Studds and Marra 2005). They also found that they could identify the type of 

habitat the birds occupied which differs along a moisture gradient, by measuring stable 

isotopes in their blood. Norris et al. (2004) measured blood isotopes immediately after 

American redstarts arrived on the breeding grounds to show that females formerly occupying 

high quality winter habitat (mangrove forest) months earlier raised more offspring on the 

breeding grounds and fledged them at an earlier date.   
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Birds residing in high quality winter habitat have been found to be in better body 

condition (Marra et al. 1998; Bearhop et al. 2004; Studds and Marra 2005; Brown and Sherry 

2006; Cooper et al. 2015), which allows them to depart for and arrive at the breeding grounds 

earlier (Marra et al. 1998; Studds and Marra 2005; Reudink et al. 2009; Rockwell et al. 2012; 

Gonzalez-Prieto and Hobson 2013; Cristol et al. 2014; Cooper et al. 2015; Paxton and Moore 

2015; Saino et al. 2015; Akresh et al. 2019), and this early arrival can translate into earlier 

nesting (Saino et al. 2004; Rockwell et al. 2012; Drake et al. 2013; Goodenough et al. 2017; 

Lopez Calderon et al. 2019), higher quality young (Moller and Hobson 2004), higher overall 

reproductive success (Norris et al. 2004; Reudink et al. 2009; Rockwell et al. 2012; Drake et al. 

2013; Rushing, Marra et al. 2016; Goodenough et al. 2017; Imlay et al. 2019; Lopez Calderon et 

al. 2019) and even higher annual survival (Studds and Marra 2005). With habitat quality often 

linked to moisture content, weather events that cause widespread drying such as El Nino can 

impose negative carry-over effects similar to those of poor habitat quality across entire 

wintering populations of some species (Rockwell et al. 2012; Paxton et al. 2014).  

Breeding habitat quality is also expected to influence adult body condition because of 

the lower food availability (lower arthropod abundance) found in small fragments combined 

with the higher energetic demands associated with additional nesting attempts due to 

predation and brood parasitism. With habitat quality on the wintering grounds having been 

shown to impact body condition (Marra et al. 1998; Bearhop et al. 2004; Studds and Marra 

2005; Brown and Sherry 2006; Cooper et al. 2015), this trend is expected to also be found on 

the breeding grounds. Most Neotropical migrants undergo an energetically taxing complete 

molt and replacement of their feathers prior to fall migration and this costly time period could 
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intensify any disparity in body condition at the end of the breeding season that could delay 

molt, and in turn, fall migration.    

Breeding in small fragments could also cause negative carry-over effects through higher 

rates of nest predation, an increased number of nesting attempts, and a longer breeding 

season. An extended breeding season has been found to delay the initiation of fall migration in 

Wood Thrushes and other species (Stutchbury et al. 2011; Mitchell et al. 2012; Saino et al. 

2017; Briedis et al. 2018; De Zwaan et al. 2019; Chmura et al. 2020) but this has not been linked 

to breeding habitat quality. The costs of a delayed fall migration likely vary among species, as 

some are able to make up lost time during migration by spending less time at stopover sites so 

they arrive at the wintering grounds simultaneously with birds that departed earlier (Stutchbury 

et al. 2011; De Zwaan et al. 2019). It is not known whether timing of fall migration impacts 

annual adult survival.  

 

Research questions 

No study that I am aware of has tested for seasonal carry-over effects due to breeding 

ground fragmentation in a migratory songbird. Technology has now reached a point where the 

tools are available to not only track migratory birds across life stages, but also to assess and 

make inferences about their individual condition using blood samples. These advances have 

finally made it possible to combine these two fields and evaluate whether breeding ground 

fragmentation gives rise to negative physiological markers, or carry-over effects that may 

impact migration timing and annual survival in a free-living adult migratory bird.  
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In this study I use an innovative new tracking technology that has made it possible to 

study how habitat fragmentation could induce negative carry-over effects on migration 

movements of breeding adults. The Motus Wildlife Tracking System (Motus) is an automated 

radio telemetry system that is able to detect radio tags and thereby record individual bird 

movement over a regional scale (MacKenzie and Taylor, 2014). What makes this system so 

unique is that the coded nano-tags employ a single radio frequency that can be detected at 

every receiving station across a broad geographic scale, regardless of the specific project 

individual towers are maintained for (Taylor et al. 2017). Using Motus will eliminate one of the 

main problems associated with archival GPS and light-level geolocators; the need to recover the 

tags to retrieve the data. Archival devices, by definition, can only provide data on individuals 

that survive their entire migration journey, there and back. Motus will also eliminate the 

latitudinal inaccuracies of light-level geolocators that occur close to the autumn equinox that 

often make it impossible to determine onset of fall migration for birds that travel due south 

(Bridge et al. 2011). With Motus, the timing of onset of fall migration can be determined even 

for birds that are never seen again.  

Until now, annual survival studies have largely relied on marking individuals and having 

to re-sight them at a later date, which loses its effectiveness as dispersal distances increase 

outside the study area (Haas 1998; Cline et al. 2013). Conventional radio tags have been used to 

track dispersal at moderate distances, usually in conjunction with expensive aerial telemetry 

(Vega Rivera et al. 1998; Vega Rivera et al. 1999). While both these methods can be effective 

within-year for relatively short distances, they become problematic at greater distances and 

between years where an individual may have dispersed so far that band re-sighting and aerial 
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telemetry are not effective. With long-life nano-tags, Motus provides a means for the first time 

to know whether an individual has successfully completed migration regardless of whether they 

return to their previous territory. With this knowledge, birds that have dispersed large 

distances between years can be more reliably separated from those that did not survive 

migration. Being able to distinguish between these two possibilities will allow for more accurate 

estimates of annual survivorship.  

This project is designed to test for carry-over effects arising from forest fragmentation 

on the timing of fall migration and annual survivorship, and to look for underlying mechanisms 

by examining initial and response CORT levels of breeding adults and the timing of breeding 

events. Pairs occupying small fragments are expected to experience high rates of brood 

parasitism and nest predation as well as the generally harsher conditions associated with 

increased fragmentation, and this is expected to contribute to a more stressful life, which 

should translate to a higher initial level of CORT. These conditions may give rise to carry-over 

effects by extending the nesting period and delaying fall migration and/or delaying migration 

because adults are in poorer condition.  

The predictions being tested are that adult birds in small fragments are expected to 

have (1) a lower body condition (higher initial CORT, lower mass) (2) later nests due to repeated 

nest predation (3) delayed initiation of fall migration, and (4) a lower annual survival rate.  
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Materials and methods 

 

Ethics statement 

 Permits and permissions were obtained for all land access required for research, and all 

bird handling and research protocols were approved by the York University Animal Care 

Committee. 

 

Study area  

This study was conducted in Norfolk County, Ontario, which lies on the north shore of 

Lake Erie and retains 21% forest cover composed of a wide variety of deciduous and mixed 

forest fragments of varying sizes (LPRCA, 2019). Norfolk County has the most extensive Motus 

coverage in Ontario, with 13 towers resulting in near-complete coverage for birds in migratory 

flight (Fig 1-1). The study was designed to compare small versus large fragments as a means to 

maximize expected effect size given the logistical constraints of working in, and travelling 

between, so many study sites. Although sample sizes varied slightly between years owing to 

access constraints to private land, in general there were 10 small (11-69 ha in size) and 10 large 

(162-499 ha in size) forest fragments (Fig 1-1; Table A-1) on a mix of public and private land. In 

many cases, roads acted as an edge for at least one portion of a fragment and the width of a 

roadway is the minimum distance between fragments in this study. Necessary permits were 

obtained for conducting research on public lands, and landowner permission was sought during 

each spring for access to private lands.  
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Study species 

Wood Thrushes were chosen for this study because much is known about the effects of 

fragmentation on their nesting success (Hoover et al. 1995; Robinson et al. 1995; Weinberg and 

Roth 1998; Burke and Nol 2000; Etterson et al. 2014), adults are able to carry a radio 

transmitter without negative effects on survival and behaviour (Vega Rivera et al. 1998; Anders 

et al. 1998; Gow et al. 2011), and they have been successfully tracked year-round using archival 

light level geolocators (Stutchbury et al. 2009; Stutchbury et al. 2010). They are also a long 

distance migrant that winters in the forests of Central America and now a federally listed 

Threatened Species at Risk in Canada. However, Wood Thrushes are still a common breeding 

species in the deciduous and mixed forests of southwestern Ontario (COSEWIC, 2012).  

 

Nest searching and monitoring 

Beginning in mid-May, all of the study sites were extensively searched for nests starting 

at the location of each singing male. When a nest was found, the height, tree species, GPS 

coordinates, and number of eggs/nestlings and presence of Brown-headed cowbird 

eggs/nestlings was recorded. In the case of nestlings, the age was estimated based on the stage 

of development. If a nest was empty or contained eggs, it was checked only every eight days to 

minimize disturbance. If there were nestlings, it was not checked again before nestlings were 

10 days old and ready to be tagged (for a different study) at which point the nest was 

considered successful. In order to minimize disturbance during nest checks, a camera was 

briefly placed over the nest, and the footage was then reviewed at a distance. When 
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conducting nest checks, every effort was made to continue in the same direction of travel to 

decrease the chance of leading potential predators to the nest. 

 

Tagging 

The specifications of the radio-tags (“nanotags”) varied among years due to the 

manufacturer discontinuing models but all had a burst rate of 12.7 seconds and minimum 

expected lifespan of 400 days. During 2016, NTQBW-6-1 (~1.6g) avian coded VHF nanotag 

transmitters were fitted to adult Wood Thrushes of both sexes when their nestlings were 10 

days old. In 2017, I followed the same protocol using ANTC-M6-1 (~1.7g) nanotags. In 2018, a 

combination of ANTC-M6-1 and NTQB2-6-1 (~1.6g) nanotags were fitted to adult Wood 

Thrushes of both sexes during the incubation period of nesting, and in 2019, NTQB2-4-2S 

(~1.5g) nanotags were fitted to only adult female Wood Thrushes during the incubation stage of 

their first nesting attempt of the season. Nanotags were attached using a backpack leg loop 

harness (Rappole & Tipton 1991) made from 2.5mm Teflon tubing. To catch the birds, two 12m 

mist nets were set up 90 degrees to each other, about 3-5 m from the nest, boxing in two sides. 

If an adult bird was present at the nest after net set up, we would walk steadily towards the 

bird opposite to the nets until it flew off the nest, usually into a net. Adults were banded with 

both Canadian Wildlife Service numbered aluminum bands and unique colour band 

combinations to allow for identification when birds were re-sighted.  

Tarsus length, wing chord, and mass were measured for each bird. Sex was determined 

by checking for the presence of a brood patch or cloacal protuberance (Pyle et al. 1997). During 

the breeding season, male Wood Thrushes develop obvious external cloacal protuberances to 



24 
 

store sperm and assist with copulation. Female Wood Thrushes are responsible for incubation 

and to do this effectively, they develop a visible brood patch to more efficiently transfer body 

heat to the eggs. The development of a brood patch involves the loss of some feathers from the 

abdomen, and the wrinkling and vascularization of the resulting patch bare skin. Age was 

determined using plumage criteria as outlined by Pyle et al. (1997). All North American 

songbirds undergo a prebasic molt once per year, but the first prebasic molt in a bird’s life 

differs from all those that succeed it. In adult Wood Thrushes, the prebasic molt involves 

complete replacement of all feathers, while juvenile birds retain the remiges, rectrices, alulas, 

primary coverts, and some or all of the greater coverts. These retained juvenal feathers were 

grown in the nest simultaneously and because growing many feathers at the same time is 

physiologically taxing, these feathers differ in quality and shape compared to adult feathers 

that are replaced sequentially. By examining the flight feathers and coverts of Wood Thrushes, 

the presence of these worn juvenal feathers indicate a bird is in its second year, while the 

absence of such feathers indicate that a bird is older than its second year. 

 

Blood sampling (2018-2019) 

 Blood sampling for CORT focused on tagged female Wood Thrushes and was carried out 

during the incubation period of the first nest of the breeding season. While CORT levels can 

fluctuate in passerines during the course of a day, they peak just before sunrise and then 

remain steady during daylight hours before rising again in the evening (Breuner et al. 1999). 

Time constraints did not allow for sampling to be carried out consistently during the same time 

period each day. Instead, all samples were collected at least three hours after sunrise and three 
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hours before sunset. Mist nets were constantly monitored to ensure that initial blood samples 

were taken less than three minutes from the moment of capture to best reflect baseline 

conditions. Approximately 100ul of blood was taken from the brachial vein of one wing using a 

capillary tube, after puncture with a 26g needle. Each bird was exposed to a capture-stress 

protocol which involves taking an initial blood sample, holding the bird for 30 min in a fabric 

bag, and then taking a second blood sample (Wingfield et al. 1994). Blood samples were 

immediately expelled into 400ul Eppendorf tubes and stored on ice. Samples were centrifuged 

within twelve hours and blood plasma was separated and stored in a freezer.  

Corticosterone concentration was measured using the commercially available Enzo Life 

Sciences Corticosterone ELISA kit (ADI-900-097) as per the manufacturer’s instructions after 

validating and optimizing the kit using Wood Thrush plasma. Samples were run in duplicate and 

if both assays yielded a concentration that fell outside the standard curve, the sample was 

excluded from further analysis (n=1). In an effort to control instances where birds were exposed 

to stressors prior to capture, initial blood samples that were identified as outliers using the 

inter-quartile method were also eliminated from further analysis along with their 

corresponding stress response samples (n=8). Blood samples were also eliminated from analysis 

if the Wood Thrush was captured after more than two capture attempts (n=10) because 

capture CORT levels would not reflect baseline pre-capture CORT in these cases. The intra-assay 

coefficient of variation was 8.2% in the first set of samples assayed in 2018, and 13.2% for the 

second set of samples in 2019. The inter-assay coefficient of variation based on a standard 

concentration run in duplicate on each plate was 8.7% in 2018 and 6.4% in 2019. 
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Manual radio tracking, Motus detections, and aerial telemetry 

  The location of tagged Wood Thrush adults was determined every four days using an 

SRX 600 Lotek receiver and a handheld three-element Yagi antenna until they either dispersed 

away from their breeding territory (absent for at least two visits), or until late-August. At each 

check, the approximate GPS coordinates of the bird was recorded. Starting in mid-August, 

movement data were acquired from Motus. Although the receiver towers rarely detected 

breeding birds within the forest, they were able to detect larger scale, higher altitude migratory 

movements.  

Motus receivers sometimes record false detections due to random radio noise, 

duplicate tags, and overlapping tag signals when multiple tags are transmitting in the same area 

(Crewe et al. 2020). A number of filtering and quality control steps were taken to identify these 

and exclude them from analysis. First, I eliminated any detection that fell outside of my 

deployment dates. Next, I eliminated detections of fewer than three consecutive tag bursts 

because such runs are likely to be false detections (Crewe et al. 2020). Lastly, I eliminated any 

detection that occurred in impossible or highly unlikely locations, or represented unrealistic 

distances and directions based on prior knowledge of migration timing and routes from 

geolocator studies (Stutchbury et al. 2009; Stutchbury et al. 2010). Fall migratory detections 

were deemed to be those that occurred after sunset during the migratory period (September 1 

to October 15), when a bird was not detected in Ontario again until the following year. 

Typically, a bird would be tagged in early summer and then not be detected by Motus until a 

single night during the migration period when a series of towers would pick it up. 
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After eliminating false detections, Motus recorded 361 (202 fall, 159 spring) instances of 

tagged Wood Thrushes passing individual towers (74 different birds) during the spring and fall 

migration periods (September 1 - June 1) with only 5 of these birds (7%) detected by a single 

tower. For all birds detected during the migration periods, only 7 had no false detections and 

on average each bird had 114 ± 39 false detections and 159 ± 20 good detections. The total 

number of false detections for each bird ranged from 0-2242 and made up 42% of all 

detections. 

During June/July of 2017, 2018, and 2019 a four hour aerial telemetry survey was 

conducted to attempt to locate the breeding sites of returning birds and search for individuals 

that may not have been detected by Motus as they arrived in the area. Aerial telemetry surveys 

were conducted from a Cessna 172 equipped with a strut-mounted H-type antenna and SRX 

600 Lotek receiver. We followed a flight pattern designed to completely cover the study area in 

a grid pattern search and any additional forest fragments within ~10 km of our study site 

boundary. Once a tag was detected, multiple passes were completed over the same area and a 

GPS point was taken at the location of the strongest signal.  

 

Vegetation sampling 

 To quantify territory-level features that could affect habitat quality, a vegetation survey 

was carried out at each territory where an adult Wood Thrush was tagged. Each survey 

consisted of three 20mx20m plots where height, diameter at breast height (DBH), and species 

of each living tree with a DBH greater than 10cm was recorded. Tree heights were measured 

using a laser rangefinder, while DBH was measured using a diameter measuring tape. The 



28 
 

southwest corner of the first plot was located 20m from the nest at a bearing of 225° to ensure 

that the actual nest was included in the plot. The southwest corners of the second and third 

plots were chosen using a random number generator to generate a bearing (0-360°) and 

distance (20-80m) from the nest. Each side of a plot followed a primary compass direction and 

was formed starting from the southwest corner. To estimate canopy cover, a forest 

densiometer reading was taken at each corner of the 20x20m plot and averaged. At each 

20x20m plot, five smaller 2x2m subplots were measured to represent the shrub and 

groundcover layers. Four of these 2m plots were located halfway down and 2m outside of each 

side of the 20x20m plot and the fifth was located directly in the center of the 20x20m plot. 

Within these smaller plots, all shrub stems that were 0.5-1.3m are counted, and all shrub stems 

that were greater than 1.3m but with a DBH of less than 10cm were counted. The percentage of 

cover that each range of shrub height provided was then estimated. The dominant species in 

each of these height ranges was also noted. Within each of these 2x2m subplots, the southwest 

quadrant was used as a 1x1m subplot to represent the groundcover layer. The percentage of 

groundcover with a height of less than 0.5m and percentage of bare soil was estimated, and the 

dominant species of groundcover identified. 

 

Statistical analysis 

All analyses were conducted in R 4.0.3 (R Core Team 2020) and all tests were two-tailed 

and expressed as means ±SE. All scatterplots were created using the ggplot2 package 

(Wickham, 2016) in R. I considered models supported when their ΔAICc = 0-2 (the top model 

ΔAICc = 0) and at least 2 AICc better than the intercept-only model (Arnold 2010). When more 
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than one model was supported, I used model averaging in the MuMIn package (Barton 2020) to 

produce coefficient estimates. I considered predictor variables to be meaningful when 95% 

confidence intervals of coefficient estimates did not overlap zero. 

 

Territory habitat characteristics and fragment size 

 To examine how fragment size affects vegetation characteristics, I used linear models in 

the stats package (R Core Team 2020). For each non-transformed vegetation variable, I used 

fragment size as the only predictor variable. In addition, I used a principal components analysis 

to look at the relative relationship of each vegetation characteristic with fragment size using 

the factoextra package (Kassambara and Mundt, 2020). 

 

Body condition and corticosterone 

 To examine how fragment size affects relative mass in Wood Thrushes, I used 

generalized linear mixed models with gamma error distribution in the lme4 package (Bates et 

al. 2015) with relative mass as the dependent variable, fragment size as the predictor variable, 

and age, sex, and capture date as covariates. Average relative mass varied significantly by year, 

so I included year as a random effect in all models. I used dredge in the MuMIn package (Barton 

2020) to rank the 16 candidate models using Akaike Information Criterion scores corrected for 

small sample size (AICc). To examine the relationship between both CORT measures and 

fragment size, I again used generalized linear mixed models with gamma error distribution. 

Using the CORT measure as my dependent variable, I used fragment size as my predictor 

variable and included relative mass, capture date, and capture attempt (first or second) as 
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covariates. Both CORT measures varied significantly by year, so year was included in all models 

as a random effect. I used dredge in the MuMIn package (Barton 2020) to rank the 16 resulting 

candidate models for each CORT measure using AICc. 

 

Nest timing and reproductive effort  

 To examine how fragment size affects the timing of the last nest of a breeding season, I 

fitted linear mixed models in the lme4 package (Bates et al. 2015) using the non-transformed 

Julian date of the first egg of the last nest of the season as my dependent variable, fragment 

size as my predictor variable and age and relative mass as covariates. Nest timing varied by 

year, so year was included as a random effect in all models. I used dredge in the MuMIn 

package (Barton 2020) to rank the 8 resulting candidate models using AICc.  To examine the 

relationship between reproductive success and forest fragment size I fitted generalized linear 

mixed models with a poisson error distribution using the number of young fledged as my 

dependent variable, fragment size as my predictor variable, and age and relative mass as 

covariates. The number of young fledged differed by year, so year was included as a random 

effect in all models. I used dredge in the MuMIn package (Barton 2020) to rank the 8 resulting 

candidate models using AICc. 

 

Fall migration 

 To examine the effect of fragment size on fall migration, I fitted generalized linear mixed 

models with gamma error distribution in the lme4 package (Bates et al. 2015) using the Julian 

date of the last Motus detection in Norfolk County as my dependent variable and fragment size 
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as my predictor with age, sex, and the interaction between fragment size and sex as covariates. 

Fall migration date varied by year, so year was included as a random effect in all models. I used 

dredge in the MuMIn package (Barton 2020) to rank the 10 resulting candidate models using 

AICc. To examine the relationship between the number of young fledged by tagged females and 

fall migration, I fitted generalized linear mixed models with gamma error distribution in the 

lme4 package using the Julian date of the last Motus detection in Norfolk County as my 

dependent variable and young fledged as my predictor with age, fragment size, and relative 

mass as covariates. Fall migration date varied by year, so year was included as a random effect 

in all models. I used dredge in the MuMIn package (Barton 2020) to rank the 10 resulting 

candidate models using AICc. 

 

Apparent survival 

 To examine how fragment size affects apparent survival, I fitted generalized linear 

mixed models with binomial error distribution in the lme4 package (Bates et al. 2015) using 

apparent survival as my dependent variable, fragment size as my predictor variable, and age, 

sex, and the interaction between fragment size and sex as covariates. Apparent survival varied 

each year, so year was included as a random effect. I used dredge in the MuMIn package 

(Barton 2020) to rank the 10 resulting candidate models using AICc. Birds that were tagged in 

2019 were not used in estimating annual survival because the tag model used that year had a 

thin 0.2mm diameter antenna (other years used a 0.6-0.7mm diameter antenna), and tag 

failure due to broken antennas over the 11-month deployment period was suspected. Only 

three (10%) of the adult females tagged in 2019 were detected in spring 2020. 
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Figure 1-1. Study site (blue shading) and Motus tower (yellow circles) locations in Norfolk 

County, Ontario. 
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Results 

 

Territory habitat characteristics and fragment size 

We completed 143 vegetation surveys at the territory level, with 94 of those occurring 

in large fragments (162-500ha) and 49 in small fragments (16-69ha). Most (7 of 10) habitat 

variables had a significant relationship with fragment size as expected (Fig 1-2). The number of 

large trees (≥30 cm diameter) and total number of trees increased with fragment size while 

number of shrubs, shrub cover, and ground cover all decreased with fragment size. The number 

of small trees (<30cm diameter), percentage of canopy cover, and ratio of large to small trees 

did not vary with fragment size.  

To further examine the relationship between habitat characteristics and fragment size, I 

conducted a principal component analysis (Fig A-1). Vegetation variables that were strong 

contributors to PC1 (number of large trees, number of large/small shrubs, percentage of 

large/small shrub cover) were all correlated with fragment size and PC1 explained 28% of the 

variation in habitat among territories. Only two variables that were strong contributors to PC2 

were not related to fragment size (number of small trees, ratio of large to small trees) and PC2 

explained an additional 19.5% of the variation. With most habitat characteristics of territories 

being related to fragment size, we decided that for our purposes, fragment size would 

adequately represent habitat characteristics for our remaining analyses.   
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Body condition and corticosterone  

During four field seasons I collected morphometric data on 212 adult Wood Thrushes 

(2016, n=45; 2017, n=59; 2018, n=64; 2019, n=44), with 136 of these birds captured in large 

fragments and 76 captured in small fragments. Tarsus length varied from 28.4 - 35.2mm and 

mass varied from 39 – 63g so I used a ratio of mass/tarsus (relative mass) to account for 

skeletal size variation.  To examine the relationship between relative mass and fragment size 

(Fig 1-3), I fitted a generalized linear mixed model using a gamma error distribution, with 

relative mass as the dependent variable, fragment size as the predictor variable, and sex, age, 

and date of capture included as covariates, and year as a random effect. After ranking the 16 

candidate models (Table 1), the top model used capture date and sex as predictors 

(weight=0.42) while the only other model to garner support (ΔAICc=1.63) used capture date, 

sex, and fragment size (weight=0.19). While fragment size did appear among the top models, 

only the coefficient estimates for capture date and sex were significant, with 95% confidence 

intervals that did not overlap zero (Table 8). On average, female birds had higher relative mass 

(1.64 ± 0.01) than males (1.49 ± 0.01) and relative mass declined during the course of the 

breeding season. 

For the duration of the 2018-2019 field seasons I targeted female Wood Thrushes and 

collected initial CORT samples (e.g. < 3 min after capture) from 47 birds, and corresponding 

stress response samples (e.g. 30 min after capture) from 42 of those birds (Fig 1-4). As 

expected, initial CORT concentration (6.38 ± 0.59ng/ml) was significantly lower than stress 

response CORT concentration (33.43 ± 2.1ng/ml) taken 30 minutes later (t-test t(47)=-12.39, 

p<0.001). There was a strong year effect in both initial and response CORT. In 2018, the mean 
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concentration of initial (4.92 ± 0.58ng/ml; n=24) and stress response (25.43 ± 1.45ng/ml; n=20) 

CORT was significantly lower than the 2019 mean concentration of initial (7.89 ± 0.94ng/ml, 

n=23; t-test t(37)=-2.82, p<0.001) and stress response (40.71 ± 3.08ng/ml, n=22; t-test t(31)=-

4.83, p<0.001) CORT. 

To examine the relationship between forest fragment size and CORT concentration, I 

fitted generalized linear mixed models using a gamma error distribution, with CORT measures 

as the dependent variable, fragment size as the predictor variable, and relative mass, capture 

date, and capture attempt (first or second attempt) included as covariates, and year as a 

random effect. For initial CORT concentration, the intercept-only model had the lowest AICc 

value from the set of 16 candidate models (Table 2), suggesting that fragment size, along with 

the covariates explained little of the observed variation in initial CORT. Stress response CORT 

concentration had two models that received support out of the 16 candidate models (Table 3). 

The best model used only capture attempt as a predictor (weight=0.33), and the only other 

supported model (ΔAICc=1.37) used capture attempt + capture date (weight=0.17). Capture 

attempt was the only coefficient with a 95% confidence interval that did not overlap zero, 

having a positive relationship with response CORT concentration (Table 8). Birds sampled after 

the second capture attempt (n=17) had 33% higher stress response CORT (39.2 ± 3.97ng/ml) 

than the stress response CORT (29.5 ± 1.99ng/ml) of those captured during the first attempt 

(n=25). 
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Timing of nesting and reproductive effort  

 During the 2018 and 2019 field seasons I radio-tracked females (n=61) from mid-May to 

late August and was able to obtain last nesting dates for 75% (n=46) of these birds (Fig 1-5). I 

was unable to determine last nesting dates of 15 females for a number of reasons. During 2018, 

the 3/31 tagged females without last nest dates included one bird that was never detected 

again after initially being tagged and two birds that were not detected again following early 

season nest failures. During 2019, the 12/30 tagged females without last nest dates included six 

birds that were not detected after early nest failures, five birds where I was unable to locate 

additional nests, and one bird that disappeared after a first successful nest. I used the Julian day 

of the first egg of the last nest of the season to represent last nesting date. I excluded last 

nesting dates that occurred in May (n=3) because despite being unable to relocate these birds, 

it is unlikely that they ceased attempting to nest based on nest timing in a Pennsylvania study 

(Stutchbury et al. 2011). The earliest last nesting date for an individual female during 2018 

(n=28) and 2019 (n=18) was June 8, and the latest nesting date occurred on July 24, with the 

overall average last nesting date being on June 30 ± 1.7 days. In 2018 the average date of the 

first egg of the last nest was July 3 ± 1.8 days (n=28) and in 2019 it was June 27 ± 3.3 days 

(n=18), but this difference was not statistically significant (t-test t(27)=1.46, p=0.16). To look at 

the relationship between forest fragment size and last nesting date, I fitted a linear mixed 

model using the first egg date of the last nest of each female as the dependent variable, 

fragment size as the predictor variable, and included age and relative mass as covariates, and 

year as a random effect. After ranking the 8 candidate models (Table 4), no model was >2AIC 
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better than the intercept-only model, suggesting that fragment size and the covariates are not 

strong predictors of last nest date. 

 Of the 46 females that I obtained last nesting dates for, I was able to track the total 

number of young fledged for 41 (89%) of them (Fig 1-6). The most young fledged in a season by 

a single female was 10 (n=1) and the least was 0 (n=7), with the overall average being 3.76 ± 

0.38 across both years. Females fledged an average of 3.92 ± 0.41 (n=25) young in 2018 and 3.5 

± 0.75 (n=16) young in 2019; however, this difference was not significant (t-test t(24)=0.49, 

p=0.63). To examine the relationship between forest fragment size and total number of young 

fledged, I fitted generalized linear mixed models using a poisson error distribution, with number 

of young fledged as the dependent variable, fragment size as the predictor variable, and 

included last nest date, age, and relative mass as covariates, and year as a random effect. After 

ranking the 16 candidate models (Table 5), no model was >2AIC better than the intercept only 

model, suggesting that fragment size and the covariates are not strong predictors of the total 

number of young fledged. 

 

Fall migration timing 

From 2016-2019, 60 of 117 (51%) tagged Wood Thrushes were detected by the 

automated Motus system as they departed for fall migration (Fig 1-7). Initial migration 

detections were clustered about one hour after sunset (Raleigh test z= 0.85, p<0.001, n=60; Fig 

1-8a) and the first detections south of Lake Erie were clustered about two hours later (Raleigh 

test z=0.69, p<0.001, n=25; Fig 1-8b). To examine the relationship between forest fragment size 

and fall departure date, I fitted a generalized linear mixed model using a gamma error 



38 
 

distribution, with fall departure date as the dependent variable, fragment size as the predictor 

variable, and included age and sex as covariates (with an interaction between sex and fragment 

size), and year as a random effect. The earliest (September 9) and latest (October 10) fall 

departures occurred during 2016 and 2017 respectively, while the average fall departure date 

across all years was September 29. After ranking the 10 candidate models (Table 6), the best-

fitting model (weight = 0.33) used fragment size, sex, and fragment size*sex as predictors while 

the only other model to receive support (ΔAICc=0.61) used sex as the only predictor (weight 

=0.25). Sex was the only coefficient with a 95% confidence interval that did not overlap zero 

(Table 8), with females departing earlier on average (September 27 ± 1 day) than males 

(October 2 ± 1.6 days).  

Total reproductive effort is expected to have a negative effect on female departure date 

due to the high cost of reproduction; however, total reproductive effort was only tracked 

during 2018-2019. Of the 60 Wood Thrushes that were detected departing for fall migration, 41 

were female, and 32 of those were tagged during 2018-2019. I was able to determine the total 

number of young fledged for 24 of these birds (Fig A-2). To examine the relationship between 

female fall departure date and the number of young fledged, I fitted a generalized linear mixed 

model using a gamma error distribution, with fall departure date as the dependent variable, 

number of young fledged as the predictor variable, fragment size, age, and body condition as 

covariates, and year as a random effect. After ranking the 16 candidate models (Table A-2), the 

best fitting model (weight = 0.31) used fragment size as the only predictor, and the only other 

model to receive support (ΔAICc=0.30) used fragment size and number of young fledged as 

predictors (weight = 0.27). Fragment size was the only coefficient with a 95% confidence 
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interval that did not overlap zero (Table A-3), with small fragment birds on average departing 

earlier (September 26 ± 1.3 days) than large fragment birds (September 29 ± 0.9 days). 

  

Apparent survival 

 A total of 87 Wood Thrushes were tagged during the 2016-2018 (2016, n=20; 2017, 

n=27; 2018, n=40) field seasons, and 34 (39%) of these were detected by Motus returning to 

Norfolk County the following spring with one additional bird detected only by manual telemetry 

(Fig 1-9). The return rate for large sites was 25/53 (47%) while the return rate for small sites 

was only 10/34 (29%) but this difference in frequency was not significant (chi-square test x2(1) = 

2.72, p = 0.1). Using a combination of manual and aerial telemetry, I found that only 22/35 

(63%) birds returned to the site they had nested in the previous year, consisting of 15/23 (65%) 

females and 7/12 (58%) males.  The remaining 13 returning birds were not detected by aerial 

telemetry surveys, suggesting that they chose new breeding fragments outside the study area.  

 To examine the relationship between forest fragment size and annual survival, I fitted a 

generalized linear mixed model using a binomial error distribution with annual survival as the 

dependent variable, fragment size as the predictor variable, and included age and sex as 

covariates (with an interaction between sex and fragment size), and year as a random effect. 

Despite the overall differential return rate between large and small sites, after ranking the 10 

candidate models (Table 7), the intercept-only model had the strongest support, suggesting 

that none of the variables are strong predictors of apparent annual survival.  
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Table 1-1. Results of AICc selection of gamma distribution generalized linear mixed models 

testing the influence of variables on relative mass (n=212) of birds captured during 

2016-2019, including year as a random effect. 

 
model LL n K AICc Δ_AICc weight 

capture date + sex 180.83 212 5 -351.4 0.00 0.42 

capture date + sex + fragment 
size 

181.08 212 6 -349.7 1.63 0.19 

capture date + sex + age 180.84 212 6 -349.3 2.11 0.15 

sex 178.29 212 4 -348.4 2.97 0.1 

capture date + sex + fragment 
size + age 

181.09 212 7 -347.6 3.74 0.07 

sex + fragment size 178.4 212 5 -346.5 4.86 0.04 

sex + age 178.32 212 5 -346.4 5.01 0.03 

sex + fragment size + age 178.43 212 6 -344.5 6.91 0.01 

capture date  159.41 212 4 -310.6 40.75 0.00 

capture date + age 159.7 212 5 -309.1 42.27 0.00 

capture date + fragment size 159.65 212 5 -309 42.36 0.00 

capture date + fragment size + 
age 

159.96 212 6 -307.5 43.86 0.00 

intercept 154.12 212 3 -302.1 49.27 0.00 

age 154.54 212 4 -300.9 50.49 0.00 

fragment size 154.17 212 4 -300.1 51.23 0.00 

fragment size + age 154.61 212 5 -298.9 52.44 0.00 
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Table 1-2. Results of AICc selection of gamma distribution generalized linear mixed models 

testing the influence of variables on initial blood CORT concentration (n=47) of birds 

tagged during 2018 and 2019, including year as a random effect. 

 
model LL n K AICc Δ_AICc weight 

intercept -123.99 47 3 254.5 0.00 0.25 

capture attempt  -123.17 47 4 255.3 0.74 0.17 

relative mass -123.54 47 4 256 1.49 0.12 

capture date -123.98 47 4 256.9 2.36 0.08 

fragment size -123.99 47 4 256.9 2.39 0.08 

capture attempt + relative mass  -122.96 47 5 257.4 2.84 0.06 

capture attempt +capture date -123.1 47 5 257.7 3.11 0.05 

capture attempt + fragment size -123.16 47 5 257.8 3.23 0.05 

capture date + relative mass  -123.5 47 5 258.5 3.92 0.04 

relative mass + fragment size -123.53 47 5 258.5 3.98 0.03 

capture date + fragment size -122.97 47 5 259.4 4.85 0.02 

capture attempt + capture date + 
relative mass 

-122.88 47 6 259.9 5.32 0.02 

capture attempt + capture date + 
fragment size 

-122.95 47 6 260.0 5.45 0.02 

capture attempt + relative mass + 
fragment size 

-123.08 47 6 260.3 5.71 0.01 

capture date + relative mass + 
fragment size 

-123.49 47 6 261.1 6.53 0.01 

capture attempt + capture date + 
relative mass + fragment size 

-122.86 47 7 262.6 8.04 0.00 
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Table 1-3. Results of AICc selection of gamma distribution generalized linear mixed models 

testing the influence of variables on response blood CORT concentration (n=42) of birds 

tagged during 2018 and 2019, including year as a random effect. 

 
model LL n K AICc Δ_AICc weight 

capture attempt -161.95 42 4 315.3 0.00 0.33 

capture attempt + capture date -161.22 42 5 316.7 1.37 0.17 

capture attempt + relative mass -161.35 42 5 317.5 2.19 0.11 

capture attempt + fragment size -161.79 42 5 317.6 2.29 0.11 

capture attempt + capture date + 
relative mass 

-160.46 42 6 318.7 3.37 0.06 

intercept -161.06 42 3 319 3.73 0.05 

capture attempt + capture date + 
fragment size 

-161.11 42 6 319.3 3.96 0.05 

capture attempt +relative mass + 
fragment size 

-164.97 42 6 319.8 4.52 0.04 

fragment size -160.25 42 4 321 5.69 0.02 

capture date -164.56 42 4 321.1 5.78 0.02 

capture attempt + capture date + 
relative mass + fragment size  

-164.84 42 7 321.3 6.02 0.02 

relative mass -164.85 42 4 321.5 6.18 0.02 

capture date + fragment size -164.42 42 5 323.3 7.98 0.01 

relative mass + fragment size -164.43 42 5 323.5 8.21 0.01 

capture date +relative mass -164.73 42 5 323.6 8.3 0.01 

capture date + relative mass + 
fragment size 

-164.31 42 6 325.9 10.58 0.00 
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Table 1-4. Results of AICc selection of linear mixed models testing the influence of variables on 

first egg of last nest date (n=46) of tagged females during 2018 and 2019, including year 

as a random effect. 

 
model LL n K AICc Δ_AICc weight 

fragment size -176.24 46 4 361.5 0.00 0.38 

intercept -178.34 46 3 363.3 1.79 0.16 

fragment size + relative mass -175.91 46 5 363.3 1.85 0.15 

fragment size + age -176.24 46 5 364.0 2.52 0.11 

relative mass -177.76 46 4 364.5 3.03 0.09 

age -178.32 46 4 365.6 4.15 0.05 

fragment size + relative mass + 
age 

-175.90 46 6 365.9 4.48 0.04 

relative mass + age -177.71 46 5 366.9 5.45 0.03 
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Table 1-5. Results of AICc selection of poisson distribution generalized linear mixed models 

testing the influence of variables on number of young fledged by tagged females (n=41) 

during 2018 and 2019, including year as a random effect. 

 
model LL n K AICc Δ_AICc weight 

last nest -95.54 41 3 197.7 0.00 0.19 

last nest + fragment size -94.79 41 4 198.7 0.96 0.12 

last nest + relative mass -94.87 41 4 198.8 1.11 0.11 

intercept -97.48 41 2 199.3 1.54 0.09 

relative mass  -96.40 41 3 199.4 1.71 0.08 

last nest + age -95.19 41 4 199.5 1.75 0.08 

last nest + fragment size + 
relative mass 

-94.21 41 5 200.1 2.40 0.06 

last nest + fragment size + age -94.30 41 5 200.3 2.57 0.05 

last nest + relative mass + age -94.35 41 5 200.4 2.68 0.05 

relative mass + age -96.02 41 4 201.1 3.42 0.03 

age -97.27 41 3 201.2 3.46 0.03 

fragment size -97.35 41 3 201.4 3.62 0.03 

last nest + fragment size + 
relative mass + age 

-93.53 41 6 201.5 3.79 0.03 

fragment size + relative mass -96.29 41 4 201.7 3.95 0.03 

fragment size + age -97.13 41 4 203.4 5.64 0.01 

fragment size + relative mass + 
age 

-95.88 41 5 203.5 5.75 0.01 
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Table 1-6. Results of AICc selection of gamma distribution generalized linear mixed models 

testing the influence of variables on fall migration date (n=60) of birds tagged during 

2016-2019, including year as a random effect. 

 
model LL n K AICc Δ_AICc weight 

fragment size + sex + fragment 
size*sex 

-186.74 60 6 387.1 0.00 0.35 

sex -189.70 60 4 388.1 1.05 0.21 

fragment size + sex -188.65 60 5 388.4 1.34 0.18 

fragment size + sex + fragment 
size*sex + age 

-186.65 60 7 389.4 2.38 0.11 

sex + age -189.43 60 5 390.0 2.91 0.08 

fragment size + sex + age -188.48 60 6 390.5 3.48 0.06 

fragment size -193.19 60 4 395.1 8.03 0.01 

intercept -194.38 60  3 395.2 8.11 0.01 

age -194.25 60  4 397.2 10.16 0.00 

fragment size + age -193.13 60  5 397.4 10.31 0.00 
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Table 1-7. Results of AICc selection of binomial distribution generalized linear mixed models 

testing the influence of variables on apparent survival (n=87) for birds tagged during 

2016-2018, including year as a random effect. 

 
model LL n K AICc Δ_AICc weight 

intercept -58.03 87 2 120.2 0.00 0.39 

fragment size -57.98 87 3 122.2 2.05 0.14 

age -57.98 87 3 122.2 2.05 0.14 

sex -58.02 87 3 122.3 2.12 0.13 

fragment size + age -57.93 87 4 124.4 4.15 0.05 

fragment size + sex -57.96 87 4 124.4 4.21 0.05 

age + sex -57.97 87 4 124.4 4.22 0.05 

fragment size + sex + fragment 
size*sex 

-57.17 87 5 125.1 4.88 0.03 

fragment size + age + sex -57.92 87 5 126.6 6.37 0.02 

fragment size + age + sex + 
fragment size*sex 

-57.16 87 6 127.4 7.17 0.01 
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Table 1-8. Coefficient estimates for Δ AICc <2 models that are also >2 AICc better than 

intercept-only model for relative mass (Table 1), response CORT (Table 3), and fall 

migration date (Table 6); coefficients appearing in multiple supported models are 

averaged.  

 
dependent 

variable 
coefficient estimate s.e. t-value p-value 2.5% 97.5% 

relative mass intercept 5.95e-1 4.46e-2 13.35 <0.001 5.07e-1 5.45e-1 

 fragment size -7.10e-6 1.94e-5 -3.66e-1 0.36 -4.52e-5 3.10e-5 

 capture date -6.39e-4 2.48e-4 -2.58 0.005** -1.12e-3 -1.54e-4 

 sex -6.77e-2 9.80e-3 -6.91 <0.001*** -8.69e-2 -4.85e-2 

  

response CORT intercept 3.70 6.50e-1 5.70 <0.001 2.43 4.98 

 capture attempt 2.39e-1 9.72e-2 2.46 0.007** 4.85e-2 4.29e-1 

 capture date -2.16e-3 4.17e-3 -0.52 0.3 -1.03e-2 6.03e-3 

  

fall migration intercept 5.59 5.92e-3 944.41 <0.001 5.58 5.61 

 fragment size 3.45e-5 3.13e-5 1.10 0.14 -2.69e-5 1.03e-4 

 sex 2.58e-2 9.71e-3 2.65 0.004** 6.75e-3 4.48e-2 

 fragment size*sex -3.74e-5 4.80e-5 -7.78e-1 0.22 -1.32e-4 5.68e-5 
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Figure 1-2. The relationship between vegetation characteristics and fragment size at the 

territory level (n=143), with large trees having a diameter at breast height (DBH) of 

≥30cm, small trees a DBH of 10-30cm, large shrubs being more than 1.3m tall, and small 

shrubs being 0.5-1.3m tall. 
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Figure 1-3. Fragment size did not have a significant effect on relative mass (mass/tarsus length) 

of female (closed symbols) or male (open symbols) Wood Thrushes in 2016 (n=45), 2017 

(n=59), 2018 (n=64), or 2019 (n=44). 
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Figure 1-4. Fragment size did not have a significant effect on (a) initial (n=47) or (b) stress 

response (n=42) CORT during 2018 (open symbols) or 2019 (closed symbols).  
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Figure 1-5. Fragment size was not a significant predictor of the first egg date of the last nest of 

individual females during 2018 (n = 28; closed symbols, solid line) and 2019 (n = 18; 

open symbols, dashed line).  

 

 

 
Figure 1-6. Fragment size was not a significant predictor of the number of total young fledged 

by individual females during 2018 (n = 25; closed symbols) and 2019 (n = 16; open 

symbols).  
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Figure 1-7. Fragment size was included in the top model for fall departure date of female (n = 

41; closed symbols, solid line) and male (n = 19; open symbols, dashed line) Wood 

Thrushes, but was not a significant predictor. 

 

Figure 1-8. Timing for (a) the first fall migration detection (n=60), and (b) the first fall US 

migration detection (n = 25) for Wood Thrushes had a non-random distribution plotted 

on a 24h clock. 
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Figure 1-9. Fragment size was not a significant predictor of survivorship of female (closed 

symbols) and male (open symbols) Wood Thrushes tagged during 2016 (n=20), 2017 

(n=27), and 2018 (n=40) with jitter function applied to points, based on Motus 

detections and manual telemetry. 
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Discussion  

 

This study is the first to test whether forest fragmentation on the breeding grounds can 

impose negative carry-over effects on the timing of autumn migration and annual survival in a 

migratory songbird.  This is surprising because negative carry-over effects of winter habitat 

quality on spring migration, and even reproductive success, have been well studied in other 

migratory songbirds (Marra et al. 1998; Bearhop et al. 2004; Norris et al. 2004; Reudink et al. 

2009; Drake et al. 2013; Paxton and Moore 2015; Akresh et al. 2019). First, I found that habitat 

quality (forest fragment size) had no strong effects on adult body condition (relative body mass, 

corticosterone) while breeding. Second, I found that the onset of fall migration departure and 

annual survival were also not linked to breeding fragment size.  Combined, I found no evidence 

for significant negative short-term or long-term effects of breeding habitat quality on adult 

Wood Thrushes. 

 

Short-term effects of breeding season habitat quality on adults 

Relatively little research has focused on the link between breeding habitat quality and 

physiological condition for adult migratory Neotropical songbirds, but the relationship has been 

well documented on the tropical wintering grounds. Birds occupying lower quality winter 

territories have been found to have lower body condition (Marra et al. 1998; Latta and Faaborg 

2001; Stanley et al. 2021) and elevated baseline CORT (Marra and Holberton 1998), due to the 

underlying ecological mechanism of lower food supply, specifically arthropods, in poor quality 

habitat (Brown and Sherry 2006). I found that most of my vegetation variables for breeding 
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habitat were linked to fragment size, with small fragments typically having fewer large trees 

and more shrubs, resulting in a denser, scrubbier understory. I did not quantify food 

abundance, but Burke and Nol (1998) sampled arthropod abundance in large and small 

fragments in central Ontario and found that terrestrial arthropod abundance was 10-36 times 

higher in large fragments which they attributed to higher ground level moisture and deeper leaf 

litter. However, despite arthropods forming the majority of a Wood Thrush’s diet through most 

of the breeding season, differences in fragment size and habitat in my study did not produce 

significant differences in relative mass of Wood Thrushes. Although Wood Thrushes include a 

substantial amount of fruit in their diet later in the breeding season, most adults were sampled 

in late May or June before fruit becomes locally abundant. It is possible that small fragments in 

my study area, which by definition have a high percentage of edge habitat, did not have a lower 

arthropod food supply for Wood Thrushes. Supporting this possibility is a study by Kaiser and 

Lindell (2007) that found that in large fragments in southwestern Michigan, Wood Thrush 

nestling growth rate was higher for edge nests than interior nests. Despite the widespread 

assumption that small fragment size and edge habitat are poor quality foraging habitat, this 

does not appear to apply to breeding Wood Thrushes.   

While relative mass was not linked to fragment size, I did find a difference between 

sexes, with females averaging both higher mass and shorter tarsus length, which led to a higher 

relative mass metric than males. Johnson et al. (1990) have suggested that the lower relative 

mass seen in males is likely due to the energetic costs of singing, mate guarding, and territorial 

defense. They explain that the higher relative mass seen in females could be a result of typical 

breeding season enlargement of the reproductive tract along with higher fat reserves that may 
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be beneficial for rapid renesting after nest predation. Body condition also decreased during the 

course of each breeding season and this decline was strongly driven by females. Males of many 

species have their lowest body condition indices early in the breeding season while frequently 

singing, acquiring, and defending territories, while females continue to decline in condition 

throughout the course of the season due to the energetic demands of repeated egg-laying, 

incubation, brooding and feeding nestlings (Hillstrom 1995). 

During the two years of blood sampling, I found no evidence of either initial or response 

CORT being linked to fragment size which is consistent with my finding that breeding in small 

fragments does not have negative effects on the body mass of Wood Thrushes. Initial CORT 

samples were expected to be higher in small fragments due to an increased predation risk 

(Clinchy et al. 2004; Morris et al. 2015), lower food supply (Schoech et al. 2004), and general 

poor habitat quality (Marra and Holberton 1998; Rivers et al. 2014; Cirule et al. 2017), but small 

fragments in my study area may not suffer from these problems.  

Both initial and response CORT were significantly higher during 2019, when birds in my 

study area endured an unusually cold spring which led to leaf out occurring almost two weeks 

later than a typical year. Despite this, Wood Thrushes began nest building at the same time as a 

typical year and nests initiated during May suffered high failure rates (2019 70% failed, n=27; 

2018 38% failed, n=24). This year-to year pattern seems to best fit the CORT-tradeoff 

hypothesis (Wingfield and Sapolsky 2003; Patterson et al. 2014; Schoenle et al. 2018) which 

posits that higher levels of baseline CORT and a more robust stress response will direct 

resources away from reproduction and towards immediate survival. Low temperatures during 

breeding have also been linked to elevated baseline CORT in Blue tits (Cyanistes caeruleus) 
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(Henderson et al. 2017).  Longer term studies are needed to assess how adverse spring weather 

affects CORT in breeding adults, and whether this is more severe for birds in smaller fragments, 

because year-to-year variation in spring environmental conditions is expected to increase with 

climate change. 

Habitat quality carry-over effect studies that take place on the wintering grounds have 

often relied on a strong moisture gradient for habitat classification, with higher quality habitat 

associated with mesic conditions and low quality habitat associated with xeric conditions. For 

instance, Marra et al. (1998) studied American Redstarts occupying two distinct habitat types 

on the wintering grounds. High quality wet mangrove habitat was occupied by dominant birds, 

usually adult males, with better body condition and lower baseline CORT concentration (Marra 

and Holberton 1998), while subordinates were relegated to a dry scrub habitat. These two 

drastically distinct habitat types have also been linked to differences in body condition for other 

wintering Neotropical migrants (Bearhop et al. 2004; Studds and Marra 2005; Brown and Sherry 

2006; Cooper et al. 2015). On the breeding grounds, the vegetation differences that occur 

between small and large forest fragments, or even edge versus interior sites, may not be starkly 

different enough in terms of food supply to produce strong carry-over effects on adult CORT 

while they are breeding. 

Initial CORT concentration was dramatically lower than the stress response CORT 

concentration, as expected.  However, response CORT concentration had a positive relationship 

with whether a bird was captured on the first or second attempt, with a 33% effect size. To 

capture female Wood Thrushes, I erected mist nets beside nests and then walked toward the 

nest steadily from the opposite direction until the female flew off the nest, usually into the net. 
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In some instances, female birds evaded capture by leaving the nest during net setup or missing 

the net entirely. In these cases they were captured either while returning to the nest or by 

repeating the process a second time. Interestingly, capture attempt had only a very weak effect 

on initial CORT suggesting that it was the strength of the induced stress that was influenced 

most strongly by apparent pre-capture disturbance. While every effort was made to limit 

disturbance while setting up mist nets around nests and female Wood Thrushes typically stay 

on the nest even when approached very closely, it is impossible to know if some females 

initiated a stress response prior to capture. Concentrations of both initial and response CORT 

were similar to a study of Wood Thrushes in a large forest fragment where females were not 

flushed from nests (Done et al. 2011). My analyses used the inter-quartile method to identify 

and eliminate any outliers (n=8) and I also re-ran the analyses using only birds captured on the 

first attempt (initial n=27; response n=25) which produced a similar result that neither CORT 

variable was predicted by fragment size.  

Further evidence that small fragments are not necessarily poor quality habitat for Wood 

Thrushes is that the season-long reproductive success of individual females did not vary with 

fragment size. Radio-tracking revealed that the total number of young fledged per female, 

number of nesting attempts per female, and number of broods per female did not vary with 

fragment size. I am not aware of any study that has radio-tracked female migratory songbirds 

to test how total reproductive success varies with forest fragment size. Few studies on forest 

fragmentation have even banded breeding females to determine the occupant of renests and 

for many species, like the Wood Thrush, females may routinely disperse off territory for 

renesting (Gow and Stutchbury 2013) making it difficult to quantify season-long reproductive 
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success. The influence of fragment size on season-long reproductive success is expected to vary 

geographically because of regional differences in maximum fragment size (Friesen et al. 1999; 

Burke and Nol 2000), the amount of local forest cover (Zanette and Jenkins 2000), and differing 

assemblages of predators that may or may not be forest dependent (Nour et al. 1993). In my 

study area regional forest cover was low (21%) and fragment size ranged from 11 – 499 ha, yet 

fragment size was not predictive of individual reproductive success. Although many previous 

studies have found lower nesting success for Wood Thrushes in small fragments (Donovan et al. 

1995; Robinson et al. 1995; Burke and Nol 2000) this was not the case in my study area. While 

forest fragment size did not predict total number of young fledged in my study, last nest date 

appeared in the top three models of this analysis (combined weight 0.42). Though these models 

were not statistically better than the intercept-only model, this may suggest that last nest date 

is at least weakly positively correlated with the number of young fledged, and could become a 

significant predictor of total reproductive success with a larger sample. Season-long and manual 

radio-tracking of females to locate and monitor all their nesting attempts is logistically 

challenging, making it difficult to attain strong statistical power. 

 

Long-term carry-over effects of breeding season habitat quality 

 This is also the first study to test if nesting in small fragments creates timing delays for 

adults at the end of the breeding season. Radio-tracked females in large fragments averaged 

slightly later final nests of their season, opposite to what was expected, but this difference was 

only a few days and not statistically significant. Timing of last nests is potentially important in 

triggering carry-over effects because adults benefit from minimizing overlap between the 
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energetically expensive activities of feeding young, molting feathers, and migrating. Fall 

migration timing in Wood Thrushes is influenced by feather molt timing, which is in turn 

influenced by timing of the last nest (Stutchbury et al. 2011). This light-level geolocator tracking 

study found that birds nesting later into the season delayed their annual feather molt and this 

translated into these birds being delayed during fall migration.  However, females in small 

fragments in my study did not experience poor body condition, high nest predation or more 

nesting attempts and so these did not culminate in later final nests. 

I also found no evidence that the initiation of fall migration departure was linked to 

breeding fragment size, and while fall departure dates varied by more than a month, this 

variation was not related to fragment size. Little is known about how breeding habitat affects 

the timing of fall migration in migratory songbirds although some studies have found evidence 

that the cessation of breeding activities is tied to the initiation of fall migration (Mitchell et al. 

2012; Saino et al. 2017; Briedis et al. 2018; de Zwaan et al. 2019; Chmura et al. 2020; Imlay et 

al. 2021). However, none of these studies attempted to account for whether habitat quality is 

related to the cessation of breeding activities. While small breeding fragment size does not 

contribute to long term carry-over effects on Wood Thrushes, studies on other forest songbirds 

are needed to determine if habitat induced post-breeding carry-over effects are generally weak 

compared with those found for wintering-to-breeding carry-over effects.  

Fall migration was not related to fragment size; however, sex played a significant role in 

migration timing with females departing an average of five days earlier. Differential migration 

timing by sex has been well-studied during spring migration, with males of many species 

arriving earlier on the breeding grounds than females in order to secure a high quality territory 
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and a mate (Morbey and Ydenberg 2001). Individual autumn migration timing differences based 

on sex have received less study because the tracking technology has only relatively recently 

become available. Mills (2005) speculated that later autumn migration in males than females 

may occur because males benefit from defending their territories after breeding, particularly 

from prospecting juveniles. Male Wood Thrushes are known for having high breeding site 

fidelity (Roth and Johnson 1993), returning to the same territory year after year but it is 

unknown to what extent territory defense is important in early fall. A different possibility is that 

molt timing differs between sexes, with females completing molt before males, allowing for an 

earlier departure. In Pennsylvania, just south of my study site, Stutchbury et al. (2011) found 

that female Wood Thrushes began their molt earlier than males but they were not able to 

determine onset of fall migration timing. It is not known if earlier migration brings any 

advantages in terms of migration or wintering ground survival, but late molting Wood Thrushes 

did not arrive later at the wintering grounds (Stutchbury et al., 2011). 

Based on the subset of female birds (n=24) with data for both fall Motus detections and 

total number of fledglings, high reproductive success did not significantly delay fall migration 

timing. For these females, fragment size was a significant predictor of fall departure date with 

large fragment birds averaging later departures, contrary to prediction. Interestingly, the 

apparent weak relationship between reproductive success and migration timing appears to be 

largely driven by small fragments (Fig A-2). For instance, in small fragments the least 

reproductively successful female (zero fledglings) departed almost two weeks before the most 

successful female (nine fledglings). Although later nesting birds average higher reproductive 

success, it remains unknown whether a tradeoff occurs between higher reproductive effort and 
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the potential benefits of early migration. This could potentially be experimentally tested by 

Motus tagging Wood Thrushes in a variety of large and small fragments and then inducing half 

of the tagged birds in each fragment to complete nesting early through removal of the second 

brood nest, while leaving the other half as an unmanipulated control group. Reproductive 

success could be monitored for all birds and migration timing and annual survival could again 

be determined through automated Motus detections. If birds in the experimental group have a 

higher rate of survival, and birds in the control group have higher season-long reproductive 

success, this would provide evidence of a tradeoff occurring. 

Fragment size was not linked to annual survival in a logistic regression analysis although 

I did find that 47% of Wood Thrushes breeding in large fragments returned to the study area 

the following spring compared to only 29% of small fragment birds. My study is the first I am 

aware of to use long-lasting radio tags combined with the Motus wildlife tracking system to 

estimate annual survival in a migratory songbird. The mark and re-sight method is typically used 

to estimate annual survival but this is only accurate if returning birds have very high site fidelity 

(i.e., high probability of resighting birds that survived).  Motus was able to significantly improve 

my estimates of apparent survival compared to mark and re-sight studies by detecting and 

confirming survival of an additional 37% of returning birds. These individuals did not return to 

their former breeding fragments and thus would have otherwise been considered to have not 

survived despite returning to the study area. In a mark and re-sight study on American redstarts 

(Setophaga ruticilla), Studds and Marra (2005) found a significant relationship between winter 

habitat quality and annual survival, with 59% of birds wintering in high quality habitat sighted 

the following year compared to only 33% of those occupying low quality habitat. As noted 
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earlier, differences in habitat quality between small and large breeding fragments may not be 

extreme enough to trigger annual survival differences. 

Periods of the annual cycle are temporally and geographically separate in migratory 

birds but remain linked with each other through complex seasonal interactions that can make it 

difficult to identify the primary causes of population decline (Harrison et al. 2011). Recent calls 

have been made for increased full annual cycle research (Marra et al. 2015), and while studies 

focusing on carry-over effects are becoming more common, those examining breeding season 

carry-over remain rare (reviewed by Harrison et al. 2011).  These breeding carry-over studies 

largely focus on timing of nesting vs fall migration (Mitchell et al. 2012; Saino et al. 2017; Briedis 

et al. 2018; De Zwaan et al. 2019; Chmura et al. 2020; Imlay et al. 2021) and little is known 

about whether breeding habitat quality has long term consequences at later stages of the 

annual cycle. Latta et al. (2016) used feather CORT to estimate conditions at the time of the 

post-breeding annual molt in Louisiana waterthrushes (Parkesia motacilla) and found that birds 

in better condition during the pre-migratory molt also secured better winter territories and 

were more likely to return the following year perhaps indicating higher quality breeding 

habitat. In my study, the lack of significant relationships between fragment size and key 

variables including body condition, timing of nesting and migration, reproductive success and 

annual survival may indicate that fragmentation on the breeding grounds does not impose 

strong negative carry-over effects on adult Wood Thrushes. It is an enigma that Wood Thrushes 

in my study area appear to thrive in small forest fragments, even though studies in other 

regions and on other species have often shown short-term negative effects of fragmentation on 

food supply and nesting success. The presence or absence of breeding habitat-induced seasonal 
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carry-over remains an unknown for other declining migrant songbirds but long-term tracking 

technologies, such as the Motus automated telemetry network, can now be used to fill this 

critical gap. 
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Chapter 3: Does migration route variation predict survival for a migratory 

songbird? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



66 
 

Introduction 

 

Migration may represent the most dangerous period of the annual cycle in the lives of 

many songbirds (Sillett and Holmes 2002). Variation in migration routes between 

geographically distinct breeding populations of a species can arise through migratory 

connectivity when they also occupy geographically distinct wintering grounds (Webster et al. 

2002); however, variation in migration routes can also exist within a breeding population that 

travels to the same wintering grounds (Vardanis et al. 2011). This variation in migration routes 

has the potential to increase or decrease the probability of survival through the avoidance of 

obstacles such as cities (Loss et al. 2014), or the inclusion of resources such as rich stopover 

sites (Mehlman et al. 2005). Being able to link survival outcomes to variation in migration 

routes has the potential to identify threats that occur during the most dangerous period of the 

annual cycle. 

Past efforts to track migration routes of small songbirds traditionally had to rely on mark 

and recapture techniques with a very low recovery rate, such as bird banding (Wood 1945). 

Technological advances first allowed mapping of migration routes using light-level geolocators 

(Stutchbury et al. 2009) with accuracy measured in hundreds of kilometers (McKinnon et al. 

2013) and later, mapping using GPS pinpoint tags accurate to within 10m (Halworth and Marra 

2015); however, both of these devices are archival and rely on a bird surviving migration and 

being successfully recaptured to access stored data. With a detection range of ~15km, Motus is 

not as accurate as GPS pinpoint tags, but provides the unique opportunity to collect data from 

individuals that do not survive, as well as birds that are not recaptured.  
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Many migration tracking studies rely on tagging that takes place at stopover sites so the 

breeding grounds of tagged birds remain unknown (ex. Begin-Marchand et al. 2021) or are 

broadly estimated using indirect methods such as feather isotopes (Smetzer et al. 2017). 

Without accurate knowledge of breeding grounds, individuals may not be heading to the same 

non-breeding region, so any relationship between survival and slight migration route variation 

is impossible to discern. Wood Thrushes exhibit migratory connectivity (Stanley et al. 2015) so 

the birds tagged in this study from the same breeding population are presumed to be travelling 

to the same wintering location and are expected to follow a similar migration route. Using light-

level geolocators, Stanley et al. (2015) found that 97% birds from the region of my breeding 

population migrated to Central America through the eastern Gulf or Florida and 70% wintered 

in a narrow band through eastern Honduras, Nicaragua, and northern Costa Rica. For the first 

time to my knowledge, I am able to use Motus to compare the migration routes of breeding 

birds that survive until the following breeding season with those that do not.  
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Materials and methods 

 

Ethics statement 

 Permits and permissions were obtained for all land access required for research, and all 

bird handling and research protocols were approved by the York University Animal Care 

Committee. 

 

Study area  

This study was conducted in Norfolk County, Ontario, which lies on the north shore of 

Lake Erie and retains 21% forest cover composed of a wide variety of deciduous and mixed 

forest fragments of varying sizes (LPRCA, 2019). Norfolk County has the most extensive Motus 

coverage in Ontario, with 13 towers resulting in near-complete coverage for birds in migratory 

flight (Fig 1-1). The study was designed to compare small versus large fragments as a means to 

maximize expected effect size given the logistical constraints of working in, and travelling 

between, so many study sites. Although sample sizes varied slightly between years owing to 

access constraints to private land, in general there were 10 small (11-69 ha in size) and 10 large 

(162-499 ha in size) forest fragments (Fig 1-1; Table A-1) on a mix of public and private land. In 

many cases, roads acted as an edge for at least one portion of a fragment and the width of a 

roadway is the minimum distance between fragments in this study. Necessary permits were 

obtained for conducting research on public lands, and landowner permission was sought during 

each spring for access to private lands.  
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Study species 

Wood Thrushes were chosen for this study because adults are able to carry a radio 

transmitter without negative effects on survival and behaviour (Vega Rivera et al. 1998; Anders 

et al. 1998; Gow et al. 2011), and they have been successfully tracked year-round using archival 

light level geolocators (Stutchbury et al. 2009; Stutchbury et al. 2010). They are also a long 

distance migrant that winters in the forests of Central America and now a federally listed 

Threatened Species at Risk in Canada. However, Wood Thrushes are still a common breeding 

species in the deciduous and mixed forests of southwestern Ontario (COSEWIC, 2012).  

 

Tagging 

The specifications of the radio-tags (“nanotags”) varied among years due to the 

manufacturer discontinuing models but all had a burst rate of 12.7 seconds and minimum 

expected lifespan of 400 days. In 2018, a combination of ANTC-M6-1 and NTQB2-6-1 (~1.6g) 

nanotags were fitted to adult Wood Thrushes of both sexes during the incubation period of 

nesting, and in 2019, NTQB2-4-2S (~1.5g) nanotags were fitted to only adult female Wood 

Thrushes during the incubation stage of their first nesting attempt of the season. Nanotags 

were attached using a backpack leg loop harness (Rappole & Tipton 1991) made from 2.5mm 

Teflon tubing. To catch the birds, two 12m mist nets were set up 90 degrees to each other, 

about 3-5 m from the nest, boxing in two sides. If an adult bird was present at the nest after net 

set up, we would walk steadily towards the bird opposite to the nets until it flew off the nest, 

usually into a net. Adults were banded with both Canadian Wildlife Service numbered 
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aluminum bands and unique colour band combinations to allow for identification when birds 

were re-sighted.  

 

Motus detections, and aerial telemetry 

Motus receivers sometimes record false detections due to random radio noise, 

duplicate tags, and overlapping tag signals when multiple tags are transmitting in the same area 

(Crewe et al. 2020). A number of filtering and quality control steps were taken to identify these 

and exclude them from analysis. First, I eliminated any detection that fell outside of my 

deployment dates. Next, I eliminated detections of fewer than three consecutive tag bursts 

because such runs are likely to be false detections (Crewe et al. 2020). Lastly, I eliminated any 

detection that occurred in impossible or highly unlikely locations, or represented unrealistic 

distances and directions based on prior knowledge of migration timing and routes from 

geolocator studies (Stutchbury et al. 2009; Stutchbury et al. 2010).  

During June/July of 2018 and 2019 a four hour aerial telemetry survey was conducted to 

attempt to locate the breeding sites of returning birds and search for individuals that may not 

have been detected by Motus as they arrived in the area. Aerial telemetry surveys were 

conducted from a Cessna 172 equipped with a strut-mounted H-type antenna and SRX 600 

Lotek receiver. We followed a flight pattern designed to completely cover the study area in a 

grid pattern search and any additional forest fragments within ~10 km of our study site 

boundary. Once a tag was detected, multiple passes were completed over the same area and a 

GPS point was taken at the location of the strongest signal.  
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Statistical analysis 

 All analyses were conducted in R 4.1.2 (R Core Team 2022) and all tests were two-tailed 

with values are expressed as means ±SE. To better visualize detection density, kernel density 

estimation was performed using the stat_density_2d function in the ggplot2 package (Wickham 

2016). Maps overlaid with kernel density estimation were retrieved from Google (Google Maps 

2022) and generated using the ggmap package (Kahle & Wickham 2013). Migration speed plots 

were created using the ggplot2 package (Wickham 2016). 
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Results 

 

Migration routes  

During four field seasons that took place from May-August 2016-2019, I tagged 117 

adult Wood Thrushes and 60 (51%) of those were detected by the automated Motus system 

departing the study area during the onset of fall migration. Of these 60 birds, 33 were also 

detected outside of Ontario on their way to the wintering grounds in Central America. Most of 

these migrating birds (32 of 33) were detected at Motus towers located in the United States. 

Outside of the US, one was detected in Mexico and two in Belize. In total, birds were detected 

at 18 different Motus towers in the US (Table 2-1), one tower in Mexico, and one tower in 

Belize. Birds detected passing through the United States ranged from being detected by a single 

tower to as many as three towers with an average of 1.55 ± 0.13 towers/bird. Within the United 

States, birds were detected heading almost directly south from the study area, with all 

detections occurring between longitudes of -79.77 and -84.16.   

After removing birds tagged during 2019 that had an unknown survival outcome due to 

the possibility of faulty tags (n=5), I was left with 28 birds with apparent survival outcomes. Of 

these birds, 14 were detected returning to the study area the following year, while 14 were not, 

despite the large number of towers in the region. I produced separate kernel density plots for 

fall detections of birds that returned from migration (Fig 2-1) and those that did not (Fig 2-2). 

Birds that returned from migration had an average first US detection longitude of -80.74 ± 0.26, 

compared to -81.67 ± 0.64 for birds that did not return, however this difference was not 
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statistically significant (t-test t(17)=-1.33, p=0.20). At a latitude of 35⁰ N, this represents a 

difference of ~84km.  

 A total of 38 tagged Wood Thrushes were detected by the Motus system during spring 

migration, with 18 being detected passing through the United States, and the remaining birds 

only detected within Ontario. These 18 birds were detected at a total of 17 different United 

States towers (Table 2-2), with an average of 1.61 ± 0.18 towers/bird. Within the United States, 

five birds were detected along the northern Gulf of Mexico, with four detections occurring in 

Texas, and one in Louisiana (Fig 2-3). One bird may have travelled north through Florida, as 

evidenced by detections at two towers located in eastern Georgia. Birds were detected at a 

greater range of longitudes than fall migration, especially to the west, ranging from -95.83 to -

78.74. The five most southerly detections occurred farther west than any fall detection, 

indicating that most birds must travel in a northeasterly direction in spring while traversing 

through the United States.     

 

Migration speed 

 Fall migration speeds varied remarkably by individual. To estimate fall migration speed, I 

plotted the migration detections of each bird that was detected both departing the 

southwestern Ontario study area and at least once outside of Ontario (Fig 2-4a; n=30). During 

fall departure, many birds were detected at multiple Motus towers located within the study 

area so I treated the last detection within the study area as the first detection of fall migration 

and used the latitude of the southern edge of the study area (42.6⁰) N to represent this first 

migration detection of all birds. Travelling from the southern edge of the study area located at 
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approximately 42.6⁰ N, a total of five Wood Thrushes were detected crossing 35.20⁰ N in North 

Carolina, located ~844km to the south. The fastest bird departed Ontario on Sept 24 and 

arrived in North Carolina just over 32 hours later on Sept 25. The slowest bird took 21 days to 

cover the same distance, while the average timing was 12.4 ± 3.2 days. Five individuals were 

also detected crossing 30.09⁰ N in northern Florida, ~1424km from the study area. The fastest 

of these birds arrived 14 days after departing the study area, while the slowest two birds both 

took 20 days. On average, birds took 17.6 ± 1.3 days to make the journey to northern Florida. 

Three birds were detected reaching the tropics, with one covering the straight-line distance of 

~2580km to the Yucatan in Mexico in 29 days. The other two tropical detections occurred 

~2932km from the study area in Belize and the birds covered the distance in only 16 and 22 

days.  

 Much like fall migration, spring migration speed also varied greatly by individual. To 

visualize spring migration speed, I plotted the detections of every bird that was detected both 

arriving in the study area and at least once outside of Ontario (Fig 2-4b; n=15). During spring 

arrival, many birds were detected at multiple Motus towers located within the study area so I 

treated the first detection within the study area as the last detection of spring migration and 

used the latitude of the southern edge of the study area (42.6⁰) N to represent this last 

migration detection of all birds. Of the three birds detected in Texas, the two detected at High 

Island covered the ~1901km to the study area in 19 and 22 days. The third bird detected in 

Texas was farther to the west and covered the ~2021km to the study area in only 10 days. This 

bird was in Texas later (April 30) than those detected at High Island (April 21/April 22), yet 

arrived at the study area earlier (May 10) than the other two birds (May 11/May 13). The only 
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other bird detected on the Gulf coast that was also detected in the study area, was in Louisiana 

on Apr 26 and covered the ~1725km to the study area in only five days. The bird that was 

detected heading northward through eastern Georgia on April 26 reached the study area 10 

days later on May 6 after covering ~1274km. Two birds were detected crossing 35.20⁰ N in 

North Carolina, reaching the study area ~844km to the north, in two and eight days. These birds 

covered the same distance much faster than the fall average of 12.4 days. 
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Table 2-1. Number of Wood Thrushes detected at each Motus tower within the United States 

during fall migration (2016-2019). 

   

state tower latitude longitude detections 

Pennsylvania Presque Isle 42.1098 -80.1541 3 

 Lakeview 42.0628 -80.0168 3 

 Girard 41.9856 -80.3379 14 

 Stutchbury 41.7859 -79.9504 4 

 Butler 40.8906 -81.9337 1 

Ohio Kingsville 41.8376 -80.712 1 

 Cleveland 41.5423 -81.629 1 

 Honey Hut 41.4907 -81.9337 1 

 Columbus Zoo 40.1602 -83.1147 2 

 The Wilds 39.8298 -81.7327 2 

North Carolina Pisgah Astronomical 35.197 -82.8732 5 

Georgia Ossabaw Island 31.8406 -81.0883 1 

 DNR Headquarters 31.1229 -81.4776 1 

Florida Fort Clinch 30.6987 -81.4321 1 

 St Marks 30.088 -84.1628 5 

 Lower Suwanee 29.3725 -83.0443 1 

 Florida Panther 26.1872 -81.35 1 
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Table 2-2. Number of Wood Thrushes detected at each Motus tower within the United States 

during spring migration (2017-2020). 

 

state tower latitude longitude detections 

Louisiana Wisner 29.1230 -90.1605 1 

Texas San Bernard 29.1623 -95.8254 1 

 High Island 29.5622 -94.3904 3 

Georgia DNR Headquarters 31.1229 -81.4776 1 

 St Simons 31.2956 -81.3435 1 

North Carolina Pisgah Astronomical 35.197 -82.8732 3 

Ohio The Wilds 39.8298 -81.7327 2 

 Winous Point 41.4619 -82.9991 1 

 Honey Hut 41.4907 -81.9337 1 

 Geneva 41.8582 -80.9701 4 

Pennsylvania State Game Lands 40.0774 -78.7493 2 

 Ford Island 41.6367 -80.4228 1 

 Stutchbury 41.7859 -79.9504 2 

 Girard 41.9856 -80.3379 3 

 Lakeview 42.0628 -80.0168 1 

 Presque Isle 42.1098 -80.1541 1 

 North East 42.1755 -79.8394 1 
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Figure 2-1. 2D kernel density estimation of fall migration detections of Wood Thrushes (n = 14) 

that occurred south of Ontario during 2016-2019 that returned to the study area the 

following spring (apparent migration survival). 
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Figure 2-2. 2D kernel density estimation of fall migration detections of Wood Thrushes (n=14) 

that occurred outside of Ontario during 2016-2018 that did not return to the study area 

the following spring (and so were assumed to have not survived migration). 
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Figure 2-3. 2D kernel density estimation of spring migration detections of Wood Thrushes 

(n=18) that occurred outside of Ontario during 2017-2020.  

 



81 
 

 

Figure 2-4. Latitude plotted against date for all Wood Thrushes detected outside of Ontario 

during (a) fall migration 2016-2019 (n = 30) and (b) spring migration 2017-2020 (n = 15) 

that were also detected departing from or arriving to the study area in southwestern 

Ontario. Each colour represents an individual Wood Thrush. The uppermost dashed line 

represents the latitude of the study area (42.6⁰ N), the middle dashed line represents 

the latitude of Pisgah Astronomical in North Carolina (35.197⁰ N), and lower dashed line 

represents the latitude of St Marks in Florida (30.088⁰ N). 
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Discussion 

 

 To the best of my knowledge, this study is the first to use the Motus Wildlife Tracking 

System to compare migration routes of birds that returned from the migration and wintering 

periods of the annual cycle, with those that did not. I found no evidence that fall route of 

eventual returning birds differed from that of non-returning. While the relatively small sample 

size of this study does not allow for strong conclusions to be drawn regarding the role of 

migration route variation in annual mortality, it does provide evidence that Motus can be used 

for this purpose. Wood Thrushes are relatively large songbirds (~45-55g) and so can safely carry 

relatively heavy radio-tags that have a one year battery life. This also allowed me to tag adults 

at their breeding site, and use Motus to determine fall departure date and which birds returned 

the next spring. Other Motus studies have radio-tagged adults of unknown origin that are 

already on migration (e.g. Begin-Marchand et al. 2021).  

 There are a number of probabilities that must be considered when estimating apparent 

survival using the Motus system. When a tagged Wood Thrush is detected returning to the 

location it was tagged in the previous year, we can say definitively that it survived the wintering 

and migration periods. When a tagged Wood Thrush is not detected returning the following 

year, there are a number of possibilities to consider besides death. The first thing to consider is 

whether a tagged bird has survived but returned to a location other than southwestern Ontario.  

Adult Wood Thrushes are known for high site fidelity (Roth and Johnson 1993) and as expected, 

no bird tagged in this study was detected the following year far from the study area despite the 

relatively high Motus coverage around the Great Lakes. The next thing to consider is whether a 
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tag has failed. Aside from some issues with antenna breakage in 2019 (this year was excluded 

from annual survival analysis for this reason) only 2/288 (<1%) tags were confirmed to have 

failed after deployment on adult or juvenile (Sue Hayes PhD research) Wood Thrushes. Another 

possibility for error is if a tag falls off before it reaches the end of its deployment. To minimize 

the chances of this happening, harnesses were constructed out of heavy 2.5mm Teflon tubing 

and knots were reinforced with super glue. All tagged birds were tracked at least weekly using a 

manual telemetry receiver until late August of the year they were tagged, and there was no 

instance of a tag falling off. The last possibility to consider is that a Wood Thrush may escape 

detection by Motus. Extensive manual telemetry surveys and an aerial survey were conducted 

each year to validate Motus and only one of the 35 (3%) birds that were known to survive the 

migration and wintering periods was not detected by Motus. When all of these probabilities are 

combined, they suggest that Motus alone can produce apparent survival estimates with >95% 

confidence, and when supplemented with manual and aerial telemetry this number is likely 

even higher. 

Breeding adult Wood Thrushes that survived fall migration and returned to the breeding 

grounds the following year did not average a statistically different migration route than those 

that did not return. The relatively small number of migration detections in the US can be 

partially attributed to the lack of Motus coverage through large portions of the migration route 

in fall and spring (Fig 2-5a, 2-6; Stanley et al. 2015). A study of this type is expected to become 

increasingly feasible in the future as the coverage of Motus continues to grow (Fig 2-5b). During 

the years this study took place (2016-2020) the number of Motus towers in the eastern US 

within the longitudinal range of Wood Thrush fall migration (-85 to -79) grew steadily from only 
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45 in 2016, to 102 in 2019, reaching 128 towers operating in 2021. It is expected that a similar 

tagging effort today would yield a correspondingly higher number of detections.  

 

Migration route and speed 

I was also able to document strong individual variation in departure date, migration 

route and speed within the same breeding population of Wood Thrushes, which is a similar 

finding to studies using geolocators (Stutchbury et al. 2009; Stutchbury et al. 2011, Stanley et 

al. 2015) and archival GPS tags (Stanley et al. 2021).  Both geolocator and Motus tracking 

methods show that birds breeding in southwestern Ontario and northwestern Pennsylvania 

travel directly south after leaving the breeding site and that variation in longitude of route 

increases with distance from study site (Stanley et al. 2015; Stanley et al. 2021). While the 

Wood Thrush is one of the best-studied songbirds when it comes to geolocator tracking 

(Stanley et al. 2015) these devices are not well suited for detecting timing of fall departure and 

locations during early migration, something that only Motus can currently do. Geolocators 

determine latitude from estimated day length, and so have poor spatial accuracy during the 

weeks near the fall equinox when day length is similar everywhere, which is when Wood Thrush 

fall migration peaks. GPS tags must be pre-programmed to collect positions on a given date and 

so also cannot capture departure date. 

Despite the relatively small sample size, the results of this study provide evidence that 

variation in the continental migration route used by Wood Thrushes across the US may not be 

that important in determining survival. Fall migration generally proceeds at a slower rate than 

spring migration, with more time allocated to the use of stopover sites (Stutchbury et al. 2009). 



85 
 

More time allocated to stopovers means Wood Thrushes are expected to be in better energetic 

condition, and as a result, better equipped to deal with obstacles they may encounter. The 

eastern US is composed of a heterogeneous landscape of potential stopover sites, and it may 

be that the quality of a stopover site is more important than its broader geographic location. 

During migration, Stanley et al. (2021) found that Wood Thrushes exhibit much greater 

behavioural flexibility in terms of habitat selection, compared to the breeding and wintering 

seasons when they are on territories.  During stopovers they occupied a wider range of habitats 

(e.g. agricultural, wooded savannah). Future studies could use Motus to test how habitat 

quality at stopovers sites affects the timing and route of subsequent migration in fall and 

spring. 

It is not known where birds die during migration, but mortality risk is assumed to be 

high when crossing large bodies of water such as the Gulf of Mexico where there is no escape 

from sudden inclement weather or fatigue (Newton 2007; Ward et al. 2018; Drymon et al. 

2019). Wood Thrushes from the same breeding population increase their longitudinal variation 

as they travel south (Stanley et al. 2021), and it is possible that longitude immediately prior to 

the dangerous Gulf of Mexico crossing is most important to survival. In fall, geolocator tracking 

of surviving Wood Thrushes from southwestern Ontario and northwestern Pennsylvania has 

shown they either directly cross the Gulf of Mexico from northern Florida (~1000km), or travel 

south through Florida and cross to Cuba (~300km) before making the jump to Mexico (~270km) 

or Central America (~700km) (Fig 2-6; Stanley et al. 2015). With large differences in the amount 

of open water that must be crossed in continuous flight, variation in this portion of migration 

could be most important to determining survival outcomes. 
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 Migration speed varied by individual during spring and fall, but overall, migration speed 

during fall was slower than spring. This supports previous findings that stopover frequency and 

duration is variable based on the individual (Stutchbury et al. 2011), but stopovers account for 

less time during spring migration (Stutchbury et al. 2009). Maximum migration speeds were 

comparable to those recorded by geolocators (Stutchbury et al. 2009) with the fastest fall 

migrant reaching Florida in 14 days (~102km/day) and the fastest spring migrant reaching the 

study area from the Gulf coast in only 5 days (~345km/day). The fastest spring migration 

movement (average distance covered per 24 hour period) occurred when a Wood Thrush 

travelled ~844km from North Carolina to the study area in only 52 hours. The fastest single 

movement overall occurred during fall migration when a bird covered the same distance to 

North Carolina in only 32 hours. This speed exceeds daily travel speed of Wood Thrushes 

recorded during a geolocator study (Stutchbury et al. 2009), as well as the estimated daily flight 

performance in Catharus thrushes (Wikelski et al. 2003), and may represent the fastest 

recorded migration speed of a Wood Thrush.  

The main focus of my research was to look at the effect of breeding habitat quality on 

annual survival and migration timing in Wood Thrushes (Ch 2), therefore a study area with a 

high density of local Motus towers was chosen for this purpose. Despite this, a relatively low 

51% (60/117) of tagged birds were detected departing the study area, and only 27% (32/117) 

were detected at least once in the US, with 28 of those having apparent survival outcomes. 

There are a number of possibilities for why this was the case. Firstly, because my study area 

was chosen based on local Motus coverage, a study area selected for migration route coverage 

would offer more migration detections. Motus towers are not evenly dispersed across the 
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landscape (Fig 2-5), and most US detections occurred close to Lake Erie due to the relatively 

high density of towers there. A better location for a migration study might be northeastern 

Pennsylvania or south-central New York, to utilize the heavy Motus coverage that exists 

through Pennsylvania from the northwest to the southeast, continuing all the way to the 

Atlantic coast (Fig 2-5b). This high regional coverage would be expected to provide more 

migration detections, along with better estimates of initial migration bearing due to the larger 

distance between the tagging site and the towers; however, an array close to the tagging site 

would need to be erected to detect birds returning the following year. A large gap in coverage 

that exists along the western Gulf coast of Florida through to Louisiana would also need to be 

rectified for this study design to be effective.  

The lack of detections may also be attributed to the limitations of the Motus system 

itself. During breeding season, Wood Thrushes were rarely detected despite occupying 

breeding territories in relatively close proximity to towers (<2km). A study on stopover 

detection of songbirds highlights the necessity of clear line of sight for radio telemetry to be 

effective, finding that ground dwelling species would be sporadically detected up to ~1km away 

from a Motus tower, but had to be within 300m to record accurate temporal data through 

consistent detections (Crewe et al. 2019). Detections of Wood Thrushes initiating fall migration 

occurred after dark, generally at multiple towers, indicating the relatively high altitude needed 

to provide the clear line of sight needed between transmitter and receiver. Migration altitude 

has been found to be quite variable in Swainson’s Thrushes (Catharus ustulatus) with one 

individual flying below 100m for more than an hour, and another flying below 40m for almost 

two hours (Bowlin et al. 2015). If Wood Thrushes have similar variability in migration altitude, 
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some individuals may have been at a low enough altitude to prevent detection by Motus 

towers. Another possibility is that the projected detection range of 15km for Motus towers 

(Taylor et al. 2017) is more directional and variable than previously thought. Standard Motus 

towers make use of three 9-element antennas, which function best through a relatively narrow 

band in the direction they are pointing. This leaves large gaps in coverage around each tower, 

potentially providing opportunity for birds to fly past undetected. In addition to directional gaps 

in coverage, many of the towers in the study area are expected to have overlapping detection 

ranges if the 15km range estimate is accurate. Despite many towers in the study area being 

within 10km of each other, Wood Thrushes initiating migration were rarely detected by 

multiple towers simultaneously. The only two towers that somewhat regularly detected birds at 

the same time were located at Birds Canada headquarters and Long Point Bird Observatory’s 

Old Cut field station, only ~6km apart, and the most distant towers to simultaneously detect a 

bird were located ~15km from each other. Together, this suggests that the effective detection 

range of Motus towers for the models of tag used in this study is probably less then 4km, with 

inconsistent detections up to a maximum of ~8km.  

Along with another recent study (Begin-Marchand et al. 2020); this study acts as a proof 

of concept for comparing migration routes using the Motus network. Migration route 

differences between adult and hatch-year birds undertaking their first migration have been 

rarely studied and remain an unknown for most species of migratory songbirds. McKinnon et al. 

(2015) used geolocators to track spring migration in first-year birds (first northward migration) 

versus adults wintering in Belize and found that while first-year birds departed later from the 

tropics and travelled more slowly, they followed the same migration route across the Gulf of 
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Mexico; however, this comparison was based on survivors only. Motus has also been used for 

testing age differences in migration route and risk-taking. Brown and Taylor (2015) used Motus 

to track post-breeding juvenile and adult Blackpoll warblers (Setophaga striata) over short 

distances as they left an island breeding site. They found that adult and juvenile behaviour 

differed. Adults generally moved southwest across the Gulf of Maine and travelled down the 

New England coast before beginning their long non-stop open ocean crossing. Juveniles instead 

explored the regional landscape prior to migration but remained constrained by Nova Scotia’s 

shoreline, perhaps perceiving the overwater crossing to the New England coast as risky due to 

lacking prior knowledge of its distance. These differing strategies indicated that adults use 

information from previous migrations to alter their migration route, in this case shortening the 

distance of their non-stop open ocean crossing by initiating it farther south. A future study on 

Wood Thrushes could use Motus to compare the full fall and spring migration routes of adults 

and hatch year birds. Using Motus to look for age-specific migratory differences could help to 

further explain intraspecific variation seen in routes while simultaneously testing for predictors 

of survival in both age classes. 
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Figure 2-5. Growth of Motus network from (a) 2016 to (b) 2021 in the eastern US with 

individual towers represented by yellow points. 
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Figure 2-6. [Figure 2b, 2e, from Stanley et al. 2015] Estimated fall (blue) and spring (red) 

migration routes for Wood Thrushes that bred in (b, e) central east (gray shading, 

breeding and wintering range; solid circles, geolocator deployment sites; lines through 

top left blue circle, average location error from ground-truthing (McKinnon et al. 2013); 

dashed lines, migration movements where location is uncertain due to persistent 

shading or during fall or spring equinox when latitude cannot be resolved; pie charts, 

proportion of individuals in each breeding region making use of migration routes 

classified according to longitude along the U.S. Gulf coast; sample size appears beside 

pie chart). 
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Chapter 4: General Conclusion 
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In this study I used the new Motus Wildlife Tracking System (Taylor et al. 2017) to test 

predictions that could not be tested by any other existing tracking method. I tested for effects 

of forest fragmentation on fall migration timing of a migratory songbird for the first time ever 

(Ch 2.). I also compared, for the first time ever, the migration routes of songbirds that return 

from the migration and wintering periods, with those that do not (Ch 3.). Tracking devices used 

on small songbirds until this point had to be retrieved to recover data, due to their archival 

nature. Motus tags do not have to be recovered to retrieve data and thus have finally allowed 

for a host of new questions to be answered while at the same time filling in gaps in existing 

annual cycle research. Motus also has the capability to detect migration departure date and 

time of day which other technologies for songbirds cannot accomplish. 

 

Breeding season carry-over 

A key innovation of my study was deploying Motus tags with 1-year battery life on 

breeding birds to determine subsequent fall migration timing and annual return rates. Carry-

over effects relating to habitat quality on the wintering grounds were brought to the attention 

of the scientific community by Marra et al. (1998). Since that time, numerous studies have 

found evidence of wintering habitat quality having an impact on the following breeding season 

(Norris et al. 2004; Reudink et al. 2009; Rockwell et al. 2012; Drake et al. 2013; Rushing, Marra 

et al. 2016; Goodenough et al. 2017; Imlay et al. 2019; Lopez Calderon et al. 2019). Despite the 

attention that wintering ground carry-over has received and the recent calls for more focus on 

full annual cycle research (e.g. Marra et al. 2015), no study until this point has looked for carry-

over from breeding season habitat quality. In this dissertation, I was able to use Motus to 
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successfully record the timing of initiation of fall migration of Wood Thrushes with more 

accuracy than ever before. I did not find strong evidence for breeding season habitat carry-over 

despite good sample sizes and a measurement of a comprehensive suite of individual-level 

variables (body condition, timing of nesting, corticosterone, onset of fall migration).  

Additionally, the high temporal accuracy of migration timing data showed that female Wood 

Thrushes initiate fall migration earlier than males, previously unknown for this oft-studied 

species and the opposite of the findings of a recent meta-analysis on European songbirds that 

found male songbirds typically departed first during the fall (Briedis et al. 2019). 

Motus was able to provide precise data on the initiation of fall migration, but also 

provided better estimates of apparent survival compared to traditional mark and re-sight 

studies. Wood Thrushes are known to have high site fidelity, especially males (Roth and 

Johnson 1993), and extensive manual telemetry and an aerial telemetry survey during each 

year of the project, found that only 22/35 (63%) birds that survived the migration and wintering 

periods (detected by Motus) actually returned to their previous breeding fragments. Studies 

relying on mark and re-sight or even traditional radio-tag methods would have assumed that 

the remaining 13/35 (37%) did not survive migration. 

 

Migration tracking 

Migration is the most dangerous portion of the annual cycle in the lives of migratory 

birds (Sillett and Holmes 2002) so it makes sense that variation in migration routes between 

individuals could impact their probability of survival. Until this point, it has remained a necessity 

to recover archival tags to access data in order to discern migration routes. This means that 
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migration routes can only be determined for birds that survive the migration and wintering 

periods. Though the sample size is modest, I show that the Motus system can be used to map 

the migration route of birds that return from the wintering and migration periods in the same 

way as  traditional tracking devices, but can also map the routes of birds that do not return 

from the migration and wintering periods. Motus can effectively do away with the sampling 

bias introduced into all existing studies that collected data from only surviving individuals. One 

of the most important questions in ornithology today is “where do birds die?” and while the 

new space station ICARUS tracking system (Jetz et al. 2022) will eventually be able to answer 

this question when the system becomes fully operational and tags are small enough, until that 

point Motus may be the best option to identify general regions of the highest mortality during 

migration. 

 

Applications to future research 

While the habitat differences in my study population may not have been stark enough 

to produce strong carry-over effects (as supported by relative mass and initial CORT results in 

Ch 2), an experimental manipulation study could create a stronger gradient in habitat quality to 

induce carry-over. Within a single large forest fragment, an experimental group of birds could 

receive supplemental feeding (Podolsky et al. 2004) to artificially increase the quality of their 

habitat. If early migration is beneficial and migration timing is related to habitat quality, it is 

expected that birds in the experimental group should depart earlier for fall migration. To test if 

fall migration timing is instead related to timing constraints as a result of high nest predation 

and more nesting attempts, another experimental manipulation could be undertaken. Within a 
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large forest fragment, an experimental group of birds could have their breeding season ended 

prematurely through nest removal. If timing constraints as a result of prolonged breeding 

activities dictate fall migration dates, it is expected that the experimental group of birds should 

initiate fall migration earlier. 

Both main chapters of this dissertation represent predictions and methods that can be 

applied to countless other species of birds. The usage of Motus to look for the presence of 

breeding season carry-over paves the way for future research of this nature. Though breeding 

season habitat quality did not lead to discernable carry-over effects in Wood Thrushes, it 

remains a distinct possibility that it plays a role in other species. Areas with high regional Motus 

coverage provide opportunity to conduct this type of study successfully and long-life tags are 

now small enough to attach to many species of songbirds. The long-term decline of many 

migratory songbirds in North America has created an urgent need to use new technologies such 

as Motus to more thoroughly assess breeding habitat quality and migration threats.  

 

 

 

 

 

 

 

 

 

 

 

 



97 
 

Literature cited 

 

Akresh ME, King DI, Marra PP. 2019. Examining carry-over effects of winter habitat on breeding 

phenology and reproductive success in Prairie Warblers Setophaga discolor. J Avian Biol. 50(4): 

10.1111/jav.02025 

 

Ambuel B, Temple SA. 1982. Songbird populations in southern Wisconsin forests: 1954 and 

1979. J Field Ornithol. 53(2):149-158 

 

Ambuel B, Temple SA. 1983. Area-dependent changes in the bird communities and vegetation 

of southern Wisconsin forests. Ecology. 64(5):1057-1068  

 

Anders  AD, Faaborg J, Thompson III FR. 1998. Postfledging dispersal, habitat use, and 

home-range size of juvenile Wood Thrush. Auk. 115(2):349-358 

 

Angelier F, Holberton RL, Marra PP. 2009. Does stress response predict return rate in a 

migratory bird species? A study of American Redstarts and their non-breeding habitat. Proc R 

Soc B. 276(1672):3545-3551 

 

Angelier F, Tonra CM, Holberton RL, Marra PP. 2010. How to capture wild passerine species to 

study baseline corticosterone levels. J Ornithol. 151:415-422 

 

Angelier F, Weimerskirch H, Dano S, Chastel O. 2007. Age, experience and reproductive 

performance in a long-lived bird: a hormonal perspective. Behav Ecol Sociobiol. 61:611-621 

Arnold TW. 2010. Uninformative parameters and model selection using Akaike’s Information 

Criterion. J Wildl Manage. 74(6):1175-1178 

 

Askins RA, Philbrick MJ, Sugeno DS. 1987. Relationship between the regional abundance of 

forest and the composition of forest bird communities. Biol Conserv. 39(2):129-152 



98 
 

 

Askins RA. 1995. Hostile landscapes and the decline of migratory songbirds. Science. 

267(5206):1956-1957 

 

Austen MJW, Francis CM, Burke DM, Bradstreet MSW. 2001. Landscape context and 

fragmentation effects on forest birds in southern Ontario. Condor. 103(4):701-714 

Barton K. 2020. MuMIn: Multi-Model Inference. R package version 1.43.17. Available from 

https://CRAN.R-project.org/package=MuMIn 

 

Batary P, Baldi A. 2004. Evidence of an edge effect on avian nest success. Conserv Biol. 

18(2):389-400 

Bates D, Maechler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects models using lme4. J 

Stat Softw, 67(1):1-48  

 

Bearhop S, Hilton GM, Votier SC, Waldron S. 2004. Stable isotope ratios indicate that body 

condition in migrating passerines is influenced by winter habitat. Biol Lett. 271(suppl4):215-218 

 

Begin-Marchand C, Desrochers A, Taylor PD, Tremblay JA, Berrigan L, Frei B, Morales A, Mitchell 

GW. 2021. Spatial structure in migration routes maintained despite regional convergence 

among eastern populations of Swainson’s Thrushes. Mov Ecol. 9(1):10.1186/s40462-021-00263-

9 

 

Begin-Marchand C, Desrochers A, Trembley JA, Cote P. 2020. Comparing fall migration of three 

Catharus species using a radio-telemetry network. Anim Migr. 7(1):1-8 

 

Betts MG, Forbes GJ, Diamond AW, Taylor PD. 2006. Independent effects of fragmentation on 

forest songbirds: an organism-based approach. Ecol Appl. 16(3):1076-1089 

 



99 
 

Beziers P, Korner-Nievergelt F, Jenni L, Roulin A, Almasi B. 2020. Survival of adult barn owls is 

linked to corticosterone levels. J Evol Biol. 33(12):1689-1703 

 

Blake JG, Karr JR. 1984. Species composition of bird communities and the conservation benefit 

of large vs small forests. Biol Conserv. 30(2):173-187 

 

Bohning-Gaese K, Taper ML, Brown JH. 1993. Are declines in North American insectivorous 

songbirds due to causes on the breeding range? Conserv Biol. 7(1):76-86 

 

Bonier F, Martin PR, Moore IT, Wingfield JC. 2009. Do baseline glucocorticoids predict fitness? 

Trends Ecol Evol. 24(11):634-642 

 

Bonier F, Moore IT, Martin IT, Robertson RJ. 2009. The relationship between fitness and 

baseline glucocorticoids in a passerine bird. Gen Comp Endocrinol. 163(2):208-213 

 

Bowlin MS, Enstrom DA, Murphy BJ, Plaza E, Jurich P, Cochran J. 2015. Unexplained altitude 

changes in a migrating thrush: long-flight altitude data from radio-telemetry. Auk. 134(4):808-

816 

 

Breuner CW, Patterson SH, Hahn TP. 2008. In search of relationships between the acute 

adrenocortical response and fitness. Gen Comp Endocrinol. 157(3):288-295 

 

Breuner CW, Wingfield JC, Romero LM. 1999. Diel rhythms of basal and stress-induced 

corticosterone in a wild, seasonal vertebrate, Gambel’s White-crowned sparrow. J Exp Biol. 284: 

334-342 

 

Bridge ES, Thorup K, Bowlin MS, Chilson PB, Diehl RH, Fleron RW, Hartl P, Kays R, Kelly JF, 

Robinson D, et al. 2011. Technology on the move: recent and forthcoming innovations for 

tracking migratory birds. BioScience. 61(9):689-698  



100 
 

 

Briedis M, Krist M, Kral M, Voight CC, Adamik P. 2018. Linking events throughout the annual 

cycle in a migratory bird—non-breeding period buffers accumulation of carry-over effects. 

Behav Ecol Sociobiol. 72(6):10.1007/s00265-018-2509-3 

 

Brittingham MC, Temple SA. 1983. Have cowbirds caused forest songbirds to decline? 

Bioscience. 33(1):31-35 

 

Brown CR, Brown MB, Raouf SA, Smith LC, Wingfield JC. 2005. Effects of endogenous steroid 

hormone levels on annual survival in Cliff swallows. Ecology. 86(4):1034-1046 

 

Brown DR, TW Sherry. 2006. Food supply controls the body condition of a migrant bird 

wintering in the tropics. Oecologia. 149(1):22-32 

 

Brown JM, Taylor PD. 2015. Adult and hatch-year blackpoll warblers exhibit radically different 

regional-scale movements during post-fledging dispersal. Biol Lett. 11(12):2015059 

 

Buck CL, O’Reilly KM, Kildaw SD. 2007. Interannual variability of black-legged kittiwake 

productivity is reflected in baseline plasma corticosterone. Gen Comp Endocrinol. 150:430-436 

 

Burke DM, Nol E. 1998. Influence of food abundance, nest-site habitat, and forest 

fragmentation on breeding ovenbirds. Auk. 115(1):96-104  

 

Burke DM, Nol E. 2000. Landscape and fragment size effects on reproductive success of forest-

breeding birds in Ontario. Ecol Appl. 10(6):1749-1761 

 

Butler MW, Lepert LL, Dufty Jr AM. 2010. Effects of small increases in corticosterone levels on 

morphology, immune function, and feather development. Physiol Biochem Zool. 83(1):78-86 

 



101 
 

Catry P, Dias MP, Phillips RA, Granadeiro JP. 2013. Carry-over effects from breeding modulate 

the annual cycle of a long-distance migrant: an experimental demonstration. Ecology. 

94(6):1230-1235 

 

Chmura HE, Krause JS, Perez JH, Ramenofsky M, Wingfield JC. 2020. Autumn migratory 

departure is influenced by reproductive timing and weather in an Arctic passerine. J Ornithol. 

161:779-791 

 

Cirule D, Krama T, Krams R, Elferts D, Kaasik A, Rantala MJ, Mierauskas P, Luoto S, Krams IA. 

2017. Habitat quality affects stress responses and survival in a bird wintering under extremely 

low ambient temperatures. Sci Nat. 104(99):1-13 

 

Cline MH, Strong AM, Sillett TS, Rodenhouse NL, Holmes RT. 2013. Correlates and 

consequences of breeding dispersal in a migratory songbird. Auk. 130(4):742-752 

 

Clinchy M, Zanette L, Boonstra R, Wingfield JC, Smith JNM. 2004. Balancing food and predator 

pressure induces chronic stress in songbirds. Proc R Soc B. 271(1556):2473-2479 

 

Cooke SJ, Sack L, Franklin CE, Farrell AP, Beardall J, Wikelski M, Chown SL. 2013. What is 

conservation physiology? Perspectives on an increasingly integrated and essential science. 

Conserv Physiol. 1(1):1-23 

 

Cooper NW, Sherry TW, Marra PP. 2015. Experimental reduction of winter food decreases body 

condition and delays migration in a long-distance migratory bird. Ecology. 96(7):1933-1942 

 

COSEWIC. 2012. COSEWIC assessment and status report on the Wood Thrush Hylocichla 

mustelina in Canada. Committee on the Status of Endangered Wildlife in Canada. 

Ottawa. Ix + 46 pp. 

 



102 
 

Crewe TL, Crysler Z, Taylor P. 2020. Motus R book a walk through the use of R for Motus 

automated radio-telemetry data. Available from https://motus.org/MotusRBook/index.html 

 

Crewe TL, Deakin JE, Beauchamp AT, Morbey YE. 2019. Detection range of songbirds using a 

stopover site by automated radio telemetry. J Field Ornithol. 90(2):176-189 

 

Cristol DA, Johnson KM, Jenkins KD, Hawley DM. 2014. Timing of feather molt related to date of 

spring migration in male White-throated Sparrows Zonotrichia albicollis. J Exp Zool. 

321(10):586-594 

 

De Camargo RX, Boucher-Lalonde V, Currie DJ. 2018. At the landscape level, birds respond 

strongly to habitat amount but weakly to fragmentation. Divers Distrib. 24(5):629-639 

 

Desrochers DW, Reed JM, Awerman J, Kluge JA, Wilkinson J, van Griethuijsen LI, Aman J, 

Romero LM. 2009. Exogenous and endogenous corticosterone alter feather quality. Comp 

Biochem Physiol Part A Mol Integr Physiol. 152(1):46-52 

 

de Zwaan DR, Wilson S, Gow EA, Martin K. 2019. Sex-specific spatiotemporal variation and 

carry-over effects in a migratory alpine songbird. Front Ecol Evol. 7:10.3389/fevo.2019.00285  

 

Dhabhar FS and McEwen BS. 1997. Acute stress enhances while chronic stress suppresses cell-

mediated immunity in vitro: a potential role for leukocyte trafficking. Brain Behav Immun. 

11(4):286-306 

 

Diamond JM. 1975. The island dilemma: lessons of modern biogeographic studies for the design 

of natural reserves. Biol Conserv. 7(2):129-146 

 



103 
 

Dietz MS, Murdock CC, Romero LM, Ozgul A, Foufopoulos J. 2013. Distance to a road is 

associated with reproductive success and physiological stress response in a migratory landbird. 

Wilson J Ornithol. 125(1):50-61 

 

Donovan DM, Flather CH. 2002. Relationships among North American songbird trends, habitat 

fragmentation, and landscape occupancy. Ecol Appl. 12(2):364-374 

 

Donovan DM, Thompson III FR, Faaborg J, Probst JR. 1995. Reproductive success of migratory 

birds in habitat sources and sinks. Conserv Biol. 9(6):1380-1395 

 

Done T, Gow EA, Stutchbury BJM. 2011. CORT stress response and plasma metabolite levels 

during breeding and molt in a free-living migratory songbird, the Wood Thrush (Hylocichla 

mustelina). Gen Comp Endocrinol. 171(2):176-182 

 

Drake A, Rock C, Quinlan SP, Green DJ. 2013. Carry-over effects of winter habitat vary with age 

and sex in Yellow Warblers (Setophaga petechia). J Avian Biol. 44(4):10.1111/j.1600-

048X.2013.05828.x 

 

Drymon JM, Feldheim K, Fournier AMV, Seubert EA, Jefferson AE, Kroetz AM, Powers SP. 2019. 

Tiger sharks eat songbirds: scavenging a windfall of nutrients from the sky. Ecology. 

100(9):10.1002/ecy.2728 

 

Eng ML, Stutchbury BJM, Burke DM, Elliot KA. 2011. Influence of forest management on pre- 

and post-fledging productivity of a neotropical migratory songbird in a highly fragmented 

landscape. Can J For Res. 41(10):2009-2019 

 

Etterson MA, Greenberg R, Hollenhorst T. 2014. Landscape and regional context differentially 

affect nest parasitism and nest predation for Wood Thrush in central Virginia, USA. Condor. 

116(2):205-214 



104 
 

Evans M, Gow E, Roth RR, Johnson MS, and Underwood TJ. 2020. Wood Thrush (Hylocichla 

mustelina), version 1.0. In Birds of the World (A. F. Poole, Editor). Cornell Lab of Ornithology, 

Ithaca, NY, USA. 

 

Faaborg J, Holmes RT, Anders AD, Bildstein KL, Dugger KM, Gauthreaux SA, Heglund P, Hobson 

KA, Jahn AE, Johnson DH, et al. 2010. Conserving migratory land birds in the New World: do we 

know enough? Ecol Appl. 20(2):398-418 

 

Fahrig L. 2003. Effects of habitat fragmentation on biodiversity. Annu Rev Ecol Evol Syst. 

34:487-515 

 

Fahrig L. 2013. Rethinking patch size and isolation effects: the habitat amount hypothesis. J 

Biogeogr. 40(9):1649-1663 

 

Fahrig L. 2017. Ecological responses to habitat fragmentation per se. Ann Rev Ecol Evol Syst. 
48:1-23 
 

Fahrig L, Arroyo-Rodriguez V, Bennet JR, Boucher-Lalonde V, Cazetta E, Currie DJ, Eigenbrod F, 

Ford AT, Harrison SP, Jaeger JAG, et al. 2019. Is habitat fragmentation bad for biodiversity? Biol 

Conserv. 230:179-186 

 

Fahrig L. 2021. What the habitat amount hypothesis does and does not predict: a reply to 

Saura. J Biogeogr. 43: in press 

 

Fischer D, Marrotte RR, Chin EH, Coulson S, Burness G. 2020. Maternal glucocorticoid levels 

during incubation predict breeding success, but not reproductive investment, in a free-ranging 

bird. Biol Open. 9(10):bio045898 

 

Fletcher Jr RJ, Didham RK, Banks-Leite C, Barlow J, Ewers RM, Rosindell J, Holt RD, Gonzalez A, 

Pardini R, Damschen EI, et al. 2018. Is habitat fragmentation good for biodiversity? Biol 

Conserv. 226:9-15  



105 
 

 

Forman RTT, Galli AE, Leck CF. 1976. Forest size and avian diversity in New Jersey woodlots with 

some land use implications. Oecologia. 26(1):1-8 

 

Fraser GS, Stutchbury BJM. 2004. Area-sensitive forest birds move extensively among forest 

patches. Biol Conserv. 118(3):377-387 

 

Friesen L, Cadman MD, MacKay RJ. 1999. Nesting success of neotropical migrant songbirds in a 

highly fragmented landscape. Conserv Biol. 13(2):338-346 

 

Galli AE, Leck CF, Forman RTT. 1976. Avian distribution patterns in forest islands of different 

sizes in Central New Jersey. Auk. 93(2):356-364 

 

Gates JE, Gysel LW. 1978. Avian nest dispersion and fledging success in field-forest ecotones. 

Ecology. 59(5):871-883 

 

Gibbs JB, Faaborg J. 1990. Estimating the viability of ovenbird and Kentucky warbler populations 

in forest fragments. Conserv Biol. 4(2):193-196 

 

Gonzalez-Prieto AM, Hobson KA. 2013. Environmental conditions on wintering grounds and 

during migration influence spring nutritional condition and arrival phenology of Neotropical 

migrants at a northern stopover site. J Ornithol. 154(4):10.1007/s10336-013-0975-y 

 

Goodenough AE, Coker DG, Wood MJ, Rogers SL. 2017. Overwintering habitat links to summer 

reproductive success: intercontinental carry-over effects in a declining migratory bird revealed 

using stable isotope analysis. Bird Study. 64(4):1-12 

 

Google Maps. 2022. Satellite imagery map of United States 1:20000000. 



106 
 

Goutte A, Angelier F, Welcker J, Moe B, Clement-Chastel C, Gabrielsen GW, Bech C, Chastel O. 

2010. Long-term survival effect of corticosterone manipulation in black-legged kittiwakes. Gen 

Comp Endocrinol. 167:246-251 

 

Gow EA, Done TW, Stutchbury BJM. 2011. Radio-tags have no behavioral or physiological 

effects on a migratory songbird during breeding and molt. J Field Ornithol. 82(2):193-201 

 

Gow EA, Stutchbury BJM. 2013. Understanding sex differences in parental effort in a migratory 

songbird: examining a sex-specific trade-off between reproduction and molt. Condor. 

115(3):640-649 

 

Grunst ML, Rotenberry JT, Grunst AS. 2014. Variation in adrenocortical stress physiology and 

condition metrics within a heterogeneous urban environment in the Song Sparrow Melospiza 

melodia. J Avian Biol. 45(6):574-583 

 

Haas CA. 1998. Effects of prior nesting success on site fidelity and breeding dispersal: an 

experimental approach. Auk. 115(4):929-936 

 

Haddad NM, Brudvig LA, Clobert J, Davies KF, Gonzalez A, Holt RD, Lovejoy TE, Sexton JO, Austin 

MP, Collins CD, et al. 2015. Habitat fragmentation and its lasting impact on Earth’s ecosystems. 

Sci Adv. 1(2): 1-9 

 

Halworth MT, Marra PP. 2015. Miniaturized GPS tags identify non-breeding territories of a small 

breeding migratory songbird. Sci Rep. 5(1):11069 

 

Harris LD. 1988. Edge effects and the conservation of biotic diversity. Conserv Biol. 2(4):330-332 

 

Harrison XA, Blount JD, Inger R, Norris DR, Bearhop S. 2011. Carry-over effects as drivers of 

fitness differences in animals. J Anim Ecol. 80(1):4-18 



107 
 

 

Hartley MJ, Hunter Jr ML. 1998. A meta-analysis of forest cover, edge effects, and artificial nest 

predation rates. Conserv Biol. 12(2):465-469 

 

Henderson LJ, Evans NP, Heidinger BJ, Herborn KA, Arnold KE. 2017. Do glucocorticoids predict 

fitness? Linking environmental conditions, corticosterone and reproductive success in the Blue 

tit, Cyanistes caeruleus. Royal Soc Open Sci. 4(10): https://doi.org/10.1098/rsos.170875 

 

Hennin HL, Wells-Berlin AM, Love OP. 2016. Baseline glucocorticoids are drivers of body mass 

gain in a diving seabird. Ecol Evol. 6(6):1702-1711 

 

Hillstrom L. 1995. Body mass reduction during reproduction in the Pied flycatcher (Ficedula 

hypoleuca): physiological stress or adaptation for lowered costs of locomotion? Funct Ecol. 

9(6):807-817 

 

Holmes RT, Sherry TW. 1988. Assessing population trends of New Hampshire forest birds: local 

vs regional patterns. Auk. 105(4):756-768 

 

Hoover JP, Brittingham MC, Goodrich L J. 1995. Effects of forest patch size on nesting success of 

Wood Thrushes. Auk. 112(1): 146-155 

 

Hutto RL. 1988. Is tropical deforestation responsible for the reported declines in neotropical 

migrant populations? American Birds. 42(3):375-379 

 

Imlay TL, Angelier F, Hobson KA, Mastromonaco GF. 2019. Multiple intrinsic markers identify 

carry-over effects from wintering to breeding sites for three Nearctic-Neotropical migrant 

swallows. Auk. 136(4):1-15 

 



108 
 

Imlay TL, Mann HAR, Taylor PD. 2021. Autumn migratory timing and pace are driven by 

breeding season carryover effects. Anim Behav. 177(7):207-214 

 

Jaatinen K, Seltmann MW, Hollmen T, Atkinson S, Mashburn K, Ost M. 2013. Context 

dependency of baseline glucocorticoids as indicators of individual quality in a capital breeder. 

Gen Comp Endocrinol. 191:231-238 

 

Jenni-Eiermann S, Helfenstein F, Vallet A, Glauser G, Jenni L. 2015. Corticosterone: effects on 

feather quality and deposition into feathers. Methods Ecol Evol. 6(2):237-246 

 

Johnson RK, Roth RR, Paul Jr. JT. 1990. Mass variation in breeding Wood Thrushes. Condor. 

92(1):89-9 

 

Kaiser SA, Lindell C. 2007. Effects of distance to edge and edge type on nestling growth and nest 

survival in the Wood Thrush. Condor. 109(2):288-303 

 

Kahle D, Wickham H. 2013. ggmap: Spatial visualization with ggplot2. R J. 5(1), 144-161. 

 

Kapos V. 1989. Effects of isolation on the water status of forest patches in the Brazilian Amazon. 

J Trop Ecol. 5(2): 173-185 

Kassambara A and Mundt F. 2020. factoextra: Extract and visualize the results of multivariate 

data analyses. R package version 1.0.7. Available from https://CRAN.R-

project.org/package=factoextra 

 

Kitaysky AS, Piatt JF, Wingfield JC. 2007. Stress hormones link food availability and population 

processes in seabirds. Mar Ecol Prog Ser. 352:245-258 

 

Klein BC. 1989. Effects of forest fragmentation on dung and carrion beetle communities in 

central Amazonia. Ecology 70(6):1715-1725 



109 
 

 

Lampila P, Monkkonen M, Desrochers A. 2005. Demographic responses by birds to forest 

fragmentation. Conserv Biol. 19(5):1537-1546 

 

Latta SC, Cabezas S, Mejia DA, Paulino MM, Almonte H, Miller-Butterworth CM, Bortolotti GR. 

2016. Carry-over effects provide linkages across the annual cycle of a Neotropical migratory 

bird, the Louisiana waterthrush, Parkesia motacilla. Ibis. 158(2):395-406 

 

Latta SC, Faaborg J. 2001. Winter site fidelity of Prairie warblers in the Dominican Republic. 

Condor. 103(3):455-468 

 

Lendvai AZ, Giraudeau M, Chastel O. 2007. Reproduction and modulation of the stress 

response: an experimental test in the house sparrow. Proc R Soc B. 274(1608):391-397 

 

Leshyk R, Nol E, Burke DM, Burness G. 2012. Logging affects fledgling sex ratios and baseline 

corticosterone in a forest songbird. PLoS One. 7(3): e33124 

 

Long Point Region Conservation Authority (LPRCA). 2019. Forest management plan 2020-2039. 

Available from https://lprca.ca/wp-content/uploads/2020/11/LPRCA-FMP-FINAL_Public.pdf 

 

Loss SR, Will T, Loss SS, Marra PP. 2014. Bird-building collisions in the United States: estimates 

of annual mortality and species vulnerability. Condor. 116(1):8-23 

 

Lynch JF, Whigham DF. 1984. Effects of forest fragmentation on breeding bird communities in 

Maryland, USA. Biol Conserv. 28(4):287-324 

 

MacArthur RH and Wilson EO. 1967. The theory of island biogeography. New Jersey (NJ): 

Princeton University Press. 

 



110 
 

MacDougall-Shackleton SA, Dindia L, Newman AEM, Potvin DA, Stewart KA, MacDougall-

Shackleton EA. 2009. Stress, song and survival in sparrows. Biol Lett. 5(6):746-748 

 

MacKenzie SA and Taylor PD. 2014. Tracking birds at continental scales: the Motus wildlife 

tracking system. Birdwatch Canada. http://www.birdscanada.org/download/BWCfa14.pdf 

 

Madlinger CL, Love OP. 2016a. Do baseline glucocorticoids simultaneously represent fitness and 

environmental quality in a declining aerial insectivore? Oikos. 125(12):1824-1837 

 

Madlinger CL, Love OP. 2016b. Employing individual measures of baseline glucocorticoids as 

population-level conservation biomarkers: considering within-individual variation in a breeding 

passerine. Conserv Physiol. 4(1):10.1093/conphys/cow048 

 

Mancke RG, Gavin TA. 2000. Breeding bird density in woodlots: effects of depth and buildings at 

the edges. Ecol Appl. 10(2):598-611  

 

Marra PP, Cohen EB, Loss SR, Rutter JE, Tonra CM. 2015. A call for full annual cycle research in 

animal ecology. Biol Lett. 11(8):10.1098/rsbl.2015.0552 

 

Marra PP, Hobson KA, Holmes R T. 1998. Linking winter and summer events in a migratory bird 

by using stable-carbon isotopes. Science. 282(5395):1884-1886 

 

Marra PP, Holberton RL. 1998. Corticosterone levels as indicators of habitat quality: effects of 

habitat segregation in a migratory bird during the non-breeding season. Oecologia. 116:284-

292 

 

McEwen BS. 1999. Stress and the aging hippocampus. Front Neuroendocrinol. 20(1):49-70 

 

http://dx.doi.org/10.1093/conphys/cow048
http://dx.doi.org/10.1098/rsbl.2015.0552


111 
 

McEwen BS and Sapolsky RM. 1995. Stress and cognitive function. Curr Opin Neurobiol. 

5(2):205-216 

 

McEwen BS and Wingfield JC. 2003. The concept of allostasis in biology and biomedicine. Horm 

Behav. 43(1):2-15 

 

McKinnon EA, Stanley CQ, Fraser KC, MacPherson MP, Casbourn G, Marra PP, Studds CE, Diggs 

N, Stutchbury BJM. 2013. Estimating geolocator accuracy for a migratory songbird using live 

ground-truthing in a tropical forest. Anim Migr. 1:31-38 

 

McKinnon EA, Stanley CQ, Stutchbury BJM. 2015. Carry-over effects of nonbreeding habitat on 

start-to-finish spring migration performance of a songbird. PloS One. 

1:10.1371/journal.pone.0141580 

 

Mehlman DW, Mabey SE, Ewert DN, Duncan C, Abel B, Cimprich D, Sutter RD, Woodrey M. 

2005. Conserving stopover sites for forest-dwelling migratory landbirds. Auk. 122(4):1281-1290 

 

Mills AM. 2005. Protogyny in autumn migration: do male birds play “chicken”? Auk. 122(1):71-

81 

 

Mitchell GW, Newman AEM, Wikelski M, Norris DR. 2012. Timing of breeding carries over to 

influence migratory departure in a songbird: an automated radiotracking study. J Anim Ecol. 

81(5):1024-1033 

 

Moller AP, Hobson KA. 2004. Heterogeneity in stable isotope profiles predicts coexistence of 

population of Barn Swallows Hirundo rustica differing in morphology and reproductive 

performance. Proc R Soc B. 271(1546):1355-1362 

 



112 
 

Morbey YE, Ydenberg RC. 2001. Protandrous arrival timing to breeding areas: a review. 2001. 

Ecol Lett. 4(6):663-673 

 

Morris DL, Faaborg J, Washburn BE, Millspaugh JJ. 2015. Predator-induced renesting and 

reproductive effort in indigo buntings: more work for less pay? Conserv Physiol. 3(1):1-16 

 

Muller C, Jenni-Eiermann S, Blondel J, Perret P, Caro SP, Lambrechts MM, Jenni L. 2007. 

Circulating corticosterone levels in breeding blue tits Parus caeruleus differ between island and 

mainland populations and between habitats. Gen Comp Endocrinol. 154(1-3):128-136 

 

Murcia C. 1995. Edge effects in fragmented forests: implications for conservation. Trends Ecol 

Evol. 10(2):58-62 

 

Norris DR, Marra PP, Kyser TK, Sherry TW, Ratcliffe LM. 2004. Tropical winter habitat limits 

reproductive success on the temperate breeding grounds in a migratory bird. Proc R Soc B. 

271(1534):59-64 

 

Nour N, Matthysen E, Dhondt AA. 1993. Artificial nest predation and habitat fragmentation: 

different trends in bird and mammal predators. Ecography. 16(2):111-116 

 

Newton I. 2007. Weather-related mass-mortality events in migrants. Ibis. 149(3):453-467 

 

Parker TH, Stansberry BM, Becker CD, Gipson PS. 2005. Edge and area effects on the occurrence 

of migratory songbirds. Conserv Biol. 19(4):1157-1167 

 

Patterson SH, Hahn TP, Cornelius JM, Breuner CW. 2014. Natural selection and glucocorticoid 

physiology. J Evol Biol. 27(2):259-274 

 



113 
 

Paxton KL, Cohen EB, Paxton EH, Nemeth Z, Moore FR. 2014. El Nino-southern oscillation is 

linked to decreased energetic condition in long-distance migrants. PLoS One. 9(5):e95383 

 

Paxton KL, Moore FR. 2015. Carry-over effects of winter habitat quality on en route timing and 

condition of a migratory passerine during spring migration. J Avian Biol. 46(5):495-506 

 

Porneluzi P, Bednarz JC, Goodrich LJ, Zawada N, Hoover J. 1993. Reproductive performance of 

territorial ovenbirds occupying forest fragments and a contiguous forest in Pennsylvania. 

Conserv Biol. 7(3):618-622 

 

Porneluzi PA, Faaborg J. 1999. Season-long fecundity, survival, and viability of ovenbirds in 

fragmented and unfragmented landscapes. Conserv Biol. 13(5):1151-1161 

 

Pulliam HR. 1988. Sources, sinks, and population regulation. Am Nat. 132(5):652-661 

 

Quirici V, Botero-Delgadillo E, Gonzalez-Gomez PL, Espindola-Hernandez P, Zambrano B, Cuevas 

E, Wingfield JC, Vasquez RA. 2021. Gen Comp Endocrinol. 300:113635 

 

R Core Team. 2020. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. Available from https://www.R-project.org/ 

 

Rappole JH, Ramos MA, Winker K. 1989. Wintering Wood Thrush movements and mortality in 

Southern Veracruz. Auk. 106(3):402-410 

 

Rappole JH, Tipton AR. 1991. New harness design for attachment of radio transmitters to small 

passerines. J Field Ornithol. 62(3): 335-337 

 

Reudink MW, Marra PP, Kyser TK, Boag PT, Langin KM, Ratcliffe LM. 2009. Non-breeding season 

events influence sexual selection in a long-distance migratory bird. Proc R Soc B. 

276(1662):1619-1626 



114 
 

 

Rivers JW, Liebl AL, Martin LB, Betts MG. 2014. Corticosterone in territorial male Swainson’s 

thrushes varies in relation to forest age but not vegetation cover. J Ornithol. 155:539-548  

 

Robbins CS, Dawson DK, Dowell BA. 1989. Habitat area requirements of breeding forest birds of 

the middle Atlantic States. Wildl Monogr. 103:3-34 

 

Robbins CS, Sauer JR, Greenberg RS, Droege S. 1989. Population declines in North American 

birds that migrate to the neotropics. Proc Natl Acad Sci USA. 86(19):7658-7662 

 

Roberts ML, Buchanan KL, Hasselquist D, Evans MR. 2007. Effects of testosterone and 

corticosterone on immunocompetence in the zebra finch. Horm Behav. 51(1):126-134 

 

Robinson SK, Thompson III FR, Donovan TM, Whitehead DR, Faaborg J. 1995. Regional forest 

fragmentation and the nesting success of migratory birds. Science. 267(5206):1987-1990 

 

Rockwell SM, Bocetti CI, Marra PP. 2012. Carry-over effects of winter climate on spring arrival 

date and reproductive success in an endangered migratory bird, Kirtland’s Warbler (Setophaga 

kirtlandii). Auk. 129(4):744-752 

 

Rushing CS, Marra PP, Dudash MR. 2016. Winter habitat quality but not long-distance dispersal 

influences apparent reproductive success in a migratory bird. Ecology. 97(5):1218-1227 

 

Rushing CS, Ryder TB, Marra PP. 2016. Quantifying drivers of population dynamics for a 

migratory bird throughout the annual cycle. Proc R Soc B. 283(1823):10.1098/rspb.2015.2846 

 

Saino N, Ambrosini R, Caprioli M, Romano A, Romano M, Rubolini D, Scandolara C, Liechti F. 

2017. Sex-dependent carry-over effects on timing of reproduction and fecundity of a migratory 

bird. 86(2):239-249 

http://dx.doi.org/10.1098/rspb.2015.2846


115 
 

 

Saino N, Romano M, Ferrari RP, Martinelli R, Moller AP. 2005. Stressed mothers lay eggs with 

high CORT levels which produce low-quality offspring. J Exp Zool. 2005. 303(11):998-1006 

 

Saino N, Rubolini D, Ambrosini R, Romano M, Scandolara C, Fairhurst GD, Caprioli M, Romano A, 

Sicurella B, Liechti F. 2015. Light-level geolocators reveal covariation between winter plumage 

molt and phenology in a trans-Saharan migratory bird. Oecologia. 178(4):1105-1112 

 

Saino N, Suffritti C, Martinelli R, Rubolini D, Moller AP. 2003. Immune response covaries with 

CORT plasma levels under experimentally stressful conditions in nestling barn swallows 

(Hirundo rustica). Behav Ecol. 14(3):318-325 

 

Saino N, Szep T, Ambrosini R, Romano M, Moller AP. 2004. Ecological conditions during winter 

affect sexual selection and breeding in a migratory bird. Proc R Soc B. 271(1540):681-686 

 

Sapolsky RM, Romero M, Munck AU. 2000. How do glucocorticoids influence stress responses? 

Integrating permissive, suppressive, stimulatory and preparative actions. Endocr Rev. 21(1)55-

89 

 

Saunders DA, Hobbs RJ, Margules CR. 1991. Biological consequences of ecosystem 

fragmentation: a review. Con Bio. 5(1):18-32 

 

Saura S. 2021. The habitat amount hypothesis implies negative effects of habitat fragmentation 

on species richness. J Biogeogr. 48(1):11-22 

 

Schoech SJ, Bowman R, Reynolds SJ. 2004. Food supplementation and possible mechanisms 

underlying early breeding in the Florida Scrub-Jay (Aphelocoma coerulescens). Horm Behav. 

46(5):565-573 

 



116 
 

Schoech SJ, Rensel MA, Bridge ES, Boughton RK, Wilcoxen TE. 2009. Environment, 

glucocortinoids, and the timing of reproduction. Gen Comp Endocrinol. 163:201-207 

 

Schoenle LA, Zimmer C, Vitousek MN, 2018. Understanding context dependence in 

glucocorticoid-fitness relationships: the role of the nature of the challenge, the intensity and 

frequency of stressors, and life history. Integr Comp Biol. 58(4):777-789 

 

Sheriff MJ, Dantzer B, Delehanty B, Palme R, Boonstra R. 2011. Measuring stress in wildlife: 

techniques for quantifying glucocorticoids. Oecologia. 166(4):869-887 

 

Sillett ST, Holmes RT. 2002. Variation in survivorship of a migratory songbird throughout its 

annual cycle. J Anim Ecol. 71(2):296-308 

 

Smetzer JR, King DI, Taylor PH. 2017. Fall migratory departure decisions and routes of blackpoll 

warblers Setophaga striata and red-eyed vireos Vireo olivaceous at a coastal barrier in the Gulf 

of Maine. J Avian Biol. 48(11):1451-1461 

 

Smith AC, Fahrig L, Francis CM. 2011. Landscape size affects the relative importance of habitat 

amount, habitat fragmentation, and matrix quality on forest birds. Ecography. 34(1):103-113 

 

Soursa P, Huhta E, Nikula A, Nikinmaa M, Jantii A, Helle H, Hakkarainen H. 2003. Forest 

management is associated with physiological stress in an old growth forest passerine. Proc Biol 

Sci. 270(1518):963-969 

 

Stanley CQ, Dudash MR, Ryder TB, Shriver WG, Marra PP. 2021. Variable tropical moisture and 

food availability underlie mixed winter space-use strategies in a migratory songbird. Proc R Soc 

B. 288(1955):20211220 

 



117 
 

Stanley CQ, McKinnon EA, Fraser KC, MacPherson MP, Casbourn G, Friesen L, Marra PP, Studds, 

C, Ryder TB, Diggs NE, et al. 2015. Connectivity of Wood Thrush breeding, wintering, and 

migration sites based on range-wide tracking. Conserv Biol. 29(1):164-174 

 

Studds CE, Marra PP. 2005. Nonbreeding habitat occupancy and population processes: an 

upgrade experiment with a migratory bird. Ecology. 86(9):2380-2385 

 

Stutchbury BJM, Gow EA, Done T, MacPherson M, Fox JW, Afanasyev V.  2011. Effects of post-

breeding molt and energetic condition on timing of songbird migration into the tropics. Proc R 

Soc B. 278(1702):131-137 

 

Stutchbury BJM, Tarof SA, Done T, Gow E, Kramer PM, Tautin J, Fox JW, Afanasyev V. 2009. 

Tracking long-distance songbird migration by using geolocators. Science. 323(5916):896 

 

Taylor PD, Crewe TL, Mackenzie SA, Lepage D, Aubry Y, Crysler Z, Finney G, Francis CM, 

Guglielmo CM, Hamilton DJ, et al. 2017. The Motus Wildlife Tracking System: a collaborative 

research network to enhance the understanding of wildlife movement. Avian Conserv 

Ecol 12(1):8 

 

Taylor CM, Stutchbury BJM. 2016. Effects of breeding versus winter habitat loss and 

fragmentation on the population dynamics of a migratory songbird. Ecol Appl. 26(2):424-437 

 

Tittler R, Fahrig L, Villard M. 2006. Evidence of large-scale source-sink dynamics and long 

distance dispersal among Wood Thrush populations. Ecology. 87(12):3029-3036 

 

Torrenta R, Villard A. 2017. A test of the habitat amount hypothesis as an explanation for the 

species richness of forest bird assemblages. J Biogeogr. 44(8):1791-1801 

 



118 
 

Trine CL. 1998. Wood Thrush population sinks and implications for the scale of regional 

conservation strategies. Conserv Biol. 12(3):576-585 

 

Vagasi CI, Patras L, Pap PL, Vincze O, Muresan C, Nemeth J, Lendvai AZ. 2018. Experimental 

increase in baseline corticosterone level reduces oxidative damage and enhances innate 

immune response. PLoS One. 13(2):e0192701 

 

Vagasi CI, Toth Z, Penzes J, Pap PL, Ouyang JQ, Lendvai AZ. 2020. The relationship between 

hormones, glucose, and oxidative damage is condition and stress dependent in a free-living 

passerine bird. Physiol Biochem Zool. 93(6):466-476 

 

Van Horn MA, Gentry RM, Faaborg J. 1995. Patterns of ovenbird (Seiurus aurocapillus) pairing 

success in Missouri forest tracts. Auk. 112(1):98-106 

 

Vardanis Y, Klaassen RHG, Strandberg R, Alerstam T. 2011. Individuality in bird migration: routes 

and timing. Biol Lett. 7(4):502-505 

 

Vega Rivera JH, Rappole JH, McShea WJ, Haas CA. 1998. Wood Thrush postfledging 

movements and habitat use in northern Virginia. Condor. 100(1):69-78 

 

Vega Rivera JH, McShea WJ, Rappole JH, Haas CA. 1999. Postbreeding movements and habitat 

use of adult Wood Thrushes in northern Virginia. Auk. 116(2):458-466 

 

Villard M, Martin PR, Drummond CG. 1993. Habitat fragmentation and pairing success in the 

ovenbird (Seiurus aurocapillus). Auk. 110(4):759-768   

 

Wagner RH. 1998. Hidden leks: sexual selection and the clustering of avian territories. Ornithol 

Monogr. 49:123-145 

 



119 
 

Ward WP, Benson TJ, Deppe J, Zenzal TJ, Diehl RH, Celis-Murillo A, Bolus R, Moore FR. 2018. 

Estimating apparent survival of songbirds crossing the Gulf of Mexico during autumn migration. 

Proc R Soc B. 285(1889):1-9 

 

Wasser SK, Bevis K, King G, Hanson E. 1997. Noninvasive physiological measures of disturbance 

in the northern spotted owl. Conserv Biol. 11(4):1019-1022 

 

Webster MS, Marra PP, Haig SM, Bensch S, Holmes RT. 2002. Links between worlds: unravelling 

migratory connectivity. Trends Ecol Evol. 17(2):76-83 

 

Weinberg HJ and Roth RR. 1998. Forest area and habitat quality for nesting Wood Thrushes. 

Auk. 115(4):879-889 

 

Wikelski M, Tarlow EM, Raim A, Diehl RH, Larkin RP, Visser GH. 2003. Costs of migration in free-

flying songbirds. Nature. 423(6941):704 

 

Wickham H. 2016. ggplot2: Elegant graphics for data analysis. Springer-Verlag New York, 2016. 

 

Wilcove DS. 1985. Nest predation in forest tracts and the decline of migratory songbirds. 

Ecology. 66(4):1211-1214 

 

Williams CT, Kitaysky AS, Kettle AB, CL Buck. 2008. Corticosterone levels of tufted puffins vary 

with breeding stage, body condition index, and reproductive performance. Gen Comp 

Endocrinol. 158:29-35 

 

Wingfield JC, Deviche P, Sharbaugh S, Astheimer SB, Holberton R, Suydam R, Hunt K. 1994. 

Seasonal changes of the adrenocortical responses to stress in redpolls, Acanthis flammea, in 

Alaska. J Exp Zool. 270(4):372-380 

 



120 
 

Wingfield JC, Maney DL, Breuner CW, Jacobs JD, Lynn S, Ramenofsky M, Richardson RD. 1998. 

Ecological bases of hormone-behavior interactions: the emergency life history stage. Am Zool. 

38(1):191-206 

 

Wingfield JC, O’Reilly KM, Astheimer LB. 1995. Modulation of the adrenocortical responses to 

acute stress in Arctic birds: a possible ecological basis. Amer Zool. 35(3):285-294 

 

Wingfield JC,  Ramenofsky M. 1997. Corticosterone and facultative dispersal in response to 

unpredictable events. Ardea. 85(1):155-166 

 

Wingfield JC, Sapolsky R. 2003. Reproduction and resistance to stress: when and how. J 

Endocrinol. 15(8):711-724 

 

Wingfield JC, Vleck CM, Moore MC. 1992. Seasonal changes of the adrenocortical response to 

stress in birds of the Sonoran desert. J Exp Zool. 264(4):419-428 

 

Wood HB. 1945. The history of bird banding. Auk. 62(2):256-265 

 

Yahner RH, Scott DP. 1988. Effects of forest fragmentation on depredation of artificial nests. J 

Wildl Manage. 52(1):158-161 

 

Zanette L, Jenkins B. 2000. Nesting success and nest predators in forest fragments: a study 

using real and artificial nests. Auk. 117(2):445-454 

 

Zhang S, Lei F, Liu S, Li D, Chen C, Wang P. 2011. Variation in baseline corticosterone levels of 

Tree Sparrow (Passer montanus) populations along an urban gradient in Beijing, China. J 

Ornithol. 152:801-806 

 



121 
 

Zuckerberg B, Porter WF. 2010. Thresholds in the long term responses of breeding birds to 

forest cover and fragmentation. Biol Conserv. 143(4):952-962 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



122 
 

Appendix A: Chapter 2 supplementary tables and figures 
 
 
Table A-1. Study site names, locations, size, and matrix type 
 
site name latitude longitude area matrix type 

L1 42.67090 -80.48804 268.7 agricultural 

L2 42.66671 -80.63913 216.4 agricultural 

L3 42.62936 -80.55369 499.1 agricultural 

L4 42.72581 -80.42808 174 agricultural 

L5 42.70658 -80.47160 445 agricultural 

L6 42.80377 -80.37985 260 agricultural 

L7 42.69865 -80.41948 189.7 agricultural 

L8 42.76279 -80.40671 282.9 agricultural 

L9 42.72608 -80.32347 435.7 agricultural 

L10 42.77422 -80.45275 162 agricultural 

S1 42.68382 -80.46928 30.8 agricultural 

S2 42.68118 -80.61204 58 agricultural 

S3 42.70787 -80.54124 41.4 agricultural 

S6 42.79659 -80.36841 17.8 agricultural 

S7 42.72217 -80.39825 50.4 agricultural 

S8 42.75198 -80.37084 16.4 agricultural 

S9 42.72637 -80.38569 16.7 agricultural 

S10 42.80767 -80.42739 20.1 agricultural 

S11 42.67640 -80.53821 68.8 agricultural 

S12 42.75679 -80.56745 46.2 agricultural 

S13 42.77404 -80.58011 45.4 agricultural 
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Table A-2. Results of AICc selection of gamma distribution generalized linear mixed models 

testing the influence of total number of young fledged on female fall migration (n=24) of 

birds tagged during 2018 and 2019, including year as a random effect. 

 
model LL n K AICc Δ_AICc weight 

fragment size -65.98 24 4 142.1 0.00 0.31 

fragment size + fledglings -64.52 24 5 142.4 0.30 0.27 

fragment size + relative mass -65.75 24 5 144.8 2.77 0.08 

fragment size + fledglings + 
relative mass 

-63.99 24 6 144.9 2.84 0.08 

fragment size + age -65.91 24 5 145.1 3.08 0.07 

intercept -69.08 24 3 145.3 3.28 0.06 

fragment size + fledglings + age -64.49 24 6 145.9 3.84 0.05 

fledglings -68.60 24 4 147.3 5.24 0.02 

fragment size + relative mass + 
age 

-65.58 24 6 148.1 6.02 0.02 

relative mass -69.07 24 4 148.2 6.17 0.01 

age  -69.08 24 4 148.3 6.19 0.01 

fragment size + fledglings + 
relative mass + age 

-63.76 24 7 148.5 6.45 0.01 

fledglings + relative mass -68.57 24 5 150.5 8.41 0.01 

fledglings + age -68.60 24 5 150.5 8.46 0.01 

relative mass + age -69.07 24 5 151.5 9.40 0.00 

fledglings + relative mass + age -68.58 24 6 154.1 12.02 0.00 
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Table A-3. Coefficient estimates for Δ AICc <2 models that are also >2 AICc better than 

intercept-only model for female fall migration by young fledged (Table A-2); coefficients 

appearing in multiple supported models are averaged. 

 
dependent 

variable 
coefficient estimate s.e. t-value p-value 2.5% 97.5% 

fall migration  intercept 5.59 7.04e-3 793.55 <0.001 5.57 5.60 

 fragment size 6.41e-5 2.38e-5 2.69 0.004** 1.75e-5 1.11e-4 

 young fledged 9.20e-4 1.29e-3 7.15e-1 0.24 -1.60e-3 3.44-3 
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Figure A-1. Principle components analysis of habitat variables relationship with fragment size. 
 
 
 
 
 
 

 

Figure A-2. Number of young fledged was included in the top models for female fall departure 

date of large fragment (n = 10; closed symbols, solid line) and small fragment (n = 14; 

open symbols, dashed line) Wood Thrushes, but was not a significant predictor.  


