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Abstract 

Populations of birds that feed on flying insects (i.e., aerial insectivores) have been 

declining for several decades in North America, yet the cause of these declines is poorly 

understood. Among aerial insectivores, Eastern Whip-poor-will (Antrostomus vociferus; “Whip-

poor-will”) populations have declined across their breeding range since at least the late 1960s, 

and breeding habitat loss is thought to be a primary cause. Here we test this hypothesis using 

data from the North American Breeding Bird Survey — the same data that were used to 

document long-term Whip-poor-will population declines in Canada. If breeding habitat loss 

contributed to the observed Whip-poor-will population declines, then we predicted that changes 

in breeding habitat cover would, in part, explain changes in Whip-poor-will occurrence at precise 

survey locations. We used aerial photographs and satellite imagery to measure changes in land 

cover at Breeding Bird Survey stops in Canada that have lost or gained Whip-poor-wills over 

time. We found support for our hypothesis: the loss of useable open habitat (e.g., forest clear-

cuts, old fields) within 1140 m of Breeding Bird Survey stops predicted the declines in Whip-

poor-wills at the same stops. The loss of useable open habitat at stops was primarily caused by 

forest succession of clear-cuts and old fields; any gains in useable open habitat were primarily a 

result of forest clear-cutting and initial succession of abandoned farmland. Overall, declines in 

useable open habitat explained approximately 40-57% of the variation in Whip-poor-will 

occurrence, suggesting that breeding habitat loss was an important contributor to the declines in 

Whip-poor-wills at Breeding Bird Survey stops in Canada. The results also suggest that breeding 

habitat loss cannot fully explain the reductions of Whip-poor-will populations, and that other 

unidentified factors, such as habitat loss on the wintering grounds or declines in available insect 

prey, have also contributed to the population declines of this species in Canada.  
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Chapter 1 

General Introduction 

Populations of birds that feed on flying insects (i.e., aerial insectivores) have been 

declining in North America for several decades, particularly in the northeastern United 

States and eastern Canada (Böhning-Gaese et al. 1993, Cadman et al. 2007, McGowan 

and Corwin 2008, Nebel et al. 2010, Sauer et al. 2014, Smith et al. 2015). Data from the 

North American Breeding Bird Survey indicate that most of the population declines in 

aerial insectivores in northeastern North America had begun by the 1980s and worsened 

with time (Nebel et al. 2010, Sauer et al. 2014, Smith et al. 2015). Furthermore, data from 

Breeding Bird Atlas projects in New York, Ontario, and the Maritime provinces show 

that many aerial insectivores have experienced large breeding range contractions since 

the 1980s (Cadman et al. 2007, McGowan and Corwin 2008, Bird Studies Canada 2014). 

Despite these widespread trends, the causes of aerial insectivore population 

declines are largely unknown (Nebel et al. 2010, Rioux et al. 2010). Possible causes 

include reductions in available insect prey due to pesticides or climate change (Nebel et 

al. 2010, Poulin et al. 2010, Nocera et al. 2012), changes in weather or climate (e.g., 

storm or cold snap frequency; Dionne et al. 2008, García-Pérez et al. 2014), 

environmental contamination (e.g., pesticides or endocrine disrupters; Park et al. 2009), 

and habitat loss or degradation (Blancher et al. 2007, Evans et al. 2007, Grüebler et al. 

2010, Paquette et al. 2014). The widespread population declines across aerial insectivore 

species suggest a common cause related to large-scale changes in aerial insect 

populations given that these species experiencing population declines specialize in 

feeding on flying insects but often differ markedly in their life histories and other aspects 
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of their ecologies (e.g., nest sites, wintering distributions; Nebel et al. 2010). However, 

beyond this sharing of aerial insects as food, little evidence directly links aerial 

insectivore population declines to a common cause. Aerial insectivore population 

declines remain poorly understood partly due to insufficient baseline data, such as long-

term data on avian diets (Nocera et al. 2012), and a lack of research directly addressing 

the cause of population declines in specific species. 

Eastern Whip-poor-wills (Antrostomus vociferus; hereafter “Whip-poor-wills”) 

are one of the aerial insectivore species that have shown particularly steep population 

declines. Populations of Whip-poor-wills have been declining in parts of their breeding 

range in eastern North America since at least the late 1960s (Sauer et al. 2014); however, 

anecdotal reports suggest that local disappearances might have started as early as the 

1930s (e.g., Snyder 1941, Devitt 1967, Mills 1981). As a result of these observed 

population declines, Whip-poor-wills were designated a "Threatened" risk status by the 

Committee on the Status of Endangered Wildlife in Canada (COSEWIC) in 2009, and 

were subsequently listed as "Threatened" in Canada under the Species at Risk Act 

(SARA) in 2011 (Government of Canada 2015). The cause of Whip-poor-will population 

declines is presently unknown but several hypotheses have been proposed. Some 

speculate that the primary cause of Whip-poor-will population declines is unrelated to the 

factors responsible for other aerial insectivore declines (Mills 2007), possibly due to this 

species’ unique habitat requirements and behaviour. Whip-poor-will population declines 

are often attributed to breeding habitat loss due to increasing agricultural intensification, 

natural forest succession, and urbanization in parts of eastern North America (Eastman 

1991, Cink 2002, Mills 2007, COSEWIC 2009, Johnson 2011, Hunt 2013); however, a 
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direct relationship between Whip-poor-will population declines and breeding habitat loss 

has not yet been shown. 

In this thesis, I investigate the role of breeding habitat loss and degradation in 

long-term Whip-poor-will population declines in Canada. In this chapter, I review the 

current understanding of Whip-poor-will life history, Whip-poor-will population declines 

in Canada, and the alternative hypotheses that have been proposed to explain Whip-poor-

will population declines in Canada. In Chapter 2, I test the hypothesis that habitat loss 

and degradation on the breeding grounds contributed to the observed Whip-poor-will 

population declines in Canada using data collected as part of the Breeding Bird Survey. 

 

Whip-poor-will life history 

The Whip-poor-will is a medium-sized (~50 g) nightjar (family Caprimulgidae) 

known for its distinctive vocalizations and cryptic plumage and behaviour (Cink 2002). 

Whip-poor-wills have mottled greyish brown plumage speckled with black and buff, 

which allows them to remain undetected as they sit motionless on the leaf litter or along 

low-lying tree branches during the day. Unlike most other aerial insectivores, Whip-poor-

wills are active at dusk and dawn (i.e., crepuscular) and during moonlit hours of the night 

(Mills 1986, Cink 2002). As a result of their cryptic appearance and crepuscular 

behaviour, Whip-poor-wills remain a poorly studied species and much of our knowledge 

about them is based on anecdotal reports (Cink 2002). 

Whip-poor-wills are complete migrants and have a separate breeding and non-

breeding range (Cink 2002). Their breeding range extends across eastern North America 



 

 

 

4 

from east-central Saskatchewan to Nova Scotia in Canada and south into the United 

States as far as Oklahoma in the west and South Carolina in the east (Cink 2002). Data 

from the Breeding Bird Survey show that Whip-poor-wills are more widely distributed in 

the southern part of their breeding range compared to the northern part, where they occur 

in smaller pockets (Sauer et al. 2014). The Whip-poor-will’s non-breeding range extends 

through southern Florida, around the Gulf of Mexico through Louisiana, Texas, and 

Mexico, and south into Central America as far as Nicaragua (Cink 2002). Whip-poor-

wills typically depart for their non-breeding grounds between mid-September and mid-

October and return to their breeding grounds between early April and early May (Cink 

2002). 

Within their breeding range, Whip-poor-wills have complex habitat requirements 

because they use resources found in more than one habitat type (Wilson and Watts 2008). 

Whip-poor-wills typically nest in deciduous or mixed forest and forage in open areas, 

avoiding both expansive mature forests and wide open spaces (Eastman 1991, Cink 2002, 

Mills 2007). For nesting habitat, forest structure seems to be more important than forest 

species composition (Wilson 1985, as cited in COSEWIC 2009). In particular, Whip-

poor-wills are ground nesters and require forest with minimal herbaceous understory 

(Mills 1987, Eastman 1991, Cink 2002). Furthermore, Whip-poor-wills prefer the semi-

open canopy structure of early to mid-successional forest habitat over the closed canopy 

of mature forest (Cink 2002). Whip-poor-wills likely prefer early to mid-succession 

forest structure because light is able to penetrate the semi-open canopy and aid them in 

crepuscular and nocturnal activities (Wilson and Watts 2008). 
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In addition to woodland nesting habitat, Whip-poor-wills also require access to 

open habitat for foraging on flying insects. Whip-poor-wills primarily feed on large 

moths and flying beetles by sallying after them from the ground or a low-lying tree 

branch during twilight and moonlit nights (Mills 1986, Cink 2002). Foraging activity 

increases with lunar illumination, which suggests that Whip-poor-wills use vision to 

detect back-lit prey (Mills 1986); thus, open habitats might offer suitable foraging 

conditions because they allow for sufficient light penetration (Wilson and Watts 2008, 

Tozer et al. 2014). Consequently, Whip-poor-wills often occur in areas where forest 

edges and disturbance are common (Hunt 2009). For example, Whip-poor-wills are often 

more abundant near regenerating forest edges compared to forest interiors, suggesting 

that Whip-poor-wills prefer locations with forest and open habitat in close proximity 

(Wilson and Watts 2008). Typical Whip-poor-will breeding habitats include rock barrens 

and alvars, old burns, open conifer plantations, broken pine-oak forests, low intensity 

farmland and old fields, clear-cut and selectively logged forests, and forests surrounding 

power-line corridors or secondary roads (Mills 1987, Palmer-Ball 1996, Cink 2002, Mills 

2007). 

At the start of the breeding season (between April and May), male Whip-poor-

wills establish territories (~3-11 ha) and form monogamous breeding pairs with females 

(Fitch 1958, Mills 1987, Cink 2002). At least some breeding pairs re-establish territories 

in the same location across multiple years (Cink 2002). In Ontario, females lay two eggs 

directly on the leaf litter between late May and early July (Peck and James 1983). Males 

actively maintain their breeding territories by singing at points around the territory 

perimeter (Cink 2002). Males tend to sing more often during crepuscular twilight (sun is 

http://bna.birds.cornell.edu/bna/species/620/articles/species/620/biblio/bib081
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4-13 degrees below the horizon) and bright moonlit nights compared to moonless nights 

(Mills 1986), and the probability of detecting singing males is positively influenced by 

the fraction of the moon face illuminated and the moon height (Mills 1986, Wilson and 

Watts 2006). Because Whip-poor-wills are more easily heard than seen, the predictable 

timing of male singing activity has important implications for population monitoring. 

 

Evidence of Whip-poor-will population declines in Canada 

Several lines of evidence suggest that Whip-poor-will populations have been 

declining in Canada since at least the 1960s, with declines documented at multiple spatial 

scales. For example, data collected during the North American Breeding Bird Survey 

provide evidence of both national and regional Whip-poor-will population declines in 

Canada. The Breeding Bird Survey started in 1967 in Canada and consists of 

approximately 500 fixed roadside routes that are surveyed for birds each year during the 

breeding season. Long-term Breeding Bird Survey data indicate that the Whip-poor-will 

population in Canada declined by 3.2% per year between 1968 and 2012 (Environment 

Canada 2014a). Within Canada, Whip-poor-will population trends vary among provinces. 

Québec experienced the steepest declines between 1968 and 2012 (-5.3% per year on 

average) out of all provinces within the Whip-poor-will’s breeding range, whereas New 

Brunswick experienced a slight population increase (+0.53%; Environment Canada 

2014a). However, population trend estimates from these two provinces have low 

reliability measures due to the small number of survey routes with Whip-poor-will 

detections. In Ontario, the Whip-poor-will population declined by 3.4% per year on 
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average, with medium reliability due to a larger number of routes (Environment Canada 

2014a). 

Data collected during Breeding Bird Atlas projects also provide evidence of 

regional Whip-poor-will population declines in Canada. The Breeding Bird Atlas 

involves thorough surveying of 10 x 10 km squares for evidence of breeding birds over a 

five year period and is completed every 20 years within a given province or region; not 

all jurisdictions within Canada currently have two completed Breeding Bird Atlas 

projects. During each atlas project, skilled volunteers survey each square for as many bird 

species as possible and rank each observed species as a possible, probable, or confirmed 

breeder based on the type of behaviours observed during surveys (e.g., singing, courtship 

displays, or fledged young). During the first Maritimes Breeding Bird Atlas project 

(1986-1990), Whip-poor-wills were observed in 62 squares and were recorded as 

confirmed breeders within the majority of squares (Bird Studies Canada 2014); however, 

during the second atlas (2006-2010), Whip-poor-wills were only observed in 38 squares 

and were recorded as probable breeders within the majority of squares (Bird Studies 

Canada 2014). Similarly in Ontario, the probability of finding Whip-poor-will 

populations declined by 51% between the first (1981-1985) and second (2001-2005) atlas 

projects (Cadman et al. 2007). Data from the Ontario Breeding Bird Atlas also indicate 

that Whip-poor-will populations experienced particularly steep declines in the southern 

Canadian Shield region and in southwestern Ontario (Mills 2007). 

Anecdotal evidence suggests that some Whip-poor-will populations started to 

decline as early as the 1930s in parts of Canada. In Ontario, local disappearances of 

Whip-poor-wills have been reported in Prince Edward County (Snyder 1941, Sprague 
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and Weir 1984), Simcoe County (Devitt 1967), Wellington County (Brewer 1977, as 

cited in COSEWIC 2009), Muskoka and Parry Sound (Mills 1981), and Algonquin 

Provincial Park (Rutter 1963, as cited in COSEWIC 2009). In Saskatchewan, anecdotal 

reports suggest that the Whip-poor-will’s breeding range historically extended further 

south but has since retracted, possibly due to increased agricultural activity in southern 

Saskatchewan (Smith 1996). While anecdotal evidence is not a reliable or quantifiable 

measure of population trends, these observations parallel data from sophisticated surveys 

and provide an additional body of evidence suggesting long-term declines in Whip-poor-

will populations (COSEWIC 2009). 

Many current methods used for monitoring populations of Whip-poor-wills are 

poorly designed for this species (Cink 2002, Mills 2007, COSEWIC 2009). For example, 

Whip-poor-wills are unlikely to be detected during Breeding Bird Atlas efforts unless 

surveys occur during twilight periods or on moonlit nights (Mills 2007). Similarly, Whip-

poor-will breeding is difficult to confirm during atlas surveys because their nest sites are 

hard to find, incubating adults are reluctant to flush, and parents feed their young 

infrequently (Mills 1987). Thus, the reported number of atlas squares with breeding 

Whip-poor-wills likely underestimates the true distribution, especially in the absence of 

Whip-poor-will-specific surveying efforts (Erskine 1992, Mills 2007). Furthermore, 

Breeding Bird Surveys start 30 min before sunrise — just before Whip-poor-wills tend to 

stop singing (Mills 1986, COSEWIC 2009). Thus, Breeding Bird Surveys likely 

underestimate Whip-poor-will abundance at stops surveyed closer to, or after, sunrise. 

Despite the inadequacies of current survey protocols for detecting Whip-poor-wills, 

similar evidence of long-term Whip-poor-will population declines in Canada are evident 
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in multiple data sources, suggesting that these methods are good enough to detect 

changes in Whip-poor-will populations over time. 

 

Potential causes of Whip-poor-will population declines 

Despite independent evidence of long-term Whip-poor-will population declines in 

Canada, the cause of declines is currently unknown (COSEWIC 2009, Environment 

Canada 2015). Several hypotheses have been proposed to explain Whip-poor-will 

population declines, some of which overlap with hypotheses to explain broader aerial 

insectivore population declines. Currently, the primary threats to Whip-poor-will 

populations in Canada are considered to be reductions in insect prey availability due to 

pesticides, habitat loss, and climate change, as well as habitat loss and degradation due to 

agricultural intensification and expansion, urbanization, and forest maturation 

(Environment Canada 2015); secondary threats include collisions with vehicles, nest 

predation, and life history constraints (e.g., low fecundity; COSEWIC 2009, Environment 

Canada 2015). 

The synchronized population declines of many North American aerial 

insectivores suggest that populations of Whip-poor-wills, and other aerial insectivores, 

might be limited by large-scale changes in aerial insect populations (Nebel et al. 2010, 

Nocera et al. 2012). In particular, insect populations have been negatively affected by 

environmental stressors associated with agricultural intensification, such as pesticide use 

and habitat loss (Hoffman et al. 1949, Warren et al. 2001, Benton et al. 2002). For 

example, Coleoptera are a large component of the Whip-poor-will’s diet (Cink 2002), but 
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are adversely affected by applications of dichlorodiphenyltrichloroethane (DDT; Ripper 

1956, Erdman 1966, Dempster 1968). Consequently, the historical use of DDT might 

have contributed to population declines in the Whip-poor-will and other aerial 

insectivores that feed on beetles. In fact, long-term declines in Chimney Swift (Chaetura 

pelagica) populations have been attributed to a major dietary shift from Coleoptera to 

less nutritional Hemiptera following the application of DDT in the 1940s and 1950s 

(Nocera et al. 2012). Whip-poor-will population declines have also been anecdotally 

linked with reductions in Saturniid moth (i.e., giant silk moth) populations, another 

important food source (Robbins et al. 1986, Sibley 1988, Eastman 2001, Cink 2002, Hunt 

2013). Declines in Saturniid moth populations in the northeastern United States have 

been linked to DDT, habitat loss, and non-target effects of biological control agents for 

pest management (Schweitzer 1988, Tuskes et al. 1996, Boettner et al. 2000, Kellogg et 

al. 2003). Thus, long-term Whip-poor-will population declines might be a result of 

reductions in preferred prey due to agricultural intensification. 

Whip-poor-will populations might also be negatively affected by changes in 

insect phenology as a result of climate change. Insectivores typically synchronize their 

breeding season with peak insect abundance to ensure high food availability for their 

young (Perrins 1970, Dunn et al. 2011). However, the timing of insect emergence and 

breeding in birds is shifting earlier in the Northern Hemisphere due to climate change and 

increasing spring temperatures (Parmesan and Yohe 2003, Root et al. 2003). Asynchrony 

between the timing of insectivore breeding and peak insect abundance can occur when 

birds and insects vary in their phenological response to changes in temperature (Visser et 

al. 1998). Insectivorous birds might be unable to adjust the timing of breeding to match 
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earlier insect emergence because of other constraints, such as constraints on the timing of 

arrival on the breeding grounds (Both and Visser 2001, Both et al. 2006). Asynchrony 

between the timing of breeding and availability of food for nestlings has been associated 

with population declines in the Pied Flycatcher (Ficedula hypoleuca) in Europe, where 

declines are steeper in areas with the earliest insect abundance peaks and the greatest 

mismatches in timing (Both et al. 2006). Thus, population declines in Whip-poor-wills 

might be a result of similar phenological mismatches in timing between breeding and 

peak insect prey abundance. 

Furthermore, habitat loss and degradation on the breeding grounds is considered 

by many to be the primary cause of Whip-poor-will population declines (Mills 1987, 

Eastman 1991, Mills 2007, Ellison 2010a, Johnson 2011). In Canada, agriculture is 

intensifying in the south but receding further north in marginal areas (Blancher et al. 

2007, COSEWIC 2009). Whip-poor-wills might be negatively affected by the opposing 

processes of forest clearing in the south and forest maturation of abandoned farmland 

further north because they typically rely on early to mid-succession habitat and avoid 

both wide open and densely forested habitat (Mills 1987, Bushman and Therres 1988, 

Cink 2002). In fact, many birds that rely on early successional habitat are experiencing 

population declines in northeastern North America, possibly as a result of increasing 

natural succession of abandoned farmland (Litvaitis 1993, Hunter et al. 2001, Blancher et 

al. 2007). Whip-poor-wills might also be losing suitable open habitat due to increasing 

forest fire suppression in parts of their breeding range (Tozer et al. 2014). Furthermore, 

Whip-poor-wills might be sensitive to habitat destruction from land development and 

disturbance in close proximity to nesting sites, similar to the closely related European 
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Nightjar (Caprimulgus europeaus; Liley and Clarke 2003, COSEWIC 2009). Past 

declines in European Nightjar populations have been largely attributed to the loss of 

suitable semi-open heathland and deciduous forest habitat due to development, 

agriculture, and forestry, while population recovery has been associated with the 

increasing availability of open habitat from clear-cutting in planted forests (Langston et 

al. 2007). Given that Whip-poor-wills are found in high densities along regenerating 

forest edges (Wilson and Watts 2008), Whip-poor-will populations might also improve 

under similar habitat management regimes. 

Whip-poor-will population declines might also be due to other factors associated 

with human development, such as motor vehicles and human-associated predators. Whip-

poor-wills and other nightjars are particularly susceptible to collisions with vehicles 

because they often forage on roads at dusk and dawn, and also take dust baths on gravel 

roads (Santner 1992, Cink 2002, Jackson 2003). Nightjars might be drawn to roads for 

feeding because of higher insect abundance (Lehtonen 1972, Jackson 2003), or because 

the open canopy above roads provides sufficient illumination to locate prey (Jackson 

2003). Although there are no quantitative data, several anecdotal reports suggest that 

many Whip-poor-wills and other nightjars are hit by vehicles at night (Santner 1992, 

Cink 2002, Jackson 2002, Ellison 2010a). Whip-poor-will population declines might also 

be related to nest predation by cats, raccoons, or other predators associated with human 

development (Cink 2002, COSEWIC 2009, Hunt 2013). Whip-poor-wills nest directly on 

the leaf litter and thus might be particularly sensitive to nest predation by ground 

predators. In fact, population declines in other ground-nesting birds have been linked to 

increasing nest predation by raccoons in the eastern United States (Schmidt 2003). 
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Conclusions 

To date, the relationships between Whip-poor-will population declines and the 

previously mentioned factors remain speculative. There is evidence to suggest that 

changes in insect populations due to pesticides and climate change might have 

contributed to population declines in some aerial insectivores, including the Chimney 

Swift and Pied Flycatcher, and thus might have contributed to Whip-poor-will population 

declines as well. Furthermore, the association between breeding habitat loss and 

population declines in European Nightjars suggests that Whip-poor-will populations 

might be declining due to the loss of suitable breeding habitat. The lack of consensus on 

the cause of Whip-poor-will population declines highlights the need for testing among the 

alternative hypotheses. Rejecting a hypothesis would narrow our list of alternative 

hypotheses for Whip-poor-will population declines and provide direction for future 

research; finding support for a hypothesis would allow us to focus conservation actions to 

restore populations. However, alternative hypotheses to explain the population declines in 

Whip-poor-wills are not mutually exclusive, and declines might be a result of multiple 

factors or interactions between factors. 
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Chapter 2 

The role of breeding habitat loss in the decline of Eastern Whip-poor-

will (Antrostomus vociferus) populations in Canada 

Introduction 

Considerable evidence suggests that populations of birds that feed on flying 

insects (i.e., aerial insectivores) have shown widespread declines, particularly in eastern 

Canada and the northeastern United States (Nebel et al. 2010, Sauer et al. 2014, Smith et 

al. 2015). Among the aerial insectivores, the Eastern Whip-poor-will (Antrostomus 

vociferus; hereafter “Whip-poor-will”) has been experiencing population declines across 

its breeding range in eastern North America since the late 1960s (Sauer et al. 2014), with 

anecdotal reports suggesting local disappearances beginning as early as the 1930s (e.g., 

Snyder 1941, Devitt 1967, Mills 1981, Sprague and Weir 1984, Smith 1996). Long-term 

data from the North American Breeding Bird Survey indicate that Whip-poor-will 

populations declined across their breeding range by an average of 2.9% per year between 

1966 and 2013 (Sauer et al. 2014); in Canada, these declines amount to a 75% reduction 

in the population between 1970 and 2012 (Environment Canada 2014a, Environment 

Canada 2015). More recently, data from a second iteration of Breeding Bird Atlas 

projects indicate substantial population declines and range contractions for the Whip-

poor-will in Pennsylvania, New York, Maryland, Vermont, Ontario, and the Maritime 

provinces (Cadman et al. 2007, Medler 2008, Ellison 2010b, Wilson et al. 2012, Renfrew 

2013, Bird Studies Canada 2014). In response, the Whip-poor-will was listed as 

Threatened in Canada under the Species at Risk Act in 2011 (Government of Canada 

2015). 
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Despite these long-term trends, the causes of Whip-poor-will population declines 

are currently unknown (Environment Canada 2015). Possible reasons for the declines 

include reductions in available insect prey, habitat loss and degradation, collisions with 

vehicles, and increased rates of nest predation (COSEWIC 2009, Environment Canada 

2015). The relative importance of these possible causes of Whip-poor-will population 

declines, however, remain largely unknown partly due to the challenges of studying this 

cryptic and crepuscular species. Given the synchronized population declines of many 

North American aerial insectivores (Nebel et al. 2010, Smith et al. 2015), it seems 

probable that populations of Whip-poor-wills and other aerial insectivores are similarly 

limited by large-scale changes in insect populations (Nebel et al. 2010, Nocera et al. 

2012). However, extensive land use changes across the Whip-poor-will’s breeding range 

suggest that long-term Whip-poor-will population declines might result primarily from 

breeding habitat loss and degradation (Mills 2007, Ellison 2010a, Johnson 2011). In 

particular, Whip-poor-will population declines have been attributed to increasing 

agricultural expansion and intensification, urban development, and natural forest 

succession on the breeding grounds (Santner 1992, Cink 2002, Mills 2007, COSEWIC 

2009, Ellison 2010a, Hunt 2013). 

Whip-poor-wills might be losing suitable breeding habitat to processes that result 

in either the loss or gain of forest cover because of their dependence on early to mid-

successional habitat and avoidance of wide open or densely forested habitats (Bushman 

and Therres 1988, Cink 2002, Mills 2007). Whip-poor-wills prefer to nest in open 

deciduous or mixed forests and forage in adjacent or nearby open spaces (Mills 1987, 

Eastman 1991, Cink 2002); consequently, they often occur in areas where disturbance 
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and forest edge are common (Wilson and Watts 2008, Hunt 2009). Typical breeding 

habitats include rock barrens with scattered trees, savannahs, road and power-line 

corridors, and habitats in a state of early to mid-forest succession, such as old burns, 

abandoned farmland, and regenerating forest stands (Palmer-Ball 1996, Cink 2002, Mills 

2007, Wilson and Watts 2008). The semi-open canopy structure of these habitat types 

likely permits sufficient illumination for Whip-poor-wills to visually forage for flying 

insects and carry out other activities during low light conditions at twilight and on 

moonlit nights (Mills 1986, Wilson and Watts 2008, Tozer et al. 2014). Thus, while 

Whip-poor-wills might be gaining suitable breeding habitat from disturbances that create 

forest openings and early to mid-successional habitat, they might also be losing suitable 

breeding habitat due to the natural succession of abandoned farmland, forest fire 

suppression, and the conversion of forest and marginal farmland into higher yielding 

cropland or urban developments (Mills 2007, COSEWIC 2009, Tozer et al. 2014, 

Environment Canada 2015). 

Some evidence suggests that Whip-poor-will population declines correspond with 

broad land cover changes in parts of their breeding range. For example, the loss of open 

country in the southern part of the Canadian Shield in Ontario (i.e., Southern Shield) 

generally coincides with significant population declines in Whip-poor-wills and other 

aerial insectivores between the first and second Ontario Breeding Bird Atlas projects 

(Blancher et al. 2007, Mills 2007). Overall, cropland and pastureland have been 

decreasing in large areas of the Southern Shield for several decades due to the natural 

reforestation of abandoned marginal farmland (Statistics Canada 1968, 2014, Blancher et 

al. 2007). Whip-poor-wills probably gained suitable breeding habitat when marginal 
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farmland began returning to forest, but might have subsequently lost breeding habitat 

when these forests matured. Conversely, the nearly complete disappearance of Whip-

poor-wills from southwestern Ontario by the second atlas project generally corresponds 

with an increase in agricultural land cover and intensity in this region (Mills 2007). For 

example, the total area of cropland in the southern and western regions of Ontario 

increased by approximately 18% between 1966 and 2011 (Statistics Canada 1968, 2014), 

likely at the expense of shrubby and forested habitat (Blancher et al. 2007). Thus, the 

combined effects of forest gain and forest loss might have contributed to Whip-poor-will 

population declines across their breeding range, but we know of no direct tests of these 

relationships. 

Here, we test the hypothesis that habitat loss and degradation on the breeding 

grounds have contributed to the observed Whip-poor-will population declines in Canada. 

We test this hypothesis at a fine spatial and temporal scale using long-term Breeding Bird 

Survey data that provide the precise locations where Whip-poor-wills have disappeared, 

appeared, and persisted over time, as well as the approximate timing of the disappearance 

and appearance events. If the loss of breeding habitat caused the observed Whip-poor-

will population declines, then we predicted that changes in breeding habitat cover would 

explain changes in Whip-poor-will occurrence at precise survey locations. We used 

historical aerial photographs and digital satellite images to document changes in land 

cover around Breeding Bird Survey locations over time. Testing the relationship between 

habitat loss and Whip-poor-will population declines at such a fine scale allows us to (1) 

identify the processes of habitat change that acted on the precise locations where Whip-

poor-wills have appeared and disappeared, and (2) determine the relative importance of 



 

 

 

18 

focal breeding habitat alterations in explaining changes in Whip-poor-will occurrence on 

Breeding Bird Surveys. 

 

Methods 

Whip-poor-will occurrence data 

We used Whip-poor-will occurrence data collected annually between 1967 and 

2013 as part of the North American Breeding Bird Survey to test our prediction that 

changes in breeding habitat cover contribute to the changes in Whip-poor-will occurrence 

at precise locations in Canada. The Breeding Bird Survey was initiated in 1966 by the 

United States Geological Survey, Patuxent Wildlife Research Center to monitor the long 

term population status and trends of breeding birds. The Breeding Bird Survey started in 

Canada in 1967 and is currently coordinated by Environment Canada and the National 

Wildlife Research Centre. In Canada, the Breeding Bird Survey consists of 

approximately 500 roadside routes that are surveyed once per year by experienced 

volunteers during the peak of the bird breeding season (between 28 May and 7 July; 

Environment Canada 2014b). Each route is a 39.4 km transect along secondary roads and 

consists of 50 survey stops spaced 0.8 km apart. The starting location and direction of 

routes are initially selected to include a range of breeding habitats but remain constant 

across survey years thereafter. Volunteers begin surveying each route 30 min before 

sunrise and perform a 3 min point count at each survey stop along the route. During each 

point count, volunteers record all birds they see or hear within 400 m of the stop. 

Volunteers also record the time, Weather Bureau sky code, air temperature, and Beaufort 

wind speed code at the start and end of each route survey (Environment Canada 2011). 

http://www.pwrc.usgs.gov/bbs/
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Data collected during the Breeding Bird Survey have several limitations with 

respect to the monitoring of bird populations. These limitations include the non-random 

placement of routes across Canada, observer bias, roadside habitat sampling bias, 

sampling each route during only one morning per year, and sampling each stop for only 3 

min (Robbins et al. 1986, Droege 1990, Sauer et al. 1994, Kendall et al. 1996, Keller and 

Scallan 1999). Breeding Bird Survey data is further restrictive for Whip-poor-wills 

because few stops are surveyed before sunrise and thus Whip-poor-wills are usually only 

detected during the first few stops. However, Breeding Bird Survey data are collected 

using standardized survey protocols across large temporal and spatial scales, and thus 

provide one of the primary sources of population trend data for North American birds, 

including Whip-poor-wills (Sauer et al. 2003, COSEWIC 2009). Furthermore, data 

collected during the Breeding Bird Survey were effective at detecting long-term Whip-

poor-will population declines in Canada (Environment Canada 2014a), and were used 

during the Committee on the Status of Endangered Wildlife in Canada (COSEWIC) 

assessment process to designate this species as Threatened (COSEWIC 2009). Breeding 

Bird Survey data also provide the survey locations (i.e., stops) where Whip-poor-wills 

have appeared, disappeared, and persisted over time. Thus, Breeding Bird Surveys 

provide the best available long-term occurrence data to test the prediction that changes in 

breeding habitat cover contribute to the changes in Whip-poor-will occurrence at precise 

locations. 

We used data collected at the first stop on Breeding Bird Survey routes to 

determine the change in Whip-poor-will occurrence over time at precise survey locations. 

We acquired stop-level Breeding Bird Survey data for Whip-poor-wills from the North 
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American Breeding Bird Survey FTP site (Pardieck et al. 2015), and through personal 

liaison with the Canadian Breeding Bird Survey Coordinator at Environment Canada. We 

restricted our analysis to Breeding Bird Survey stops in Canada because stop-level data 

were not available for the United States at the time of our request. We only included the 

first stop on Breeding Bird Survey routes in our study because (1) Whip-poor-wills are 

detected more consistently during the first few survey stops compared to stops surveyed 

closer to, or after, sunrise (E. Purves, unpublished data), (2) including survey data from 

only one stop per route eliminates potential double counting errors (i.e., when the same 

individual is heard and counted at two successive stops on a Breeding Bird Survey route) 

and increases the independence of data points, and (3) longitude and latitude coordinates 

are only available for the first survey stop on each route and thus only the location of the 

first stop is known with precision. Restricting our data to first stops, we only included 

Breeding Bird Survey routes where Whip-poor-wills were detected during at least three 

different survey years, and these three years were not interrupted by more than four 

consecutive years of absence (our absence threshold; see False absences below) to ensure 

we were capturing an established breeding population rather than birds on migratory 

stopover or sporadic breeders. We provide a flow chart illustrating our procedure for 

selecting Breeding Bird Survey routes in Appendix A. 

Based on our selection criteria, we included the first stop on 16 Breeding Bird 

Survey routes across the Whip-poor-will’s Canadian breeding range in our analyses (Fig. 

2.1). We included the first stop data from routes in Manitoba (n=2), Ontario (n=8), 

Québec (n=4), and New Brunswick (n=2); we could not include routes from 

Saskatchewan due to insufficient data. For each selected Breeding Bird Survey stop, we 



 

 

 

21 

assigned a binary value (i.e., Whip-poor-will occupancy) to each survey year between 

1967 and 2013 according to whether Whip-poor-wills were detected (present=1) or not 

detected (absent=0) during sampling. If a stop was not surveyed in a given year, we did 

not assign that year an occupancy value and left it blank. 

False absences 

We had high confidence that a Whip-poor-will detection represented the true 

presence of a singing bird because this species is easily recognized by its unique song and 

should be identified accurately during Breeding Bird Survey efforts. However, we 

observed that Whip-poor-wills often went undetected in between detection years at 

Breeding Bird Survey stops, suggesting that Breeding Bird Survey efforts might not 

reliably detect Whip-poor-wills in every year. This pattern is consistent with Whip-poor-

will behaviour — Whip-poor-wills are known to sing irregularly or not at all under 

certain weather and lunar conditions (Cooper 1981, Mills 1986, Wilson and Watts 2006), 

potentially leading to missed detections when Whip-poor-wills are truly present ("false 

absences"). The short duration of Breeding Bird Surveys (3 min survey per stop, one 

survey per year) also increases the likelihood of false absences. 

We addressed the issue of false absences by setting a threshold number of 

consecutive survey years that Whip-poor-wills had to remain undetected at a Breeding 

Bird Survey stop before we considered them to be absent. To determine this absence 

threshold, we tallied each time that Whip-poor-wills went undetected between detection 

years at Breeding Bird Survey stops, and calculated the average number of consecutive 

years that Whip-poor-wills went undetected (≈ two years). We doubled this value to yield 

an absence threshold of four years. Thus, we considered Whip-poor-wills as absent from 
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a Breeding Bird Survey stop if their absence was preceded by four consecutive years 

without detection. Whip-poor-wills fell below our absence threshold at all 16 Breeding 

Bird Survey stops; depending on the stop, absence occurred before the first Whip-poor-

will detection (indicating an appearance and subsequent persistence without falling below 

our absence threshold again), after the last detection (indicating a disappearance without 

reappearance), or both before and after the period of time when Whip-poor-wills were 

present (indicating an appearance and subsequent disappearance). 

We also addressed the issue of false absences by testing the effects of survey 

timing, weather, date, and lunar phase on the probability of detecting Whip-poor-wills 

between first and last years of detection at Breeding Bird Survey stops, and using the 

results of these tests to predict the likelihood that an absence represented a true, as 

opposed to a false, absence. We then used these likelihood estimates to weight our data in 

our statistical analyses, with higher weights given to data that provided greater 

confidence (e.g., an absence under good conditions for Whip-poor-will singing and 

detection). We detail these methods under Statistical analyses below. 

Land cover data 

We used aerial photographs and satellite images to measure the change in land 

cover around each Breeding Bird Survey stop between two survey years that showed a 

change in Whip-poor-will occurrence (i.e., appearance or disappearance). Aerial 

photographs provided coverage of stops between 1967 and 1998 and were taken every 5 

to 15 years. Satellite images provided coverage of stops between 2004 and 2013 and were 

taken once or twice within this time. We primarily used large or medium scale aerial 

photographs (between 1:10 000 and 1:25 000) produced during leaf-out (late May to 
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early October) to measure land cover. We used smaller scale photographs (between 1:30 

000 and 1:50 000) or photographs produced during leaf-off (late October to early May) to 

measure land cover for some stops with limited photograph availability. We used satellite 

images with a resolution between 0.5 and 2.5 m. We provide aerial photograph and 

satellite image source and resolution information in Appendix B. 

For each stop, we measured land cover during one year when Whip-poor-wills 

were present and during one year when Whip-poor-wills were absent (i.e., absence fell 

below our absence threshold of four years undetected). For a given survey year, we had 

more confidence in the health and stability of a detected Whip-poor-will population if 

Whip-poor-wills were also detected in the adjacent years; thus, whenever possible, we 

measured land cover during a presence year with Whip-poor-will presence in adjacent 

survey years (± two years). By measuring habitat in the middle of consecutive years of 

occurrence, we increased the likelihood of capturing important Whip-poor-will breeding 

habitat (see Response variable below). For two stops, we were unable to acquire aerial 

photographs produced during a survey year when Whip-poor-wills were present. In these 

two cases, we used a photograph that was taken one to three years before a recorded 

Whip-poor-will presence (a period less than our absence threshold). We measured land 

cover during an absence year using the earliest aerial photographs or satellite images 

taken below our absence threshold. If Whip-poor-wills appeared and subsequently 

disappeared (without reappearance) at a stop, then we measured land cover during an 

absence year following the disappearance. The average number of years between our first 

and second land cover measurements was 17.5 years. 
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We used ArcMap in ArcGIS (ESRI 2011) to measure land cover around each 

Breeding Bird Survey stop on the aerial photographs and satellite images. Our 

photographs and images lacked the spatial reference data needed to accurately measure 

the area or length of land cover features in ArcMap; thus, we aligned (i.e., georeferenced) 

images with a control basemap layer containing a projected coordinate system (North 

American Datum [NAD] 1983 Universal Transverse Mercator [UTM] Zone X, where 

UTM Zone varied by stop). We used the World Imagery layer in ArcGIS (ESRI 2011) as 

our control layer. We used the georeferencing tool in ArcMap to link six or more control 

points on each image to the same locations on the basemap containing spatial reference 

data. We selected control points across the entire image using locations that were easily 

identifiable on the image and the basemap (e.g., road intersections, corners of buildings). 

We used our georeferenced images to measure the area of land cover around 

Breeding Bird Survey stops at two scales for each survey year of interest: (1) stop-level 

scale and (2) landscape scale. Whip-poor-wills can be detected by sound over 1 km away 

from an observer during non-windy conditions (Johnson 2011), especially in open 

landscapes surrounded by farmland or water. Thus, Whip-poor-wills could potentially be 

detected singing beyond the 400 m observation boundary during Breeding Bird Survey 

efforts. Furthermore, Whip-poor-will breeding territories average 5 ha in some parts of 

their range in the United States, but average 9 ha in eastern Ontario with a 170 m radius 

from the nest site or center of the defended territory (Cink 2002, English 2011, as cited in 

Ministry of Natural Resources 2013). Thus, we used a 570 m radius (400 + 170 m) 

around each Breeding Bird Survey stop to define our stop-level scale land cover 

measurements. A 570 m radius around Breeding Bird Survey stops should accommodate 
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important breeding habitat, including nest sites, for Whip-poor-wills detected within the 

400 m boundary at each stop (Ministry of Natural Resources 2013). We doubled the stop-

level radius to define the radius for our landscape scale land cover measurements (1140 

m). 

We measured the area or length of different land cover types within 570 and 1140 

m of Breeding Bird Survey stops by digitizing land cover features on our georeferenced 

images in ArcMap. We measured patchy and linear land cover types that are considered 

to be important for breeding Whip-poor-wills (Table 2.1). We illustrate examples of these 

land cover types in Appendix C. For patchy land cover types, we digitized a patch if it 

was at least 1000 m
2
. For each year of interest at a stop, we calculated the total area or 

length of all digitized features in each land cover type for each scale (stop-level and 

landscape). For each stop, we then calculated the percent change in the total area or 

length of each land cover type between the two years as

change later year earlier year earlier year( ) / 100x x x x     . We illustrate examples of land cover change 

around Breeding Bird Survey stops in Appendix D. 

Statistical analyses 

We performed all statistical analyses in R (R Core Team 2013) unless otherwise 

specified. We analyzed stop-level and landscape scale land cover data in separate models. 

Response variable 

To better estimate the temporal stability of Whip-poor-will populations at each 

Breeding Bird Survey stop, we calculated the average Whip-poor-will occupancy value 

(i.e., average occurrence; ranged from 0-1) across five survey years centered on the 



 

 

 

26 

survey year with corresponding land cover data. We only included years that were 

surveyed during Breeding Bird Survey efforts in the average occurrence calculations, and 

thus some calculations were based on less than five years (but no less than two years). 

Using the average occurrence across five years rather than the Whip-poor-will occupancy 

value for a single year (i.e., 0 or 1) allowed us to quantify how strongly Whip-poor-wills 

were associated with a Breeding Bird Survey stop at a given time. 

We then calculated the change in average Whip-poor-will occurrence at each stop 

for use as our response variable, where change later year earlier yeary y y    . A positive 

difference in average occurrence between two years indicates that Whip-poor-wills 

appeared at a stop and a negative difference indicates that Whip-poor-wills disappeared 

from a stop. 

Model weighting 

We specified two sets of prior weights that weighted data points unequally during 

model fitting. The first set weighted data points by the average number of survey years 

used to calculate the two average occurrence values within each stop, where the average 

varied between three and five years. The second set weighted data points based on our 

confidence in our occurrence data, and ranged between 0 (no confidence) and 1 (full 

confidence). We calculated the second set of weights by first assigning an individual 

weight value to each survey year included in an average occurrence calculation, and then 

averaging the weight values across all years included in the two average occurrence 

calculations within each stop. We assigned a full weight value of 1 to survey years if 

Whip-poor-wills were detected because false positives are unlikely for this species. We 

also assigned a full weight value of 1 to survey years if Whip-poor-wills went undetected 
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after four consecutive years of absence (our absence threshold). For all other years, we 

calculated weight values using the probability of detecting Whip-poor-wills given the 

survey timing and conditions of that year (see Detection probability). 

Detection probability 

We used a generalized linear model to predict the detection probability for non-

detection years that did not occur below our absence threshold of four consecutive years 

of non-detection. In the model, we included Whip-poor-will occupancy (i.e., absent=0, 

present=1) as a binomial response variable and survey timing, weather, and lunar 

conditions (including fraction of the moon face illuminated and duration of useable 

moonlight) as predictor variables (see Table 2.2 for predictor variable descriptions). We 

only included data for survey years between (and including) the first and last Whip-poor-

will detection at each Breeding Bird Survey stop in the model. We obtained Breeding 

Bird Survey timing and weather data from the North American Breeding Bird Survey 

FTP site (Pardieck et al. 2015) and lunar data and sunrise times from the Astronomical 

Applications Department of the United States Naval Observatory (USNO 2015). We 

included lunar conditions during the night preceding sampling in case Whip-poor-will 

singing activity at dawn depends on conditions during the previous night. We used the 

dredge function in R package MuMIn (Bartoń 2014) to compare among models with all 

possible combinations of predictor variables and assessed model performance using 

Akaike’s Information Criterion adjusted for small sample sizes (AICc). We averaged the 

top-performing models with a delta AICc value less than two. We report the AICc values 

for the top-performing models as well as the averaged model in Appendix E. The 

averaged model contained date, time before sunrise, temperature, fraction of the moon 
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face illuminated (FMI), and duration of useable moonlight as predictors of Whip-poor-

will occupancy at first Breeding Bird Survey stops. We then used the averaged model to 

predict the probability of detecting Whip-poor-wills during non-detection years before 

the absence threshold by specifying the predictor values for each year. If the conditions 

were poor for detecting Whip-poor-wills, then the weight for the detection probability 

was low. 

Hypothesis testing 

We used linear models to test the effect of changes in land cover on the changes 

in average Whip-poor-will occurrence between the two survey years at each Breeding 

Bird Survey stop. We log transformed our response variable (i.e., the difference in 

average occurrence between a presence and absence year) to best approximate a normal 

distribution (Shapiro-Wilk test, W=0.94, p=0.34). We then checked for collinearity 

between our land cover variables by calculating variance inflation factors (“VIFs”) for 

each variable using the R package car (Fox and Weisberg 2011) and dropping predictor 

variables with VIFs greater than 3 (Zuur et al. 2010). In the full linear models, we 

included our land cover variables, polynomial terms for closed forest and useable open 

area (to account for possible non-linear relationships with average occurrence), and an 

interaction between closed forest and total forest edge (to estimate the degree that forest 

fragmentation affects Whip-poor-will occurrence) as predictor variables. 

We first tested among full models with different combinations of weight terms 

and assessed model performance using Akaike’s Information Criterion (AIC). The best-

performing model for our stop-level scale contained our second set of weights (i.e., our 

level of confidence in the occurrence data). The best-performing model for our landscape 
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scale also contained our second set of weights, but the second best-performing model 

contained both sets of weights and fit nearly as well as the best-performing model; thus, 

we kept both sets of weights in our landscape scale model to account for the number of 

years used to calculate average occurrence values and our level of confidence in the 

occurrence data. We then checked the fit of the best-performing full models by plotting a 

histogram of residuals and using a Shapiro-Wilk test on residuals to check for deviations 

from normality, by plotting residuals against each predictor variable to check for any 

remaining patterns, and by using the output of the plot command to check for correlations 

between residuals and fitted values, deviations from normality, and highly influential 

points (Cook’s distance >1; Zuur et al. 2009, Crawley 2013). To improve model fit, we 

either transformed predictor variables directly in R or used the continuous fit function in 

JMP (JMP 2015) to fit different distributions to variables and then selected the 

distribution with the lowest AIC. We then compared among full models with different 

combinations of raw and transformed predictor variables to maximize model fit in R (see 

Appendix F for final transformations). The full linear models fit our data well for both 

scales; however, our stop-level scale model contained one highly influential point 

(Cook’s distance >1). 

We then tested for spatial autocorrelation in the full model residuals because data 

sampled from neighboring Breeding Bird Survey stops might be non-independent due to 

unknown factors (Legendre 1993, Fielding and Bell 1997, Dormann et al. 2007). We 

assessed the full model residuals for spatial autocorrelation using Moran's autocorrelation 

coefficient (Moran’s I; Dormann et al. 2007) in the R package ape (Paradis et al. 2004). 

We calculated Moran’s I using inverse distance weights for pairs of stops (corrected for 
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the Earth’s radius using R package geosphere; Hijmans 2015), with higher weights given 

to closer pairs of stops (Paradis 2015). 

Once we identified the best-fitting full model for each scale, we used the dredge 

function in the R package MuMIn (Bartoń 2014) on our full models to compare among 

models with all possible combinations of predictor variables and assessed model 

performance using AICc. For each scale, we report the AICc values for the top-

performing models with delta AICc values less than two. We checked the fit of best-

performing model for each scale using the same methods that we used for the full model. 

We report the results of the best-performing model. We repeated this analysis using our 

stop-level scale dataset without the highly influential point. 

Post-hoc testing 

After finding that the best model for our landscape scale contained the percent 

change in the area of useable open habitat as the only predictor of the change in average 

Whip-poor-will occurrence, we used a linear model to test the effect of the total change in 

useable open habitat (m
2
) on the change in average Whip-poor-will occurrence. We 

performed this additional test because the total change in useable open habitat (m
2
) might 

be more important for predicting Whip-poor-will occurrence than the percent change that 

we included in our initial models. We included both sets of weights in the model and 

checked the model fit using the same methods as above. We transformed the total change 

in useable open habitat to improve model fit (see Appendix F for transformation). 

We also used a generalized linear model to test the effect of the percent change in 

useable open habitat at the landscape scale on the probability that a stop lost or gained 

Whip-poor-wills. We assigned a binary value to each stop according to whether Whip-
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poor-wills disappeared without reappearing (loss=0) or appeared and subsequently 

persisted without falling below our absence threshold (gain=1). If Whip-poor-wills 

appeared and subsequently disappeared without reappearing at a stop, we treated this stop 

as a loss. In the generalized linear model, we included loss or gain as a binary response 

variable and the percent change in useable open area as the predictor variable. We also 

calculated a pseudo-R
2
 value to estimate the amount of variation in the change in Whip-

poor-will occupancy that was explained by the percent change in useable open area, 

where 
2pseudo-R =(null deviance - residual deviance) / null deviance 100    (Zuur et al. 

2009). 

Changes to useable open habitat 

Given the observed relationship between the change in the average Whip-poor-

will occurrence and the percent change in useable open habitat at the landscape scale, we 

asked what processes resulted in the loss and gain of useable open habitat around 

Breeding Bird Survey stops. We used our georeferenced image layers in ArcMap to 

visually assess the change in useable open habitat (loss or gain) within our landscape 

scale between years at stops. For each stop, we measured the area of useable open habitat 

that was lost to other types of land cover (e.g., semi-open and closed forest, buildings) 

between years. We calculated the area of useable open habitat lost to each land cover type 

across all 16 stops and then calculated the total area of useable open habitat lost to all 

land cover types across all stops. We then calculated the proportion of useable open 

habitat that was lost to each type of replacement land cover as

[area of useable open lost to land cover  type X / total area of useable open los t]. 

Similarly, in cases where useable open was gained between years, we measured the area 
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of habitat that was replaced by useable open habitat for each type of replaced land cover 

type. We calculated the proportion of useable open habitat gained from each type of 

replaced land cover using the same methods as above. 

 

Justification of study design 

The 16 stops used in our study provide suitable data for testing the hypothesis that 

breeding habitat loss resulted in Whip-poor-will population declines in Canada for 

several reasons. (1) Our focal data set is a subset of the Breeding Bird Survey data that 

were used to document long-term Whip-poor-will population declines in Canada 

(Environment Canada 2014a). Indeed, Breeding Bird Survey data are the primary data 

that have been used for documenting trends in bird populations in North America (Sauer 

et al. 2003, Sauer et al. 2014). (2) Data collected at the 16 stops in our study 

independently provide strong evidence of long-term Whip-poor-will population declines 

in Canada, where the proportion of stops occupied by Whip-poor-wills decreased 

significantly between 1967 and 2013 (linear model, intercept=10.2, slope=-0.005, 

F=15.6, df=1, 45, p<0.001, R
2
=0.26; Fig. 2.2). This finding suggests that the 16 stops 

used in our study are representative of the broader Breeding Bird Survey data set used by 

Environment Canada (2014a) to document Whip-poor-will population declines, and that 

the factors causing the broader declines in Canada are acting on the birds sampled in our 

data set. (3) We only included stops where Whip-poor-wills had been recorded during at 

least three survey years, and where these three years were not interrupted by more than 

four consecutive years of non-detection (our absence threshold). Thus, our data represent 

a subset of the broader Breeding Bird Survey data where Whip-poor-wills have been 
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most reliably present, likely representing the most important breeding habitat for Whip-

poor-wills across the survey routes. 

 

Results 

We found that the proportion of Breeding Bird Survey stops occupied by Whip-

poor-wills in our study decreased significantly between 1967 and 2013 (Fig. 2.2). Out of 

the 16 Breeding Bird Survey stops included in our study, we found evidence that Whip-

poor-wills disappeared (without reappearing) from nine stops, appeared and subsequently 

disappeared (without reappearing) at three stops, and appeared and then persisted for at 

least three survey years (without falling below our absence threshold) at four stops. We 

found no evidence that Whip-poor-wills persisted for the entire Breeding Bird Survey 

effort at any stops. 

We found no evidence of spatial autocorrelation in the residuals of the full model 

for our stop-level scale (Moran’s Iobs=-0.12, Moran’s Iexp=-0.067, sd=0.12, p=0.11) or 

landscape scale (Moran’s Iobs=-0.169, Moran’s Iexp=-0.067, sd=0.12, p=0.382). 

At the stop-level scale, we found no strong evidence that changes in land cover 

predicted the change in Whip-poor-will occurrence at Breeding Bird Survey stops. 

Initially, the best-performing model (lowest AICc value) contained the percent change in 

useable open habitat as the only predictor of the change in average Whip-poor-will 

occurrence (Table 2.3); however, after removing the highly influential point (Cook’s 

distance >1) from the dataset, the best-performing model was the null model (Table 2.4). 
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At the landscape scale, we found that the percent change in the area of useable 

open habitat predicted the change in Whip-poor-will occurrence at Breeding Bird Survey 

stops. The best-performing contained the percent change in useable open area as the only 

predictor of the change in average Whip-poor-will occurrence at stops (Table 2.5). All 

other models had a delta AICc value greater than two The best-performing model fit the 

data well after using a different transformation of useable open habitat than in the full 

model (see Appendix F for transformation); we also found the same results when using 

this transformation of useable open in the full model. In the best-performing model, the 

percent change in useable open habitat was a significant predictor of the change in 

average Whip-poor-will occurrence (linear model, slope=0.19, SE=0.062, t=3.04, 

p=0.0088, n=16; Fig. 2.3). Overall, the percent change in the area of useable open habitat 

explained 40% of the variation in the change in average Whip-poor-will occurrence at 

stops (linear model, F=9.23, df=1, 14, R
2
=0.40, p=0.0088). In a follow-up test, the total 

change in useable open habitat (m
2
) was also a significant predictor of the change in 

average Whip-poor-will occurrence (linear model, slope=1.90x10
9
, SE=4.41x10

9
, t=4.32, 

p<0.001, n=16; Fig. 2.3) and explained 57% of the variation in the change in average 

Whip-poor-will occurrence at stops (linear model, F=18.64, df=1, 14, R
2
=0.57, p<0.001). 

In our second follow-up test, we did not find statistically significant evidence that 

the percent change in useable open area at the landscape scale predicted the change in 

Whip-poor-will occupancy (loss or gain) at Breeding Bird Survey stops (generalized 

linear model, estimate=3.42, SE=2.00, z=1.71, p=0.086, n=16; Fig. 2.4);  however, the 

percent change in useable open area explained 53% of the variation in the change in 
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Whip-poor-will occupancy at stops (null deviance=18.0, residual deviance=8.41, pseudo-

R
2
=0.53). 

We found that approximately 86.1% of the total area of useable open habitat lost 

across all 16 Breeding Bird Survey stops was replaced by semi-open or closed forest 

through the natural succession of agricultural land and forest clear-cuts, and that the 

remaining 13.9% was replaced by residential buildings (both rural and suburban; Fig. 

2.5). We also found that approximately 31.6% of the total area of useable open habitat 

gained across all stops resulted from the initial succession of abandoned agricultural land, 

62.7% resulted from timber removal, and 5.7% from the clearing of closed forest for 

roads and power-line corridors (Fig. 2.5). 

 

Discussion 

Eastern Whip-poor-will populations have declined since at least the late 1960s 

(Sauer et al. 2014), yet the causes of these declines remain poorly understood 

(COSEWIC 2009, Environment Canada 2015). Here we test the hypothesis that breeding 

habitat loss contributed to the observed Whip-poor-will population declines using a 

subset of Breeding Bird Survey data that independently provide evidence of long-term 

Whip-poor-will population declines in Canada (Fig 2.2). We found support for this 

hypothesis: the percent change in the area of useable open habitat within 1140 m of 

Breeding Bird Survey stops (i.e., our landscape scale) predicted the change in average 

Whip-poor-will occurrence across a five year window at the same stops (Fig. 2.3). The 

loss of useable open habitat within 1140 m of stops was primarily caused by forest 

succession of clear-cuts and old fields (Fig. 2.5). The gain of useable open habitat at stops 
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was less common, and resulted primarily from timber removal and early succession of 

abandoned agricultural land (Fig. 2.5). 

The change in useable open habitat explained approximately 40-57% of the 

variation in Whip-poor-will occurrence, depending on the measure (40% of the variation 

was explained by the percent change in useable open habitat; 57% was explained by the 

total change in useable open habitat, m
2
). These results suggest that the loss of breeding 

habitat was an important contributor to the population declines in Whip-poor-wills at 

Breeding Bird Survey stops, and might even have been the primary factor causing the 

declines. However, we also found that Whip-poor-wills disappeared from some stops that 

gained or maintained useable open habitat (Fig. 2.4), suggesting that the loss of useable 

open habitat was not the only factor causing the population declines in Whip-poor-wills 

at Breeding Bird Survey stops (see discussion of other potential causes of Whip-poor-will 

population declines below). 

The results of our study are consistent with other previous studies of Whip-poor-

wills. Our results support previous work showing that the presence of suitable open 

habitat (i.e., regenerating forest stands or young clear-cuts) on the breeding grounds has a 

positive effect on Whip-poor-will density in eastern North Carolina (Wilson and Watts 

2008) and site occupancy in Algonquin Provincial Park, Ontario (Tozer et al. 2014). Our 

results are also consistent with previous suggestions that breeding habitat loss contributed 

to population declines of the closely related European Nightjar (Caprimulgus europaeus; 

Ravenscroft 1989, Hoblyn and Morris 1997, Langston et al. 2007), and to broader 

population declines of aerial insectivores in North America (Blancher et al. 2007, 

Renfrew and Schwenk 2013). 
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Loss of useable open habitat and Whip-poor-will population 

declines 

We found evidence that the change in the average Whip-poor-will occurrence 

across a five year window at Breeding Bird Survey stops coincided with the change in the 

area of useable open habitat within 1140 m of the same stops (Fig. 2.3). This pattern was 

comprised of two components: (1) the gain of new Whip-poor-will populations at 

Breeding Bird Survey stops occurred only at stops where useable open habitat increased 

or remained unchanged (upper half of Fig. 2.3), and (2) the loss of Whip-poor-will 

populations with higher average occurrence values was associated with a greater loss of 

useable open habitat (lower half of Fig.2.3). If the average occurrence values over a five 

year window reflect the temporal stability of Whip-poor-will populations at a stop, then 

this latter result suggests that a larger loss of useable open habitat was required to cause a 

stable population to disappear, whereas a smaller loss of open habitat was sufficient to 

cause the disappearance of a sporadic or less stable population. 

Why was the change in Whip-poor-will occurrence best explained by the change 

in the area of useable open habitat, as opposed to other habitat variables measured in our 

study (e.g., forest cover)? Useable open habitat in our study included typical open habitat 

used by breeding Whip-poor-wills: forest gaps and clear-cuts, old fields, shrubby 

wetlands, and road and power-line corridors (Palmer-Ball 1996, Cink 2002, Mills 2007, 

Wilson and Watts 2008, Environment Canada 2015). Whip-poor-wills tend to use these 

open habitats for foraging, and adjacent or nearby forested habitat (e.g., woodlot edges or 

open forest) for nesting and roosting (Eastman 1991, Cink 2002, Wilson and Watts 2008, 

Hunt 2013, Ministry of Natural Resources 2013). Thus, the results of our study suggest 
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that the declines in Whip-poor-will occurrence at Breeding Bird Survey stops are related 

to declines in foraging opportunities, rather than the loss of forested nesting or roosting 

sites. 

In particular, declines in useable open habitat at stops might have affected the 

detectability or abundance of the Whip-poor-will’s prey. Whip-poor-wills forage for 

aerial insects (e.g., large moths and beetles) using short, upward sallies from the ground 

or a low perch during twilight and moonlit nights, likely relying on vision to detect 

backlit prey (Mills 1986, Cink 2002). The open canopy of useable open habitat (i.e., 

<10% tree and shrub cover) might facilitate Whip-poor-will foraging by creating suitable 

backlit conditions for prey detection (see also Wilson and Watts 2008, Tozer et al. 2014). 

Furthermore, the abundance and richness of Whip-poor-will prey might be higher in 

useable open habitat relative to other habitat types; for example, beetle abundance and 

richness can be higher along forest edges adjacent to forest clear-cuts (Jokimäki et al. 

1998, Silva et al. 2010) or in tree-fall gaps (Blake and Hoppes 1986) compared to forest 

interiors. Thus, the declines in Whip-poor-will occurrence at Breeding Bird Survey stops 

might have been related to reductions in prey detectability or abundance associated with 

the loss of useable open habitat. 

The importance of scale 

We found that the change in average Whip-poor-will occurrence varied with the 

change in useable open habitat within our landscape scale (1140 m from Breeding Bird 

Survey stops) but not within our stop-level scale (570 m from Breeding Bird Survey 

stops). The different results at different scales could be explained by two possible factors. 

First, our landscape scale might have included more of the habitat used by Whip-poor-
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wills recorded on Breeding Bird Surveys. Although Breeding Bird Surveys are only 

supposed to include birds within 400 m of stops, Whip-poor-will songs can be heard over 

1 km away (Johnson 2011), particularly during calm conditions or over open water or 

agricultural land. Thus, our landscape scale might have included habitat used by Whip-

poor-wills singing further than 400 m away that were inadvertently counted on Breeding 

Bird Surveys. Furthermore, Whip-poor-wills recorded on Breeding Bird Surveys might 

have used more habitat beyond 570 m of stops if their breeding territories were larger 

than the average territory sizes described in the literature (about 9 ha; English 2011, as 

cited in Ministry of Natural Resources 2013), or if Whip-poor-wills travelled outside of 

their breeding territories to forage. Territories exceeding 9 ha have been documented in 

parts of the Whip-poor-will’s breeding range, including northern Ontario (Rand 2014) 

and Kansas (Fitch 1958), suggesting that territories of Whip-poor-wills recorded within 

400 m of stops could have extended well beyond 570 m. Individuals have also been 

known to travel up to 500 m away from their nest site or territory center to use foraging 

habitat outside of their defended territory (Ministry of Natural Resources 2013). 

Similarly, the closely related European Nightjar defends breeding territories that average 

between 10 and 12 ha in size, but individuals will travel an average maximum distance of 

747 m from the center of their territory each night, beyond song territory boundaries, 

likely to forage in optimal habitat (Sharps et al. 2015). In our study, additional foraging 

habitat located up to 500 m away from the focal birds’ breeding territory centers would 

have been better accounted for in our landscape measurements, but could have been 

missed by our stop-level measurements. 
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Second, the significant results at the landscape, but not stop-level, scale could be 

caused by Whip-poor-will occurrence depending on the presence or density of 

conspecifics in the surrounding area. In territorial birds, visual or auditory cues from 

conspecifics can unintentionally provide information about local habitat quality and 

consequently influence breeding site selection by individuals (e.g., Doligez et al. 2002, 

Danchin et al. 2004, Ward and Scholoss 2004, Nocera et al. 2006). Higher local densities 

might also attract new individuals because of the alternative breeding opportunities 

provided by neighbours in the form of extra-pair matings (e.g., Møller 1991, Westneat 

and Sherman 1997), or because females might prefer to settle in areas where they can 

choose among many males, increasing the pairing success of males that settle with other 

birds nearby (Bradbury 1981, Wagner 1998, Tarof et al. 2004). In some species, 

experimentally increasing the perceived conspecific density in unsuitable habitat 

increases settlement by breeding individuals, suggesting that perceived conspecific 

density can be more influential on species occurrence than actual habitat suitability 

(Nocera et al. 2006, Betts et al. 2008, Farrell et al. 2012). In our study, the likelihood of 

male Whip-poor-wills establishing a breeding territory near a stop could have depended 

on the density of conspecifics in the surrounding area, with the density of conspecifics 

increasing with the availability of useable open habitat within 1140 m of stops. 

Potential bias in Breeding Bird Survey data 

Breeding Bird Survey data arguably provided the best available data to test the 

hypothesis that breeding habitat loss contributed to the declines in Whip-poor-will 

populations, however, this dataset has several shortcomings. First, our sample size was 

small (n=16 Breeding Bird Survey stops), increasing the influence of stochastic variation 
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and chance events on our statistical analysis, and reducing our power to test the 

importance of alternative factors. Second, Breeding Bird Survey stops are restricted to 

roadside breeding habitat, which might be unrepresentative of overall Whip-poor-will 

breeding habitat. Roadside habitat often undergoes different processes of change than off-

road habitat, including higher rates of land conversion for agriculture and urban 

development (e.g., Keller and Scallan 1999, Harris and Haskell 2007); thus, Whip-poor-

wills recorded during Breeding Bird Survey efforts might be exposed to different threats 

than individuals breeding in off-road habitat. Third, our use of Breeding Bird Survey data 

to test our hypothesis might have introduced a geographic bias into our study. Although 

we did not find evidence of spatial autocorrelation in our statistical analysis, Whip-poor-

will populations appeared to decline more often in the east (Fig. 2.1). More generally, 

aerial insectivore population declines show a geographic gradient in North America, with 

declines worse in eastern Canada and the northeastern United States (Nebel et al. 2010); 

in particular, Tree Swallow (Tachycineta bicolor) nest box occupancy rates tend to be 

increasing west of 78° W longitude but decreasing east of 78° W longitude in North 

America (Shutler et al. 2012). This geographic variation in aerial insectivore population 

declines could be a result of regional differences in populations’ responses to climate 

change or changes in insect prey abundance or phenology (Both et al. 2006, Nebel et al. 

2010, Shutler et al. 2012). In our study, Breeding Bird Survey stops that lost useable open 

habitat might have also been, by chance, affected by other negative factors that were 

acting along a geographic gradient. Alternatively, northeastern Whip-poor-will 

populations might have been more vulnerable to the loss of useable open habitat due to 

other negative factors, such as reduced availability of insect prey. 
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Causes of Whip-poor-will population declines and importance 

of the Breeding Bird Survey 

Our findings that the change in useable open habitat predicted the change in 

average Whip-poor-will occurrence at Breeding Bird Survey stops, and that useable open 

habitat increased or remained unchanged at all four stops that gained Whip-poor-wills 

(Fig. 2.3), suggest that conserving breeding habitat will be important for recovering 

Whip-poor-will populations in Canada. In particular, habitat management that maintains 

or increases the availability of suitable open habitat (e.g., old fields, clear-cuts) might 

help to promote the establishment and subsequent persistence of Whip-poor-wills. 

However, the change in useable open habitat did not explain all of the variation in Whip-

poor-will occurrence at Breeding Bird Survey stops, and Whip-poor-wills disappeared 

from some stops that gained or maintained useable open habitat (Fig. 2.4). These results 

suggest that other factors have also contributed to the declines in Whip-poor-will 

populations in Canada. These other factors might include habitat loss on the wintering 

grounds (e.g., Central America) and broad declines in available insect prey, such as 

nocturnal moths (Environment Canada 2015). These factors might interact, both with 

each other, and with the loss of breeding habitat, to create the rapid population declines in 

Whip-poor-wills, and aerial insectivores in general, relative to other species. 

The results of our study also suggest that Breeding Bird Survey data, coupled with 

aerial photographs and satellite imagery, could be used effectively to test similar 

hypotheses in other species of birds experiencing population declines (see also McElhone 

et al. 2011). The fact that we found support for our hypothesis, even though Breeding 

Bird Surveys were not designed to census nocturnal or crepuscular birds, suggests that 
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Breeding Bird Survey data could be even more effective for testing hypotheses in diurnal 

species. Our results highlight the importance of citizen science, not only for the 

monitoring of bird populations over time, but also for elucidating the causes of avian 

population declines. 
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Figure 2.1. Locations of Canadian Breeding Bird Survey routes used in our study of 

Eastern Whip-poor-wills (Antrostomus vociferus). Black and white points show locations 

where Whip-poor-wills appeared and disappeared, respectively, between 1967 and 2013.  
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Figure 2.2. Proportion of Breeding Bird Survey stops in our study (n=16) that were 

occupied by Eastern Whip-poor-wills (Antrostomus vociferus) each year between 1967 

and 2013 (black points), where 

 number of stops occupied by Whip-poor-wills/ total number of stops surveyedy  for 

each year. Data are from the first stop on 16 Breeding Bird Survey routes in Canada and 

all stops were occupied by Whip-poor-wills during at least three survey years 

uninterrupted by four or more consecutive years of absence. The proportion of stops 

occupied by Whip-poor-wills decreased significantly between 1967 and 2013 (linear 

model, intercept=10.2, slope=-0.005, F=15.6, df=1, 45, p<0.001, R
2
=0.26; red line). 

Number of stops surveyed each year (maximum 16 stops) is shown in grey. 
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Figure 2.3. Average Eastern Whip-poor-will (Antrostomus vociferus) occurrence varied 

with both the percent change in useable open habitat (A; linear model, slope=0.19, 

SE=0.062, t=3.04, p=0.0088, n=16, R
2
=0.40) and the total change in useable open habitat 

(B; linear model, slope=1.90x10
10

, SE=4.41x10
9
, t=4.32, p<0.001, n=16, R

2
=0.57) within 

1140 m of Breeding Bird Survey stops, where useable open habitat includes typical open 

habitat used by breeding Whip-poor-wills (i.e., forest gaps and clear-cuts, old fields, 

shrubby wetlands, road and power-line corridors). For each Breeding Bird Survey stop, 

the change in average occurrence and useable open area was measured between two years 

that captured a loss or gain of Whip-poor-wills. Average Whip-poor-will occurrence 

represents the Whip-poor-will occupancy value (“absent”=0, “present”=1) at a stop 

averaged across a five year window centered on a survey year with corresponding land 

cover data, and ranges between 0 and 1. A negative change in average occurrence 

indicates that Whip-poor-wills disappeared from a stop and a positive change indicates 

that Whip-poor-wills appeared. Raw data are shown in figure; transformed data were 

used in statistical models (see Appendix F for transformations). Solid black lines indicate 

model-derived predicted values that were back-transformed from transformed data, and 

black hatched lines indicate back-transformed upper and lower 95% confidence intervals. 
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Figure 2.4. Relationship between the change in Eastern Whip-poor-will (Antrostomus 

vociferus) occupancy (loss or gain) at Breeding Bird Survey stops in Canada and the 

percent change in the area of useable open habitat (i.e., forest gaps and clear-cuts, old 

fields, shrubby wetlands, road and power-line corridors) within 1140 m of stops. All 

stops were occupied by Whip-poor-wills during at least three survey years uninterrupted 

by four or more consecutive years of absence. Whip-poor-wills appeared (without 

subsequent disappearance) only at Breeding Birds Survey stops that did not lose useable 

open habitat. Conversely, Whip-poor-wills often disappeared (without subsequent 

reappearance) from Breeding Bird Survey stops that lost useable open habitat. 
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Figure 2.5. Relative contribution of different factors to the loss (left) and gain (right) of 

useable open habitat (i.e., forest gaps and clear-cuts, old fields, shrubby wetlands, road 

and power-line corridors) within 1140 m of Breeding Bird Survey stops in Canada (n=16 

stops). Change in useable open habitat was measured between two years that captured a 

loss or gain of Whip-poor-wills at each stop. Data show the percentage of the total area of 

useable open habitat lost across all 16 stops that was lost to each factor (left), and the 

percentage of the total area of useable open habitat gained across all 16 stops that was 

gained from each factor (right). Useable open habitat was lost at eight stops, gained at six 

stops, and remained unchanged at two stops. 
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Table 2.1. Types of land cover measured around Breeding Bird Survey stops that lost or 

gained Eastern Whip-poor-will (Antrostomus vociferus) populations. 

Land cover type Description 

Agriculture (m
2
) Cropland and pastures (canopy cover=0%) 

Useable open (m
2
) 

a 
Forest gaps and clear-cuts, shrubby wetlands, old fields and shrubby 

pastures, power-line corridors, roads within or adjacent to forest 

cover (tree/shrub canopy cover <10% 
b
)

 

Semi-open forest (m
2
) 

a 
10%< canopy cover <95% 

Closed forest (m
2
) 

a 
Canopy cover >95%

 

Useable forest edge (m) Edge between adjacent closed or semi-open forest and useable open 

habitat patches 

Total forest edge (m) Edge between adjacent closed or semi-open forest and any other land 

cover patch 

Number of buildings Residential buildings (rural and suburban) 

Selection and definition of land cover types was guided by known Whip-poor-will breeding 

habitat preferences (Palmer-Ball 1996, Cink 2002, Mills 2007, Wilson and Watts 2008).  
a
 Habitat within 100 m of >5 buildings was excluded from this category because Whip-poor-wills 

are likely sensitive to human disturbance within their defended territories (similar to the closely 

related European Nightjar [Caprimulgus europaeus]; Liley and Clarke 2003, COSEWIC 2009, 

Environment Canada 2015), and Whip-poor-will territories are typically at least 3 ha in size (i.e., 

100 m radius from the nest site or center of territory; Fitch 1958, Cink 2002, Ministry of Natural 

Resources 2013). 
b Estimation of canopy cover was guided by a comparison chart for the visual estimation of 

percent foliage cover (Terry and Chilingar 1955, as cited in Anderson 1986). 
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Table 2.2. Predictor variables included in a generalized linear model (binomial 

distribution) to determine the conditions most suitable for Eastern Whip-poor-will 

(Antrostomus vociferus) detection. 

Predictor Description 

Date Number of days since January 1 

Time before sunrise 
Number of minutes between the start of sampling at a Breeding Bird 

Survey stop and sunrise 

Temperature Temperature (degrees Celsius) recorded at the start of sampling 

Wind speed Beaufort wind speed code recorded at the start of sampling 
a
 

Sky condition Weather Bureau sky code recorded at the start of sampling 
a
 

FMI 
Fraction of the moon face illuminated at midnight preceding the morning 

of sampling 

Duration of useable 

moonlight 

Number of minutes the moon was at least 100 min above the horizon 

between crepuscular twilight (sun >13 degrees below horizon; Mills 

1986) at dusk (evening preceding sampling) and dawn (morning of 

sampling) 
b
 

Model tested the prediction that the probability of detecting Whip-poor-wills at the first stop on 

Breeding Bird Survey routes in Canada varied with lunar and weather conditions and survey 

timing. 

a 
see Environment Canada (2011) for definition of code.  

b 
most Whip-poor-will activity occurs when the moon is at least 100 min above horizon (Mills 

1986). 
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Table 2.3. Top-performing model (lowest AICc) testing if the change in average Eastern 

Whip-poor-will (Antrostomus vociferus) occurrence varied with the change in land cover 

within 570 m of Breeding Bird Survey stops. 

Top-performing model was identified from model fit comparisons that included all possible 

combinations of predictor variables. All other models had a delta AICc value greater than 2. 
a 
numbers for predictor variables are effect sizes. 

b
 predictors variables were transformed (see Appendix F).

Model 

ranking 
Intercept

 a
 Useable open 

b
 df logLik AICc 

delta  

AICc 
weight 

1 0.98 3.94   3 -0.19 8.4 0 1 
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Table 2.4. Top-performing models (delta AICc <2) testing if the change in average Eastern Whip-poor-will (Antrostomus vociferus) 

occurrence varied with the change in land cover within 570 m of Breeding Bird Survey stops without a highly influential point 

(Cook’s distance >1).  

Top-performing models were identified from model fit comparisons that included all possible combinations of predictor variables. 
a 
numbers for predictor variables are effect sizes. 

b
 predictor variables were transformed (see Appendix F). 

c
 long dash indicates that the predictor variable was absent from the model.

Model 

rank 
Intercept

 a
 

Total edge 

length
 b

 

Useable 

open 

Useable 

open^2 
df logLik AICc  delta AICc weight 

1 0.48 — 
c
 — — 2 -1.71 8.4 0.00 0.39 

2 0.91 — 3.41 — 3 -0.59 9.4 0.94 0.25 

3 0.48 -0.091 — — 3 -0.74 9.7 1.24 0.21 

4 0.56 — — -0.13 3 -1.10 10.4 1.96 0.15 
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Table 2.5. Top-performing model (lowest AICc) testing if the change in average Eastern 

Whip-poor-will (Antrostomus vociferus) occurrence varied with the change in land cover 

within 1140 m of Breeding Bird Survey stops. 

Top-performing model was identified from model fit comparisons that included all possible 

combinations of predictor variables. All other models had a delta AICc value greater than two. 
a 
numbers for predictor variables are effect sizes. 

b
 predictor variables were transformed (see Appendix F). 

 
 

  

Model 

ranking 
Intercept

 a
 Useable open 

b
 df logLik AICc 

delta  

AICc 
weight 

1 1.70 2.24   3 0.13 7.7 0 1 
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Chapter 3 

General Discussion 

The decline of aerial insectivore populations is an issue of growing concern in 

North America, particularly in the northern parts of species’ breeding ranges in eastern 

Canada and the northeastern United States (Blancher et al. 2007, Nebel et al. 2010, 

Shutler et al. 2012, Sauer et al. 2014). While several hypotheses have been proposed to 

explain the population declines in aerial insectivores, direct evidence can rarely link 

specific factors to the observed trends. Elucidating the cause(s) of aerial insectivore 

population declines is particularly difficult because species in this guild have complex 

life histories (e.g., migration) and we lack the necessary data to test many of the 

alternative hypotheses (e.g., long-term insect prey population data). However, 

conservation efforts to improve aerial insectivore populations are unlikely to succeed 

until the specific factors behind the declines are identified. 

Eastern Whip-poor-wills are one of the aerial insectivore species that have shown 

particularly steep population declines across their breeding range in eastern North 

America (Sauer et al. 2014). To better understand the specific factors behind Whip-poor-

will population declines, we tested the hypothesis that breeding habitat loss contributed to 

the observed Whip-poor-will population declines in Canada. We found support for this 

hypothesis, where the percent change in the area of useable open habitat (e.g., old fields, 

forest clear-cuts, road and power-line corridors) within 1140 m of Breeding Bird Survey 

stops predicted the change in Whip-poor-will occurrence at the same stops. The change in 

useable open habitat explained approximately 40-57% of the variation in Whip-poor-will 
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occurrence (40% for percent change in useable open habitat; 57% for the total change in 

useable open habitat, m
2
), suggesting that the loss of breeding habitat was an important 

contributor to the declines in Whip-poor-will populations at Breeding Bird Survey stops. 

In particular, the loss of useable open habitat within 1140 m of stops was primarily 

caused by forest succession of clear-cuts and old fields, while the gain was primarily a 

result of timber removal and initial succession of agricultural land. We also found that 

Whip-poor-wills disappeared from some stops that gained or maintained useable open 

habitat, suggesting that the loss of useable open habitat is not the only factor causing the 

declines in Whip-poor-will populations at Breeding Bird Survey stops. 

Our findings are consistent with previous suggestions that breeding habitat loss 

has contributed to the population declines in aerial insectivores that forage in open habitat 

(i.e., swallows and nightjars; Poulin et al. 1996, Blancher et al. 2007, COSEWIC 2007, 

COSEWIC 2011, Environment Canada 2015). In general, swallows and nightjars 

(including Whip-poor-wills) depend on open country or early successional habitat for 

foraging; however, open habitat has been declining throughout eastern North America, 

including parts of eastern Ontario, southern Quebec, and the northeastern United States, 

largely due to the natural reforestation of abandoned farmland (Litvaitis 1993, Trani et al. 

2001, Blancher et al. 2007, Jobin et al. 2014). In Ontario, swallows and nightjars have 

both disappeared from large areas that were formerly cleared for agriculture but that have 

since returned to forest (e.g., southern part of Canadian Shield), presenting similar 

patterns to grassland birds (Cadman et al. 2007). Thus, our finding that the change in 

useable open habitat predicted the change in Whip-poor-will occurrence at Breeding Bird 

Survey stops suggests that the concurrent population declines of other aerial insectivores 
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and grassland birds could be caused, in part, by the same factor — the gradual succession 

of abandoned farmland to forest. 

The results of this study also contribute to a growing body of evidence suggesting 

that multiple factors, rather than a single common factor, are contributing to the broad 

declines in aerial insectivore populations. To date, population declines of aerial 

insectivore species have been directly or indirectly linked to several different factors, 

including reductions in available insect prey due to pesticides (Poulin et al. 2010, Nocera 

et al. 2012) and climate change (Both et al. 2006), weather and climatic events (Dionne et 

al. 2008, García-Pérez et al. 2014), loss of suitable nesting habitat or nesting structures 

(Tate 1986, Grüebler et al. 2010; although the availability of suitable chimney nest sites 

is not limiting for northern Chimney Swift populations [Fitzgerald et al. 2014]), loss of 

foraging habitat due to agricultural intensification (Evans et al. 2007, Ghilain and Bélisle 

2008), and now, loss of open breeding habitat due to natural forest succession. 

Furthermore, population declines tend to be worse in aerial insectivore species that 

migrate to South America than in species that migrate to Central America, suggesting that 

factors related to migration distance (e.g., energetic demands) or factors acting stronger 

in South America (e.g., pesticides or habitat loss) might negatively affect some aerial 

insectivore populations (Nebel et al. 2010). Overall, aerial insectivore populations may be 

declining faster than other groups of birds because of complex interactions between these 

multiple factors. 

 

https://scholar.google.ca/citations?user=aHYWD68AAAAJ&hl=en&oi=sra
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Future research for Whip-poor-wills 

We found evidence that the loss of breeding habitat contributed to the declines in 

Whip-poor-will populations at Breeding Bird Survey stops in Canada, and that other 

factors have also contributed to the declines. Future research on Whip-poor-wills should 

test alternative hypotheses to explain declines, such as reductions in available insect prey 

or habitat loss on the wintering grounds. In particular, Whip-poor-will population 

declines have been attributed to reductions in available insect prey because Whip-poor-

wills and other declining aerial insectivores all share a specialization for feeding on 

flying insects (Environment Canada 2015), and furthermore, populations of nocturnal 

moths (a preferred prey for Whip-poor-wills) are declining in the northeastern United 

States (Wagner 2012). However, testing the hypothesis that reductions in insects 

contributed to the declines in Whip-poor-will populations will be challenging because 

long-term monitoring data on Whip-poor-will diets are currently unavailable; although, 

historical diet trends in Chimney Swifts were obtained using a proxy approach (i.e., 

chimney guano deposits; Nocera et al. 2012). Whip-poor-will population declines have 

also been attributed to agricultural intensification and expansion on the wintering grounds 

in Mexico and Central America due to the high rates of deforestation for cattle pastures 

(Masek et al. 2011, Aide et al. 2013, Environment Canada 2015). While Whip-poor-wills 

might benefit from the creation of some open habitat, extensive deforestation might 

render habitats unsuitable (Environment Canada 2015). Testing these alternative 

hypotheses would improve our understanding of the relative importance of these different 

factors in explaining the declines in Whip-poor-will populations, and thus, allow us to 

implement effective strategies to restore Whip-poor-will populations. 
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Summary 

1. Eastern Whip-poor-will (Antrostomus vociferus) populations have been declining 

across their breeding range in eastern North America since at least the late 1960s, 

yet the cause of declines is currently unknown. 

2. We tested the hypothesis that breeding habitat loss contributed to the observed 

Whip-poor-will population declines in Canada. If the loss of breeding habitat 

caused the observed Whip-poor-will population declines, then we predicted that 

changes in breeding habitat cover would explain changes in Whip-poor-will 

occurrence at precise survey locations. 

3. To test our prediction, we used data collected at the first stop on 16 Breeding Bird 

Survey routes to determine the change in Whip-poor-will occurrence over time. 

We then used aerial photographs and satellite images to measure the change in 

land cover around each stop between two survey years that showed a change in 

Whip-poor-will occurrence (i.e., appearance or disappearance). 

4. We found support for our hypothesis: the change in the area of useable open 

habitat (e.g., forest gaps and clear-cuts, old fields, shrubby wetlands, road and 

power-line corridors) within 1140 m of Breeding Bird Survey stops predicted the 

change in Whip-poor-will occurrence at the same stops. 

5. The change in useable open habitat explained approximately 40-57% of the 

variation in Whip-poor-will occurrence (40% for percent change in useable open 

habitat; 57% for the total change in useable open habitat, m
2
), suggesting that the 

loss of breeding habitat was an important contributor to the declines in Whip-

poor-will populations at Breeding Bird Survey stops. 
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6. We also found that Whip-poor-wills disappeared from some Breeding Bird 

Survey stops that gained or maintained useable open habitat, suggesting that other 

factors, such as habitat loss on the wintering grounds or declines in available 

insect prey, have also contributed to the declines in Whip-poor-will populations in 

Canada. 
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Appendix A. Procedure for selecting Breeding Bird Survey (BBS) routes 

 

 

 

  

Retained BBS routes if Whip-poor-wills were 

detected at any stop between 1967 and 2013 

Retained BBS routes if Whip-poor-wills were 

detected at first stop 

Retained BBS routes if Whip-poor-wills were 

detected at first stop during at least three years 

Retained BBS routes if Whip-poor-wills were 

detected during at least three years uninterrupted 

by more than four consecutive years of non-

detection 

 

 

were detected at first stop during three or more 

years but these years were interrupted by more 

than four consecutive years of non-detection (i.e., 

absence threshold) 

~ 500 BBS 

routes in 

Canada 
 

 

77 BBS 

routes 

 

 

52 BBS 

routes 
 

52 BBS 

routes 

 

 

20 BBS 

routes 

 

16 BBS 

routes 
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Appendix B. Aerial photograph and digital satellite image source and resolution information 
 

Table B1. Aerial photographs used to measure land cover around Breeding Bird Survey stops in Canada. 

Breeding Bird 

Survey route 

Latitude, longitude Flight 

line 

Roll 

no. 

Photo 

no. 

Year Leaf-on/ 

leaf-off 

Scale Source 

Barry’s Bay, ON 45.50222, -77.7469 

 

4521 R46 251 1987 Leaf-on 1:20 000 Ministry of Natural Resources 

Forest Resource Inventory (MNR 

FRI); Archives of Ontario (AO), 

Toronto, ON 

Bird River, MB 50.41315, -95.6843 n/a A274

54 

23 1989 Leaf-on 1:50 000 Department of Energy, Mines, and 

Resources (DEMR);  National Air 

Photo Library (NAPL), Ottawa, ON 

Blackville, NB 46.5308, -65.8563 n/a 7650

1 

197 1976 Leaf-on 1:20 000 Department of Natural Resources 

(DNRE); Government of New 

Brunswick (GNB) 

Cobden, ON 45.56464, -76.9157 n/a A209

30 

38 1969 Leaf-on 1:40 000 DEMR; NAPL 

Cobden, ON 45.56464, -76.9157 4524 

4523 

R42 

R42 

47 

106 

1987 Leaf-on 1:20 000 MNR FRI; AO 

Drummondville, 

QC 

45.94331, -72.5686 n/a A194

21 

14 1967 Leaf-on 1:20 000 DEMR; NAPL 

Drummondville, 

QC 

45.94331, -72.5686 n/a A256

64 

26 1981 Leaf-on 1:50 000 DEMR; NAPL 

Glen Almond, QC 45.70991, -75.542 n/a A301

86 

114 1969 Leaf-off 1:20 000 DEMR; NAPL 

Gore Bay, ON 45.81092, -82.8312 n/a 1617

4 

9 1974 Leaf-on 1:30 000 Northway/Photomap/Remote 

Sensing Ltd. 

Gore Bay, ON 45.81092, -82.8312 4527 R18 74 1990 Leaf-on 1:25 000 MNR FRI; AO 
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Hudson, QC 45.42771, -74.1781 n/a A194

87 

87 1969 Leaf-off 1:25 000 DEMR; NAPL 

Maniwaki, QC 46.36548, -76.0278 n/a A313

56 

9 1983 Leaf-on 1:15 000 DEMR; NAPL 

Maniwaki, QC 46.36548, -76.0278 n/a A316

65 

48 1993 Leaf-on 1:15 000 DEMR; NAPL 

Massey, ON 46.46036, -82.2943 n/a A236

98 

11 1974 Leaf-on 1:50 000 DEMR; NAPL 

Massey, ON 46.46036, -82.2943 4616 R15 113 1990 Leaf-on 1:30 000 MNR FRI; AO 

Minto, NB 46.01228, -66.1818 n/a 9850

1 

127, 

128 

1998 Leaf-on 1:12 500 DNRE; GNB 

Mt. Julian, ON 44.5673, -78.1392 4424 R38 65, 66 1977 Leaf-on 1:15 000 MNR FRI; AO 

Mt. Julian, ON 44.5673, -78.1392 4424 R3 64 1987 Leaf-on 1:20 000 MNR FRI; AO 

Petroglyphs, ON 44.61972, -78.0464 01 R360 23 1994 Leaf-on 1:30 000 MNR FRI; AO 

Port Dover, ON 42.67885, -80.3718 n/a A242

84 

179 1975 Leaf-on 1:25 000 DEMR; NAPL 

Port Dover, ON 42.67885, -80.3718 20 R301 153 1985 Leaf-on 1:30 000 MNR FRI; AO 

Red Rose, MB 51.62432, -97.4287 n/a A275

78 

195 1990 Leaf-on 1:50 000 DEMR; NAPL 

Roblin, ON 44.35414, -77.0098 n/a A302

59 

32 1969 Leaf-on 1:25 000 DEMR; NAPL 

Roblin, ON 44.35414, -77.0098 4425 R28  441 1978 Leaf-on 1:20 000 MNR FRI; AO 
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Table B2. Satellite imagery and digital photographs used to measure land cover around Breeding Bird Survey stops in Canada. 

Breeding Bird 

Survey route 

Latitude, longitude Year Leaf-on/ 

leaf-off 

Resolution Source 

Barry’s Bay, ON 45.50222, -77.7469 2004 Leaf-on 2.5 m Cnes/Spot Image; Google Earth (v. 7.1.2.2041) 

Bird River, MB 50.41315, -95.6843 2012 Leaf-on 0.5 m DigitalGlobe; ArcGIS (v. 10.1) basemap  

Blackville, NB 46.5308, -65.8563 2013 Leaf-on 0.5 m DigitalGlobe; Google Earth (v. 7.1.2.2041) 

Glen Almond, QC 45.70991, -75.542 2004 Leaf-on 2.5 m Cnes/Spot Image; Google Earth (v. 7.1.2.2041) 

Hudson, QC 45.42771, -74.1781 2009 Leaf-on 2.5 m Cnes/Spot Image; Google Earth (v. 7.1.2.2041) 

Minto, NB 46.01228, -66.1818 2012 Leaf-on 0.5 m DigitalGlobe; Google Earth (v. 7.1.2.2041) 

Petroglyphs, ON 44.61972, -78.0464 2010 Leaf-on 0.5 m DigitalGlobe; ArcGIS (v. 10.1) basemap  

Red Rose, MB 51.62432, -97.4287 2009 Leaf-on 1 px= 0.5 cm GeoManitoba, Air Photo Library (digital photograph) 

http://www.oldapps.com/google_earth.php?old_google_earth=14714
http://www.oldapps.com/google_earth.php?old_google_earth=14714
http://www.oldapps.com/google_earth.php?old_google_earth=14714
http://www.oldapps.com/google_earth.php?old_google_earth=14714
http://www.oldapps.com/google_earth.php?old_google_earth=14714
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Appendix C. Examples of land cover classifications near Breeding Bird 

Survey stops 
 

Numbers indicate land cover classification, where 1=agriculture, 2=useable open, 3=semi-open 

forest, 4=closed forest, 5=useable forest edge, 6=other forest edge, 7=building, and 8=habitat 

excluded from measurements (within 100 m of >5 buildings). 
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Appendix D. Examples of land cover changes around Breeding Bird Survey 

stops 
 

 Closed forest    Semi-open forest    Useable open habitat 

 Excluded from measurements    Building        Breeding Bird Survey stop 

 

        

 

       

 

Figure D1. Land cover changes within the northwest quadrant of study area at the first stop on a 

Breeding Bird Survey route in New Brunswick, Canada (A= raw aerial photograph taken in 1998 

by the Department of Natural Resources, B= “A” categorized by land cover type, C= raw 

satellite image taken in 2012 by DigitalGlobe, D= “C” categorized by land cover type). White 

hatched lines indicate distances of 570 and 1140 m from Breeding Bird Survey stop. 

A B 

C D 
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 Closed forest    Semi-open forest    Useable open habitat 

 Excluded from measurements    Building        Breeding Bird Survey stop 

 

       

 

       

Figure D2. Land cover changes within the northwest quadrant of study area at the first stop on a 

Breeding Bird Survey route in Ontario, Canada (A= raw aerial photograph taken in 1987 by the 

Ministry of Natural Resources, B= “A” categorized by land cover type, C= raw satellite image 

taken in 2004 by Cnes/Spot Image, D= “C” categorized by land cover type). White hatched lines 

indicate distances of 570 and 1140 m from Breeding Bird Survey stop.

A B 

C D 
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Appendix E. Top-performing models and averaged model for calculating Whip-poor-will detection 

probability 
 

Table E1. List of top-performing models (delta AICc <2) testing if survey timing or lunar or weather conditions predict Whip-poor-

will detection on Breeding Bird Surveys. 

Top-performing models were identified from model fit comparisons that included all possible combinations of predictor variables. 
a 
numbers for predictor variables are effect sizes.  

b
 see Table 2.2 in Chapter 2 for descriptions of predictor variables.  

c 
long dash indicates that the predictor variable was absent from the model.  

Table E2. Averaged model used to predict the probability of detecting Whip-poor-wills on Breeding Bird Surveys. 

Model averaging was performed on subset of models with a delta AICc value less than two from Table E1. 
a
 numbers for predictor variables are effect sizes. 

b 
see Table 2.2 in Chapter 2 for descriptions of predictor variables.  

Model 

rank 
Intercept 

a Calendar 

date 
b 

Fraction of 

the moon 

face 

illuminated 

Time to 

sunrise 

(min) 

Duration 

of useable 

moonlight 

(min) 

Start 

temp. (°C) 
df logLik AICc 

delta 

AICc 
weight 

1 5.396 -0.0426 — 
c
 0.0647                                — — 3 -131.952 270.0 0.00 0.161 

2 5.762 -0.0444          — 0.0657                                -1.264e-03                     — 4 -131.689 271.6 1.56 0.074 

3 5.772 -0.0439 -0.306 0.0643                                — — 4 -131.694 271.6 1.57 0.073 

4 5.453 -0.0411          — 0.0641                  — -0.0239    4 -131.700 271.6 1.58 0.073 

Intercept
 a 

Calendar date
 b Time before sunrise 

(min) 

Duration of useable 

moonlight (min) 

Fraction of the 

moon face 

illuminated 

Start temp. (°C) 

5.550461    -0.04291838     0.0647083       -0.0012640243 -0.3056651 -0.023860048 
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Appendix F. Predictor variable transformations 
 

Table F1. Predictor variable transformations used to improve fit of full linear models testing if the change in Eastern Whip-poor-will 

(Antrostomus vociferus) occurrence at Breeding Bird Survey stops in Canada varied with the percent change in land cover within 570 

m (stop-level) and 1140 m (landscape) of stops. 

Predictor term Transformation in stop-level model Transformation in landscape model 

Agriculture (m
2
) 

Johnson SI distribution 
a
:

  log 0.12 1.18 1.92x    
  

4x   

Useable open (m
2
)   

21/ ( 3)x   1/ ( 2)x   

Semi-open forest (m
2
)   

21/ ( 1.5) x  

Johnson SI distribution 
a
: 

  log 1.33 2.05 0.15x     

Closed  

forest (m
2
) 

No transformation 

Generalized log distribution 
a
: 

 2 20.0558
log 3.60

2

1.23

x x   
  

  
  
  

  

Total forest edge (m) 

Johnson SI distribution 
a
: 

  log 0.63 3.39 1.67x  
 

Johnson SI distribution 
a
: 

  log 0.18 0.99 1.71x    

Useable forest edge (m) No transformation n/a 
b
 

Number of buildings n/a 
b
 

Johnson SU distribution 
a
; 

( 4.12e-58)
ArcSinH 0.0153 1.26

2.15

x 
  

    

Closed forest
2 

Johnson SI distribution 
a
: Generalized log distribution 

a
:
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(polynomial)   log 1.03 5.48 0.13x    
  2 20.0558

log 3.60
2

1.23

x x   
  

  
  
  

 

Useable open
2 

(polynomial) 

Generalized log distribution 
a
:

 2 20.0246
log 5.04

2

3.32

x x   
  

  
  
  

 

Generalized log distribution 
a, c

:

 2 20.154
log 2.75

2

1.17

x x   
  

  
  
    

The change in each land cover type was measured between two years that captured a loss or gain of Whip-poor-wills. 
a 
transformation was performed in JMP version 12.0.1 (JMP 2015). 

b
 variable excluded from model due to evidence of collinearity (variance inflation factor >3; Zuur et al. 2010). 

c 
transformation was also used on useable open in best-performing model. 
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Table F2. Predictor variable transformations used to improve fit of models in post-hoc 

tests. 

Model Predictor variable Transformation  

Linear model 
a Total change in useable 

open (m
2
) 

21/ ( 200000) x
 

Generalized linear 

model 
b 

Relative change in useable 

open (%) 

Generalized log distribution 
c
:

 2 20.154
log 2.75

2

1.17

x x   
  

  
  
    

a
 model tested the effect of the total change in useable open habitat (m

2
) on the change in Eastern 

Whip-poor-will (Antrostomus vociferus) occurrence at Breeding Bird Survey stops. 
b
 model tested if the percent change in useable open habitat predicted whether Whip-poor-wills 

were lost or gained at Breeding Bird Survey stops. 
c 
transformation was performed in JMP version 12.0.1 (JMP 2015). 
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