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Abstract 

Aerial insectivore birds, those that capture prey while in flight themselves, are the avian 

guild experiencing the steepest population declines in Canada. Although we lack long-

term data on insect abundances, one potential cause of these declines could be a 

change in prey availability. Furthermore, some nocturnal insectivores, like nightjars, face 

the additional challenge of only foraging during twilight periods, or when adequate 

moonlight is available. In this thesis, I take a variety of approaches to test and inform 

predictions associated with possible drivers of population decline in a threatened 

nightjar, Eastern Whip-poor-will (Antrostomus vociferous). Whip-poor-will prefer open-

canopy, or fragmented, forests that allow moonlight to penetrate the canopy, so I first 

tested whether an increase in forest area appeared to explain their population decline. In 

contrast to expectation, whip-poor-will presence was positively associated with forest 

area at a regional scale, and only a delayed effect of urban area explained 

disappearances. At a more local scale, however, whip-poor-will abundance was 

positively related to both presence of open-canopy forests, and insect abundance. At 

this local scale, insect abundance also influenced daily survival rates of chicks, and 

productivity was higher when hatching coincided with peaks in insect abundance. Next, I 

tracked migration using light-logging geolocation tags to identify the wintering range of 

individuals from across the northern portion of the breeding range. I found evidence of 

migratory stopover in the southeastern United States and wintering locations in Mexico 

and Central America, suggesting that both regions are potentially important for this 

population. Finally, I tested for diet change over the past century using nitrogen isotope 

ratios of museum specimen tissues. Whip-poor-will isotope profiles were consistent with 

a gradual shift to feeding on lower trophic-level prey for both breeding season grown 

feathers and winter grown claws. All of these results are consistent with the hypothesis 

that whip-poor-will populations are declining due to changes in prey abundance, but I 

caution that habitat and climatic conditions at locations used throughout the annual cycle 

could also be contributing to these population declines.   

Keywords:  aerial insectivore; lunarphilic; phenology mismatch; migration; stable 

isotope ratios; museum collections 
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Chapter 1.  
 
Introduction 

Ecological systems are diverse in their constituents, structured by complex 

interactions, and constantly changing. Within these systems the abundances of species 

fluctuate in response to changes in climate, habitat succession, and the abundance of 

interacting species. In addition, habitat destruction, introduced species and diseases, 

environmental pollution, and climate change are all contributing to ever more dramatic 

shifts in species composition and abundances (Gibbons et al. 2000; Laliberte and Ripple 

2004). While the discipline of conservation biology is largely focused on the species at 

most imminent risk of extinction, more common species can also act as sentinels of 

environmental threats and ecological change (Wikelski and Tertitski 2016). This raises 

questions, such as, at what point does a decline in the abundance of a relatively 

common species become a concern, and how does one assess the causes of such a 

decline? These questions can end up being surprisingly difficult to answer; because as a 

result of this complexity and dynamism, conservation biology tends to suffer, not from a 

lack of hypotheses, but from a surplus (Caughley 1994). 

Many species of migrant birds have experienced significant population declines 

in recent decades; however, certain guilds appear to have been affected more than 

others (Sanderson et al. 2006; Both et al. 2010; Sauer et al. 2017). Because migrant 

species are susceptible to conditions in more than one region of the globe, identifying 

causes of declines can be even more challenging than for resident species. This is the 

case for the aerial insectivores, species that capture their prey, mostly flying insects, 

while in flight themselves, because in temperate regions relatively few flying insects are 

available in winter. This guild includes the swallows, swifts, flycatchers, and nightjars, 

which collectively span three deeply divergent avian orders and occupy a wide variety of 

habitats. Multiple hypotheses have been proposed to explain population declines 

amongst this guild (Blancher et al. 2007; Nebel et al. 2010; North American Bird 

Conservation Initiative Canada 2012; Michel et al. 2016). Historically, the dominant 

hypothesis for the decline of many of these species has been habitat loss; however, the 

concomitant nature of these declines, and the guild’s shared diet, suggest that food 
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availability or some other shared characteristic, like migration distance or wintering 

conditions, may make them especially vulnerable to environmental change.  

Diagnosing the ultimate causes of these declines will be crucial to designing 

effective conservation plans and mitigating environmental threats. In the case of aerial 

insectivore population declines, the absence of long-term monitoring of insect 

populations in North America has made it particularly difficult to assess the potential for 

prey abundance changes to be a dominant driver. To address this paucity of direct 

monitoring, creative alternative strategies will be required including multi-species 

comparisons. The strength of these approaches will in turn be influenced by the quality 

of the available data for each species included. Furthermore, for migratory species, 

defining the spatial and temporal scales of each hypothesized driver will be especially 

crucial. In this thesis, I use a variety of approaches to address a current lack of basic life 

history information on vital rates and migratory behaviour for one of the most enigmatic 

of these avian aerial insectivores, the Eastern Whip-poor-will (Antrostomus vociferous; 

hereafter “whip-poor-will”) and to test predictions associated with several of the 

hypotheses for ultimate drivers of their population decline.  

 

Study species 

The whip-poor-will is best known for its loud repetitive calling of its name on 

warm summer nights throughout much of rural eastern North America. But as with most 

other nightjars (family: Caprimulgidae), few people who hear the call will ever see the 

caller thanks to their especially cryptic plumage and nocturnal habits. If they are ever 

seen, it is usually just the reflection of their large eyes in vehicle headlights on back 

roads at night (Jackson 2003a). During the daytime, they usually sit motionless and 

nearly invisible against the leaf litter (Figure 1). The northern limit of their breeding range 

extends across east-central Canada, from central Saskatchewan to Nova Scotia, and 

the southern limit extends from Oklahoma to South Carolina, in the United States (Cink 

2002). In the non-breeding season, they are found from southern Florida, around the 

Gulf of Mexico, and south into Central America at least as far as Nicaragua (Cink 2002). 

Little is known about their migration behaviour, routes or timing. It has been suggested 

that they primarily travel overland, can remain in Central America until the end of March, 
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and tend to arrive on the breeding grounds between late March and mid-May depending 

on latitude (Cink 2002).  

 

 
Figure 1.1. Female Eastern Whip-poor-will (Antrostomus vociferous) incubating.  

 

Like most members of the order Caprimulgiformes, whip-poor-will occupy the 

relatively unique foraging niche of crepuscular and nocturnal aerial insectivore. Because 

insect activity is closely related to ambient temperature and weather conditions, aerial 

insectivores are likely to face periods of food limitation. In addition, with the exception of 

Oilbirds (Steatornis caripensis), Caprimulgiformes lack the ability to echolocate, and 

therefore require twilight or moonlight for foraging (Mills 1986; Jetz et al. 2003). Likely as 

a response to these factors, which result in a high probability of experiencing food 

limitation, whip-poor-will, and other members of this order, have a relatively low basal 

metabolic rate (Lane et al. 2004b) and the ability use daily torpor (Lane et al. 2004a; 

Smit et al. 2011). Whip-poor-will usually forage by making short flights to catch flying 

insects from perches on the ground or on exposed tree branches. In essence, they fill a 

nocturnal “flycatcher” type niche, while some Caprimulgiformes (e.g. nighthawks) fill a 

more swallow-like niche. Though limited information exists as to their precise diet, at 

least during the breeding season they appear to feed primarily on lepidopterans (~60%; 

hereafter “moths”)  and coleopterans (~40%; hereafter “beetles”) with small proportions 

of insects from other orders including Plecoptera, Neuroptera, and Hymenoptera (Cink 

2002; Garlapow 2007).  
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Whip-poor-will are intermediate-sized for their family (Caprimulgidae; hereafter 

“nightjars”) at between 50–60 g as adults, and like all other nightjars, have a relatively 

slow life history, laying clutches of a maximum of two eggs (Cleere 2010), and capable 

of living over 15 years (Cink 2002). Eggs are laid directly on the leaf litter, usually under 

the shade of a tall shrub or tree (Cink 2002; Akresh and King 2016). Contrary to the 

suggestion in Cink (2002), males of this species do not usually incubate, although they 

will visit the nest for brief periods (~5min) at dusk and dawn (personal observation). 

Incubation lasts ~20 days (Akresh and King 2016), after which both parents brood and 

provision the young (Mills 1986). Chicks begin perching and making short flights as early 

as 15 days of age (Cink 2002), but still accept food from parents up until at least 30 days 

of age (Mills 1986).  

Whip-poor-will tend to occupy forested habitats (Cooper 1981; Cink 2002) with 

sparse understory vegetation (Garlapow 2007) and nearby open areas for foraging (Cink 

2002; Wilson and Watts 2008). In occupied habitats, male whip-poor-will sing frequently 

during twilight periods and on moonlit nights (Cleaves 1945; Wilson and Watts 2006). 

They are much less vocal during dark nights, apparently due to a higher risk of predation 

when it is too dark to visually detect an approaching predator (Woods and Brigham 

2008; Lester 2010). Aside from dusk and dawn, foraging activity also appears to be 

limited by moonlight (Mills 1986). In fact, it has been argued that whip-poor-will habitat 

choice is largely driven by the need for sufficient moonlight penetration for foraging (Mills 

1986; Cink 2002), although availability of sheltered nest sites (Akresh and King 2016) 

and of prey are both also likely to be important (Sierro et al. 2001).  

 

Evidence of whip-poor-will population decline 

Due to their nocturnal habits, whip-poor-wills are not well surveyed by standard 

diurnal bird survey protocols. As a result, despite decades of anecdotal evidence that a 

once familiar voice has fallen silent in many parts of its range (COSEWIC 2009), hard 

quantitative evidence of a whip-poor-will population decline has been slow to 

accumulate. Still, multiple lines of evidence now show that whip-poor-will populations are 

declining across much of their breeding range. The Breeding Bird Survey provides the 

longest-term estimates of population change (Sauer et al. 2017). This survey’s protocol 
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involves starting the first of 10 point counts 30 min before sunrise, which is just before 

whip-poor-will stop singing for the night (Mills 1986; COSEWIC 2009). Therefore, these 

and other crepuscular species receive, at best, 1/10th the survey effort of many diurnal 

species. As a result, detection rates have always been low, and trend estimates have 

correspondingly high levels of uncertainty (Sauer et al. 2017). However, negative 

population trends have been observed across most of their breeding range, and 

sufficient data now exists to suggest a range-wide decline of 2.76% per year (95% 

credible interval: -3.78, -2.13). Of course, there appears to be some regional variation in 

this trend, but small sample sizes make these more local estimates much less reliable. 

Notably, potential areas of increasing populations are mostly towards the extreme 

northwest or southwest of the breeding range. In addition, breeding bird atlases for 

several states or provinces throughout the northeastern portions of the breeding range 

have now been repeated twice and almost all show similar declines in whip-poor-will 

detection (Cadman et al. 2007; McGowan and Corwin 2008; Wilson et al. 2012; Renfrew 

2013; Stewart et al. 2015). These atlases usually involve volunteers searching 10x10 km 

squares for nests and other signs of breeding activity for all types of birds. Observers 

record the presence and degree of certainty of breeding for all bird species detected in 

each square. Given the broader range of survey times and strategies employed during 

these atlases, the detection of probability of whip-poor-wills should be slightly better than 

for diurnal point counts. The atlas for the province of Ontario, where the majority of 

Canada’s whip-poor-will population resides, reported a 51% reduction in the probability 

of detection between the first (1981-1985) and second (2001-2005) atlas periods 

(Cadman et al. 2007), which corresponds to an estimated 2.55% decline per year. This 

annual reduction in detection is surprisingly similar to the range-wide trend in the BBS 

surveys. Finally, anecdotal evidence even suggests that these declines might go much 

further back, possibly as early as 1930s in some parts of Canada (Purves 2015). As a 

result of this mounting evidence, whip-poor-will were listed as nationally threatened in 

Canada in 2011. 
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Hypotheses for ultimate cause of whip-poor-will population 
decline 

The ultimate cause of this decline whip-poor-will populations is unknown and 

essentially unstudied (COSEWIC 2009). Habitat loss on the breeding grounds is 

generally the easiest to address locally and therefore often the first hypothesis 

considered. However, widespread declines amongst aerial insectivores that use a range 

of habitats and nest sites suggest that changes in food supply, or another widely shared 

trait, could also be driving factors (Blancher et al. 2007; Nebel et al. 2010; Smith et al. 

2015). In addition, species-specific risk factors have been suggested, like a propensity to 

frequent roads, which can result in collisions with vehicles (Jackson 2003b), or a high 

vulnerability to increases in the abundance of nest predators (Schmidt 2003).  

In many rural areas in eastern North America, farmland is either being farmed 

more intensively or being reclaimed by dense closed-canopy forests (Foster 2000; 

Lorimer and White 2003). As a result, habitat loss is widely suspected to be driving whip-

poor-will population declines (Mills 2007; COSEWIC 2009) due to their preference for 

younger or more open forests, and forest edges (Wilson and Watts 2008; Tozer et al. 

2014). In Britain, the European Nightjar was undergoing a similar long-term population 

decline. In 1981, forest managers began enhancing available habitat by leaving heather-

dominated clearings in tree plantations. Since then, the population of European Nightjars 

in Britain has increased by 62% (Langston et al. 2007b). Although habitat loss may be 

contributing to whip-poor-will declines, the fact that many other species that rely on early 

succession habitats appear to have had relatively stable populations suggests that other 

factors may also be important (Blancher et al. 2007). 

Given the widespread population declines of aerial insectivores, food availability 

could be acting as a limiting factor. Food availability can be modified by declines in 

overall insect abundance or changes in the timing of peak insect abundances. However, 

many insect species are so small, seemingly abundant, and frequently considered pests, 

that historically little attention was paid to maintaining their populations. Instead most 

attention paid to insect populations is concerned with controlling or limiting impact of 

pest species. The exception to this is the increasing attention being paid to population 

declines of pollinators (Potts et al. 2010; Goulson et al. 2015). In Europe and Great 

Britain, where many species of aerial insectivores have also declined during recent 
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decades (Sanderson et al. 2006), a longer tradition of monitoring of certain charismatic 

groups, like butterflies and moths (Conrad et al. 2004; Thomas 2004), has documented 

alarming declines in overall abundance of moths (Conrad et al. 2006; Groenendijk and 

Ellis 2011). If changes in overall prey insect abundance are occurring, potential causes 

include changes in land use patterns (Warren et al. 2001; Fox et al. 2014), changes in 

climate (Hawkins and Holyoak 1998; Warren et al. 2001; Fox et al. 2014), insecticide 

use (Nocera et al. 2012; Morrissey et al. 2015; David et al. 2016; Woodcock et al. 2016), 

and introduced pest-control species (Boettner et al. 2000). Further, bird population 

trends and fecundity have both been linked with variation in insecticide concentrations 

and insect abundances in agricultural landscapes (Bryant 1975; Benton et al. 2002; 

Hallmann et al. 2014). Finally, population declines in two species of swift have been 

linked to a reduced proportion of beetles in their diets (Nocera et al. 2012; Pomfret et al. 

2014). Beetles are also prominent in the whip-poor-will diet. 

Alternatively, insect availability could be responsible for declines through 

changes in timing of emergence rather than absolute abundance (Visser et al. 1998). 

Changes in climate do not occur evenly across the globe and, as a result, species that 

travel the longest distances are most likely to encounter unexpected conditions (Both 

and Visser 2001). The “phenological mismatch hypothesis” predicts that if migrant birds 

experience warming on their breeding grounds, but do not have an equivalent change or 

cue on their wintering grounds, they will not migrate early enough to track changes in 

timing of resource availability on the breeding grounds (Visser et al. 2004). Whip-poor-

wills may be at particular risk of phenological mismatch because they are known to 

synchronize breeding with the lunar cycle to optimize foraging efficiency with peak 

nestling need (Mills 1986). However, evidence for Tree Swallows (Tachycineta bicolor) 

suggest that unlike the caterpillar prey used by species in previous studies of phenology 

mismatch, some aerial insect populations may continue to increase in abundance 

throughout the breeding season eliminating the potential for mismatch (Dunn et al. 

2010). 

It is also possible that whip-poor-wills and other aerial insectivores share some 

other characteristic besides diet that makes them especially vulnerable. Insectivory 

combined with longer migration distances could lead to greater phenological mismatch 

with food sources on the breeding ground (Saino et al. 2011), or make species more 

susceptible to adverse weather conditions during migration (Butler et al. 1999; Newton 
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2007). In fact, there is some evidence that migration distance is correlated with declines 

in North American aerial insectivores (Nebel et al. 2010) and evidence is mounting that 

insectivorous species with longer migrations are at greater risk than those with short 

migrations (Both et al. 2010). Certainly, either habitat or food supply on the wintering 

grounds could be limiting populations. Finally, severe weather is particularly challenging 

for aerial insectivores because their prey can be easily killed by cold snaps, or simply 

kept from flying (and therefore out of reach) by wind and rain (Brown and Brown 1998; 

Newton 2007; Ouyang et al. 2015). Other possible threats include an aerial foraging 

strategy combined with rebounding raptor populations (Kirk and Hyslop 1998; Cresswell 

2008) or bioaccumulation of toxins absorbed by larval stages of many flying insects 

(Park et al. 2009; Gibbons et al. 2014). 

 

Thesis outline 

As a result of too many possible explanations and too little monitoring, the root 

cause of the whip-poor-will’s population decline remains a mystery. In this thesis, I 

develop and test predictions associated with several of the hypotheses for ultimate 

drivers of this population decline and address the current lack of basic life history 

information by collecting information on vital rates and migratory behaviour.  

In Chapter 2, my first step was to assess whether historic increases in forest 

area can explain the loss of whip-poor-will from many atlas squares between surveys in 

the Ontario Breeding Bird Atlas. If an increase in forest area is the dominant factor 

driving population declines, I expected a negative relationship between forest area and 

whip-poor-will presence. Instead I found a positive relationship between the presence of 

whip-poor-wills and the amount of forest in a square, and that only the amount of urban 

area had any power to predict the loss of whip-poor-wills from an atlas square. Next, I 

visited a subset of these atlas squares that either lost whip-poor-wills or retained them 

between atlas periods, and I surveyed for both whip-poor-wills and their prey 

abundances in the most appropriate appearing habitat I could find. As would be 

expected if insect abundance is a potential driver of population change, I found higher 

insect abundances in sites where I found whip-poor-wills than in sites where I didn’t. 

Finally, within a local area with some of the highest remaining breeding densities, I 
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assessed the joint effects of both finer-scale habitat and insect abundances on whip-

poor-will breeding densities. Of course, any declining population will cluster in the most 

optimal habitats, so the patterns I find here simply fail to reject both the potential for 

finer-scale habitat structure or food abundance to be limiting for whip-poor-will 

populations. 

In Chapter 3, I estimate variation in productivity across three breeding seasons 

and assess the potential for both overall abundance of insects and timing of peaks in 

insect abundance to influence the reproductive success of whip-poor-wills. While both 

factors did appear to have some influence on productivity, whip-poor-will are able to 

adjust timing of breeding by at least 2 weeks and to use multiple brooding to overcome 

low success rates for individual nests when food is scarce. I also document the effects of 

weather on nest success and identify the most common nest predators, which do include 

at least two species commonly associated with humans. 

While all lines of evidence to this point support the potential for breeding ground 

insect abundance and fine-scale habitat to have some influence on settlement and 

reproductive success of whip-poor-wills, they would also be consistent with population 

regulation occurring elsewhere during the annual cycle. Although the general extent of 

the winter range was known, nothing was known about how whip-poor-will from across 

their breeding range distribute on the wintering grounds. In Chapter 4, I use light-logging 

geolocators to track the migratory timing, route and wintering regions for whip-poor-will 

from 4 sites across their Ontario range. I also estimate return rates for birds both with, 

and without tracking devices, in order to assess any potentially negative impacts from 

the devices and to estimate apparent annual survival rates for adult whip-poor-wills. 

Combined this information lays a foundation for future efforts to assess the impact of 

non-breeding season conditions on whip-poor-will populations.  

Further, I predict that if a shortage of insect prey, either on the breeding grounds 

or on the non-breeding grounds, is responsible for this decades-long population decline, 

there could be a concomitant change over the past century in the dietary isotope ratios 

of tissues grown at different periods in the annual cycle. In Chapter 5, I test this 

prediction using feathers grown on the breeding grounds and claw tissue grown during 

the winter from whip-poor-will museum specimens spanning all decades from 1880s to 

the present. I also assess current regional variation in these same isotopic ratios using 
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samples collected from live whip-poor-wills across Ontario, and I look for evidence of a 

shift in baseline values using samples from 3 insect species collected over the same 

spatial and temporal scales.   

Finally, I compare the estimates of vital rates I collected with values in the 

literature for this and similar species in Chapter 6. Using this and other insights gained 

from this research into the life history of this fascinating species, I will weigh the 

evidence relevant to five hypothesized drivers of population decline and suggest the 

most important avenues for future research. 
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Chapter 2.  
 
Habitat and food supply across multiple spatial 
scales influence the distribution and abundance of a 
nocturnal aerial insectivore1 

Abstract 

Context. Conservation research often focuses on individual threats at a single spatial 

scale, but population declines can result from multiple stressors occurring at different 

spatial scales. Analyses incorporating alternative hypotheses across spatial scales allow 

more robust evaluation of the ecological processes underlying population declines. 

Objectives. Populations of most aerially insectivorous birds are declining, yet 

conservation efforts remain focused on habitat due to an absence of data on changes in 

prey availability. We evaluate the potential for prey and habitat availability at multiple 

spatial scales to influence a population of eastern whip-poor-wills (Antrostomus 

vociferous). 

Methods. We assess relationships between landcover (topographical map and satellite 

imagery) and insect abundance (moths and beetles from blacklight traps), and whip-

poor-will distribution and abundance within eastern Canada using Ontario breeding bird 

atlas data (1980s and 2000s), acoustic recordings (regional), and point counts (local).  

Results. Whip-poor-will occurrence in both atlas time periods was positively associated 

with forest area and fragmentation, but only a delayed effect of urban area explained 

reductions in detection. Contemporary regional whip-poor-will presence was positively 

related to moth abundance, and local whip-poor-will abundance was best predicted by 

area of open-canopy forest, anthropogenic linear disturbance density, and beetle 

                                                
 

1 A version of this chapter appears as English PA, Nocera JJ, Pond BA, Green DJ (2017) Habitat and food supply across multiple spatial 

scales influence the distribution and abundance of a nocturnal aerial insectivore. Landscape Ecology 32:343–359. doi: 10.1007/s10980-

016-0454-y 
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abundance. Our finding that bird presence and abundance were associated with human 

activity and insect abundance across spatial scales suggests factors beyond habitat 

structure are likely driving population declines in whip-poor-wills and other aerial 

insectivores. 

Conclusions. This study demonstrates the importance of examining multiple hypotheses, 

including seasonally and locally variable food availability, across a range of spatial 

scales to direct conservation efforts.  

Introduction 

Population declines are frequently a consequence of multiple stressors that occur 

at different spatial scales (Blaustein et al. 2011). However, identifying the stressors 

affecting populations can be challenging, especially when stressors interact and have 

synergistic effects both within and between locations. For example, migratory bird 

populations experience a particularly diverse range of stressors at different spatial 

scales (Newton 2004), and these stressors appear tightly linked to the biology of 

individual species. Loss of habitat for specialist species can result in the loss of local 

populations, but little change in the abundance of individuals within remaining habitat 

patches (Bohning-Gaese and Bauer 1995). Conversely, habitat generalist species that 

experience the greatest population limitation in the non-breeding season show little 

change in the extent of breeding range occupied, but undergo significant declines in 

abundance (Bohning-Gaese and Bauer 1995). One approach to disentangle such 

conflicting patterns is to address multiple competing hypotheses in which predictions are 

developed based on different potential causal factors and tested using field studies 

(Chamberlin 1890; Peery et al. 2004; Wolf and Mangel 2008).  

Multiple hypotheses have been proposed to explain population declines amongst 

North American aerially insectivorous birds (Blancher et al. 2007; Nebel et al. 2010; 

North American Bird Conservation Initiative Canada 2012; Michel et al. 2016). 

Historically, the dominant stressor hypothesized for many of these species has been 

habitat loss, including fewer nesting chimneys for swifts (Gauthier et al. 2007; Fitzgerald 

et al. 2014) and changes in industrial building construction practices that eliminate urban 

nesting habitats for nighthawks (Brigham et al. 2011). However, while species of aerial 

insectivores differ in many of their life history traits, they are mostly migratory, many do 



13 

not use densely forested habitats, and all share a diet of insects captured while in flight. 

Given this common diet, food availability is hypothesized to be a major factor in this 

guild-wide decline (Cadman et al. 2007; Nebel et al. 2010). In fact, wide-scale population 

declines in insects have been documented for parts of Europe (Warren et al. 2001; 

Conrad et al. 2006) where populations of many species of insectivorous birds have 

declined (Sanderson et al. 2006). Unfortunately, aside from evidence of a shift in diet 

from beetles (Coleopterans) to true bugs (Hemipterans) found in the insect remains in 

the accumulated guano of two historic swift roosts (Nocera et al. 2012; Pomfret et al. 

2014), historical data on insect populations are generally lacking within North America. If 

changes in overall insect abundance are occurring, potential causes include changes in 

land use, climate, and pesticide use (Ewald et al. 2015).  

Nocturnal and crepuscular aerial insectivores are less well-studied than diurnal 

species. We apply the multiple-competing-hypotheses approach to population declines 

in a species of nightjar, the eastern whip-poor-will (Antrostomus vociferous; hereafter 

“whip-poor-wills”). Like most other species of aerial insectivores, whip-poor-wills were 

once abundant in rural eastern North America, but have become less common, or even 

rare, throughout much of their range (Mills 2007). Whip-poor-wills are an appropriate 

species for investigating population declines because males are highly vocal throughout 

the breeding season, facilitating detection, and because both habitat and dietary 

requirements are relatively well described. Whip-poor-wills tend to prefer young open 

forests and forest edges where moonlight facilitates foraging (Cink 2002). Unfortunately, 

this habitat type is frequently lost to intensive large-scale agriculture or as forest 

succession closes tree canopies over old fields, harvested forests, and burns (Foster 

2000; Blancher et al. 2007). As a result, habitat loss on the breeding grounds has been 

suggested as a primary factor in their population decline (COSEWIC 2009). 

Alternatively, whip-poor-will diet consists mostly of moths (nocturnal Lepidopterans) and 

beetles captured on short sally flights similar to diurnal flycatchers (Cink 2002), 

suggesting that like for other aerially insectivorous bird species, insect abundances 

could also be a limiting factor (Mills 2007).  

In this study, we compare these two dominant hypotheses for population change 

at the northern periphery of the whip-poor-will range in Ontario, Canada, where we might 

expect population-level effects to be most visible. To assess the relative importance of 
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habitat and food availability, we modeled occurrence and abundance of whip-poor-wills 

at multiple scales of spatial extent and grain (Dungan et al. 2002); Table1). 

 

Table 2.1. Spatial and temporal extent and grain of data used in the broad scale coarse 
analysis based on Ontario breeding bird atlas data (A), the regional fine 
scale acoustic presence/absence data (B), and the local fine scale 
abundance data (C). 

Spatial scale of 
analysis A. Broad/Coarse B. Regional/Fine C. Local/Fine 

Study area extent ~150,000 km2 ~30,000km2 ~50km2 

Response variable Presence/absence Presence/absence Abundance  
(max count) 

Bird temporal extent 25 years 2 years 3 years 

Bird sampling period Two 5 year periods  
(1981-85 & 2001-05) 2012-13 2011-13 

Landcover spatial 
grain 10km x 10km squares 500m radius * 200m radius ** 

Landcover resolution 1:50,000 topographic map ≤1m * ≤1m ** 
Insect sampling 
period NA 2012-13 2012 

*    ArcGIS World imagery from 2007-2012 (ESRI Inc, Redlands, California) 
**  IKONOS imagery from 2005 
 

 

Methods 

Study areas and analysis approach 

We modeled distribution at a broad scale by first estimating the effects of climate 

and topography, and then assessing whether coarse forest-cover change explains 

changes in occurrence of whip-poor-wills. Next, we incorporated fine-grain landcover 

features and food availability into models of occurrence for a portion of the area 

analyzed above. Finally, we modeled abundance of whip-poor-wills at Queen’s 

University Biological Station (QUBS: Frontenac and Leeds & Grenville Counties), a site 

of relatively high whip-poor-will abundance within the smaller region above, and again 

assessed fine-grain landcover features and food availability (Figure 1).  
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Figure 2.1. Location and extent of data collection for the broad scale coarse analysis 

based on Ontario breeding bird atlas data (A), the regional fine scale 
acoustic presence/absence data (B), and the local fine scale abundance 
data (C). 

 

For all spatial scales, we used a staged analysis structure (e.g. (Murray et al. 

2015) and evaluated candidate model sets using Akaike’s information criterion (AIC) 

adjusted for small sample sizes (Hurvich and Tsai 1989) and R2 with the R package 

MuMIn (Barton 2016). We tested predictive accuracy for each top model with 10-fold 

cross-validation (Kuhn 2016). To estimate the relative effect sizes of explanatory 

variables while accounting for negative covariance and model uncertainty, we averaged 

standardized partial regression coefficients across only well-supported models (<2 AICc; 

(Arnold 2010) containing each term (Smith et al. 2009; Galipaud et al. 2014; Cade 

2015). We applied square root transformations to improve skewed distributions or to 

reduce leverage caused by a few high values.  

Spatially clustered residuals may result from conspecific attraction, spatially 

contagious population growth, or latent environmental variables (Keitt et al. 2002).  We 

tested for spatial autocorrelation in the top model for each spatial scale by evaluating 

Moran’s I calculated from deviance residuals based on the minimum distance required 
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for all locations to have at least one neighbour using row standardization in the R-

package spdep (Bivand et al. 2005). Where spatial autocorrelation was found, we used a 

variogram (Pebesma and Graeler 2013) to identify the maximum distance over which 

autocorrelation was occurring. For this distance, we added an inverse row-standardized, 

autocovariate term, independent of all predictor variables to all competing models and 

repeated AICc model selection (Kissling and Carl 2007).  

Measuring food availability 

At both smaller spatial scales, we sampled night flying insects using a 15-watt, 

fluorescent black-light bulb (F15T8/BLB) hung in front of a suspended white twin bed 

sheet. Even with light as an attractant, we estimate our sampling radius to be only 30 m 

(Beck and Linsenmair 2000). To standardize microhabitats as much as possible, we 

hung all sheets from trees or fence posts directly along the edge between a forest patch 

and clearing for a road or trail. We turned the light on before sunset and left it on for at 

least 4 hours post-sunset (~3 hrs post nautical twilight), because insect arrival at lights 

tends to peak before or around midnight (Williams 1939, Scalercio et al. 2009, García-

López et al. 2011, personal observation). At the end of the sample period, we counted 

the number of medium (0.5–1.5 cm) and large (>1.5cm) moths and beetles (the primary 

food of whip-poor-wills (Cink 2002)) clinging to the sheet.  

Broad distribution and temporal change 

Breeding bird atlas data 

We obtained data on the presence/absence and change in distribution of whip-

poor-wills between the 1980s and 2000s from the Ontario Breeding Bird Atlas Database 

(Bird Studies Canada et al. 2006). The first atlas was conducted between 1981-1985 

and the second between 2001-2005 (Cadman et al. 1987; Cadman et al. 2007). For both 

atlases, the province was divided into 10km x 10km squares and volunteers recorded 

the presence of all bird species detected in each square during the breeding season 

(May-August). We defined presence based on the atlas’ classification of possible 

breeding inferred from repeated detections in suitable nesting habitat during the 

breeding season. The total duration of all visits to a square is reported as an estimate of 

sampling effort (Cadman et al. 2007).  
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Whip-poor-wills in Ontario are concentrated in the Lake Simcoe-Rideau and 

Southern Shield regions of Ontario where volunteers surveyed 1572 and 1598 squares 

during the first atlas and second atlases, respectively (Cadman et al. 1987; Cadman et 

al. 2007). To examine presence/absence (possible breeding vs. not detected) of whip-

poor-wills in both atlases we used data from all squares where data on climate, 

topography, and land cover were available for ≥80% of the area of the square, and 

where volunteers surveyed for at least 20 hours during the second atlas (Cadman et al. 

2007). To examine the change between atlases we included only squares where whip-

poor-wills had been detected in the first atlas. New detections during the second atlas 

were not considered due to increased overall sampling effort.  

Climate, topography and coarse land cover  

For each atlas square over the period 1971-2005, we computed a variety of 

temperature and precipitation variables (McKenney et al. 2013). As a composite 

measure of topographic relief and ruggedness, we computed the standard deviation of 

land surface elevation within each atlas square from a 250m pixel digital elevation model 

produced by the Shuttle Radar Topography Mission (Farr and Kobrick 2000). We 

estimated landcover from 1:50,000 scale National Topographic Survey maps for which 

the dates of the source aerial photography were around each of the two atlas time 

periods. For the first atlas period, we scanned paper maps and used object-based image 

segmentation methods (Flanders et al. 2003; Trimble 2016) to produce digital maps. 

Maps of the second atlas period were available digitally from Natural Resources Canada 

National Topographic Data Base (Natural Resources Canada 2015). From both set of 

maps, we calculated polygon areas of four landcover types (forested, urban, water, and 

other) and forest polygon edge lengths for each atlas square. For justification behind the 

inclusion of each variable see Appendix A. 

Stages of analysis 

1) We modeled the probability of detecting whip-poor-wills in each atlas period based on 

sampling effort (log transformed to reduce the leverage of high values) using a binomial 

generalized linear model (GLM). We included sampling effort as a covariate in all 

subsequent models.  
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2) We assessed the role of climate and topography in limiting whip-poor-will distribution 

during the first atlas. To avoid collinearity amongst predictors, we initially examined 

correlations within a suite of topography, temperature, and precipitation variables and 

grouped them in sets of inter-correlated variables. Correlations were strong (r ≥ 0.65) 

amongst all temperature-related variables, between annual precipitation and May 

precipitation, and between June and July precipitation. For each set, we conducted 

univariate tests of each variable’s relationship to the presence/absence of whip-poor-

wills and the variable with the most predictive power was retained as a potential 

covariate in the candidate model set (N = 17). The four variables retained were standard 

deviation in elevation, mean May minimum temperature, mean July precipitation and 

mean annual precipitation. The top model from this set served as the base model for the 

next analysis.  

3) We assessed the role of forest edge length and forest, water, and urban landcover 

area in predicting presence/absence. Forest area and the “other” landcover category 

were strongly correlated (r>0.8) for both atlas periods, so “other” was excluded based on 

its already vague description and weaker relationship to whip-poor-will 

presence/absence (evaluated using a likelihood ratio test). For landcover variables that 

showed a quadratic relationship with stronger support than a linear model (evaluated 

using a likelihood ratio test), quadratic terms were included. All additive combinations of 

the landcover variables and a potential interaction between forest edge and forest area 

were compared for each atlas period independently (N = 20). 

4) We assessed whether change in landcover variables could predict whip-poor-will loss 

between atlases. We considered only variables found in a top model, or with model-

averaged parameter estimates for which the confidence intervals did not encompass 

zero, and excluded one extreme outlier. The candidate model set (N = 19) started with 

the independent effect of change in each variable. We also considered the potential for a 

lagged effect of landcover present during the first atlas, considering each landcover type 

independently, combined with each other, and combined with each change variable. 

Change in forest edge was highly correlated with the initial amount (r = -0.81) and 

therefore we excluded initial length of forest edge from this candidate set. Finally, we 

included potential interactions between the area present during the first atlas and the 

subsequent change in each landcover type (forest edge change was allowed to interact 

with starting forest area rather than starting forest edge).  
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Regional occupancy in relation to fine-scale landcover and food 
availability 

We sampled whip-poor-will presence/absence and insect abundance on the 

same night from within two atlas squares: one occupied during both atlases, and a 

nearby square that was occupied during the first atlas, but not occupied during the most 

recent atlas. In eastern Ontario, 84 squares reported whip-poor-wills in the first atlas and 

maintained them as at least a probable breeder (a singing male at same location for 

more than 1 week) in the second atlas and 41 squares recorded whip-poor-wills as a 

probable breeder in the first atlas and received at least 40 hrs of effort during the second 

atlas period without detecting whip-poor-wills (41 squares). Of these, 21 pairs of 

neighbouring squares (max. of 2 squares apart) were sampled simultaneously on calm 

nights (wind <12 km/h) with little or no precipitation and with < 50% of the moon 

illuminated during June and July 2012 and 2013. Paired sampling allowed assessment 

of insect abundance in relation to current whip-poor-will occurrence despite insect 

sensitivity to weather, moon, and seasonal progression (Williams 1939; Holyoak et al. 

1997; Yela and Holyoak 1997). 

Within each square, we used satellite imagery to select locations with public road 

access near the largest forest patch and adjacent to patches of open habitat with 

scattered trees. At each location, we assessed whip-poor-will occupancy using two 

SM2BAT SongMeters (Wildlife Acoustics, www.wildlifeacoustics.com) hung on trees 

along forest edges. Devices were alternated between current and historically occupied 

sites and each night one randomly chosen site was also monitored aurally. SongMeters 

recorded for 120 min starting at sunset. Whip-poor-wills sing reliably between 30-90 min 

post-sunset even on dark nights, so this period ensures that we captured the entire dusk 

chorus (Mills 1986). A single interpreter visually examined spectrograms of all recordings 

for fluctuations in intensity at the frequencies produced by whip-poor-will song, and then 

confirmed its presence aurally. 

We measured area of wet habitats, closed-canopy forests, open-canopy habitats 

(individual trees not visibly overlapping with a patch of closed canopy forest, e.g. rock 

barrens, alvars, old fields), open fields, cultivated fields, human modified (buildings, 

mowed lawns, quarries, lumber yards), and the length of forest edge (raw and m/hectare 

of forest area) and linear disturbances (roads, major trails and power lines) within a 
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500m radius buffer around each sampling location by visual interpretation of landcover 

from the imagery base map in ArcGIS (Table 1). A 500m radius captures at least a 

portion of the territory of any bird detected on the SongMeter. Maximum detection 

distance is estimated to be about 200m, so this radius should include most of the 

territory of any bird detected at this distance. Defended territories mapped in eastern 

Ontario ranged from 4 to 10 hectares (personal observation).  

At this spatial scale, we conducted the analyses of fine-scale landcover and food 

availability separately. We examined the relationships between 9 landcover variables 

and the presence of whip-poor-wills at 42 sampling locations. All univariate logistic 

regressions of landcover variables predicting presence/absence were compared using 

AICc. Of these, models combining all variables with more individual support than the null 

were included in a candidate model set. Food availability was not directly incorporated 

into these models due to variation in year, weather conditions, lunar cycle, and seasonal 

progression between samples. Instead, we compared the abundance of insects at 14 

pairs of simultaneously sampled occupied and unoccupied sites using paired t-tests. 

Non-linear relationships and interactions were not considered due to the relatively small 

sample size.  

Local abundance in relation to territory-scale landcover and food 
availability 

We estimated whip-poor-will abundance within QUBS, the largest patch of 

squares still occupied by whip-poor-wills during the second atlas (Cadman et al. 2007), 

using 6 min duration point counts at 800m intervals along 32 km of roads and trails. All 

surveys were conducted between 30-270 min after sunset, on calm (wind <12 km/h), 

moonlit nights during the week prior to the full moon (when the moon rises prior to 

sunset and is >50% illuminated) in May or June. Each of 38 locations was sampled 1 to 

4 times (mean = 3.4), typically twice in 2011 and once each in 2012 and 2013. We used 

the maximum number of whip-poor-wills detected during all point counts conducted at a 

single location as our estimate of abundance, because some birds present may not be 

calling at all times, so maximum values are more reflective of total abundance at a site 

(Nur et al. 1999).  
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We quantified the area of wet habitats, closed-canopy forests, open fields, open-

canopy habitats (rock barrens and old fields), and the length of forest edge (raw and 

m/hectare of forest area) and linear disturbances (roads, major trails and power lines) 

within a 200m radius buffer around each sampling location using visual interpretation of 

an IKONOS imagery layer in ArcGIS (Table 1). A 200m radius (or ~12.5 hectares) 

corresponds to slightly larger than the maximum territory size observed at this study site 

where higher breeding densities should correspond to higher concentrations of optimal 

habitats. Count circles were classified as being on a paved road, or not, to provide a 

binary estimate of traffic disturbance.  

We sampled night-flying insects at 30 count stations in 2012 during the least 

moonlit portions of the spring (9 to 28 May and 8 to 26 June). We sampled insects at two 

randomly selected locations per night, stratified such that one site was located on a trail 

(mean 2.67 birds per point) and one on a road (mean 1.25 birds per point). However, 

abundance still varied between pairs, so variation in season and weather were also 

controlled for by calculating the residuals of GLM regression models of log transformed 

abundance of each insect group controlling for date, sampling duration, temperature, 

and wind (Williams 1939).  

We tested which factors influenced whip-poor-will abundance using three sets of 

GLM models with Gaussian distributions, rather than Poisson, because counts showed a 

bell-shaped distribution and model fit was better. First, we examined the individual 

relationships between each of 7 landcover or road type variables, and the abundance of 

whip-poor-wills. The model set included a quadratic term when there was evidence that 

the relationship with abundance was non-linear. Next, we created a candidate model set 

(N = 20) using the best supported landcover variable in all combinations with other 

variables for which there was greater support than the null model, but excluding 

combinations of variables with high correlations between them (forest area and forest 

edge: r = -0.81; linear feature length and paved road or not: t = 2.10, p = 0.04). Finally, 

the best supported of these landcover models was used as a base model for testing the 

contribution of insect abundances. Candidate models of insect availability included each 

residual insect variable independently, the sum of residuals for each insect order, and all 

four insect variables summed. Sums of the residual based variables, rather than the raw 

abundances before controlling for season and weather, allow the different size classes 

and orders of insects to respond differently to environmental covariates, but for their 
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value as a food source to be similar. Our small sample size of 30 did not allow for 

consideration of interactions between landcover and insect variables. 

 

Results 

Coarse-scale distribution and temporal change 

All variables were available for 384 squares. Whip-poor-wills were recorded in 

59% of these squares during in the first atlas and only 36% of squares during the 

second. This decline in detection was not due to reduced survey effort (1st atlas: 52.5 

hrs/square, 2nd atlas: 60.1 hrs/square). Nevertheless, survey effort was positively related 

to detection of whip-poor-wills during both atlases (A1: b = 1.61, 95% CI = 0.862 to 2.40; 

A2: b = 2.68, 95% CI = 1.86 to 3.54). In addition to survey effort, the likelihood of a 

square being occupied by whip-poor-wills increases with higher minimum temperature 

(abbreviated as temp.) in May, lower July precipitation (abbreviated as precip.), and 

greater ruggedness of terrain (higher standard deviation in elevation) during the first 

atlas (AUROC = 0.80 ± 0.07 SD; Table 2).  

The top model examining the effect of landcover during the first atlas (AUROC = 

0.82 ± 0.07 SD) indicated that the probability of detecting whip-poor-wills in a square 

increased three-fold (30% to 87%) as forest area increased from 4% to 96% of an atlas 

square (Figure 2A) and nearly doubled (44% to 81%) as forest edge increased from 13 

to 800 km (Figure 2B). Five additional models received strong support including one 

containing an interaction between forest area and edge (Figure 3). All of these models 

had >100 times the support of the top climate and topography model (Table 2). Model 

averaging across these models suggested that the best predictor was forest area (b = 

0.34, 95% CI = -0.03 to 0.72), followed by forest edge (b =0.15, 95% CI = -0.18 to 0.48), 

the interaction between them (b = 0.12, 95% CI = -0.14 to 0.38), and finally area of 

urban (b = -0.097, 95% CI = -0.33 to 0.14) or water (b = -0.05, 95% CI = -0.30 to 0.20).  
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Table 2.2. Logistic regression models of broad-scale presence/absence of whip-poor-
wills during Ontario breeding bird atlases. Only strongly supported models 
are reported (ΔAICc < 2.0) and null models for comparison. All landscape 
models include: mean May minimum temperature, mean July 
precipitation, standard deviation in elevation, sampling effort, and a 
spatial autocovariate. We report: K = number of parameters estimated, 
ΔAICc = the differences between the AICc of each model and the model 
with the highest AICc score, wt = likelihood of each model relative to all 
other models in the candidate set, R2 are adjusted likelihood-ratio based 
pseudo-R-squared (Nagelkerke 1991). 

 

Broad-scale distribution models (n = 384): K AICc ΔAICc Wt R2 

Climate and topography (first atlas)      

SD in elevation + May min temp. + July precip. 5 456.37 0.00 0.57 0.23 
SD in elevation + May min temp. + July precip. + annual 
precip.  

6 457.40 1.03 0.34 0.24 

effort null 2 504.98 48.61 0.00 0.06 
intercept null 1 521.52 65.14 0.00 0 

Landscape (first atlas)      
forest area + forest edge  8 398.8 0.00 0.20 0.40 
forest area 7 399.1 0.30 0.17 0.40 
forest area*forest edge 9 400.1 1.27 0.10 0.41 
forest area + forest edge + urban area 9 400.2 1.41 0.10 0.41 
forest area + urban area 8 400.6 1.77 0.08 0.40 
forest area + forest edge + water 9 400.8 1.94 0.07 0.41 
climate + topography + effort (+ spatial autocovariate) null 6 410.8 11.98 0.00 0.36 

Landscape (second atlas)      
forest area + forest area2 + urban area 9 383.2 0.00 0.29 0.41 
forest area + forest area2 + urban area + forest edge  10 384.7 1.43 0.14 0.41 
forest area*forest edge + forest area2*forest edge + urban 
area 

12 384.8 1.54 0.14 0.42 

climate + topography + effort (+ spatial autocovariate) null 6 406.5 23.30 0.00 0.33 

Broad-scale loss/maintained models (n = 226):      

first atlas urban area 4 271.0 0.00 0.16 0.26 
first atlas urban area + first atlas forest area 5 271.7 0.67 0.12 0.27 
first atlas urban area + change in urban between atlases 5 272.0 0.94 0.10 0.27 
first atlas forest area 4 272.4 1.42 0.08 0.25 
first atlas forest area + change in urban between atlases 5 272.7 1.69 0.07 0.26 
first atlas urban area + first atlas forest area + change in 
urban 

6 272.8 1.76 0.07 0.27 

first atlas urban area + change in forest area 5 272.8 1.77 0.07 0.26 
first atlas urban area + change in forest edge 5 272.9 1.92 0.06 0.26 
effort (+ spatial autocovariate) null 3 275.0 3.96 0.02 0.23 
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Figure 2.2. Conditional relationships (using median value of other parameters) between 

the predicted probability of detecting whip-poor-wills at broad spatial scale 
and landcover variables included in the best-supported model for each 
atlas period (forest area in the first atlas (A) and second atlas (C); forest 
edge during the first atlas (B); urban area during the second atlas (D)). 
Hash marks show the raw data and dashed lines indicate the 95% 
confidence interval. 
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Figure 2.3. Filled contour plot illustrating the interaction between forest area and forest 

edge during the first atlas (A) and during the second atlas (B). Other 
model parameters are fixed at their median values (eg. urban area = 0). 

 

The top model for this period indicated that as forest area increased from 4% to 

70% of the square, the probability of detecting whip-poor-wills in a square increased 

from <1% to an asymptote at 44% (AUROC = 0.82 ± 0.07 SD; Figure 2C), while at 

median forest levels an increase to only 200 ha of urban cut the likelihood of whip-poor-

wills being present in half to 20% (Figure 2D). Two other strongly supported models 

included a positive effect of forest edge and the interaction between forest area and 

edge (Figure 3; Table 2), but the model-averaged effects of all variables and interactions 

had 95% CI intervals that encompassed zero (forest & forest2: b = 0.28 & -0.24, 95% CI 

= -0.07 to 0.64 & -0.55 to 0.07; urban (b = -0.31, 95% CI = -0.61 to -0.02; forest edge: b 

= 0.04, 95% CI = -0.28 to 0.37; forest*edge: b = -0.01, 95% CI = -0.29 to 0.27; 

forest2*edge; b = 0.06, 95% CI = -0.22 to 0.34). 

Of 226 atlas squares that contained whip-poor-wills during the first atlas, only 

104 (46%) remained occupied during the second atlas. Land cover estimates differed 

between atlas periods (Table 3), with the greatest changes occurring in transitions 

between forest and “other”. Between atlas periods forest cover increased by a mean of 

134 ha per square.  
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Table 2.3. Landcover in both atlas periods for 226 atlas squares occupied by whip-poor-
wills during the first atlas (cover types are in hectares and edge distance 
is in km). 

Habitat First Atlas Second Atlas Change between atlases 
 Mean ± SD Range Mean ± SD Range Mean ± SD Range 
forest area 5691 ± 2493 420 - 12100 5823 ± 5823 372 - 11850   132 ± 400  -895 - 1399 
forest edge 399 ± 150 48 - 800 270 ± 95 26 - 506 -129 ± 87  -392 - 56 
“other” area 3206 ± 2582  13 - 9109 3072 ± 2424 118 - 9073 -134 ± 399 -1400 - 880 
urban area 26 ± 76  0 - 625 29 ± 85  0 - 723    4 ± 25   -92 - 147 
water area   898 ± 1206    0 - 8564   906 ± 1221     2 - 8698    8 ± 56 -306 - 163 

 

The top model estimating the effect of landcover in the late 1970’s and landcover 

change between then and 1990s on the loss or retention of whip-poor-wills indicated a 

lagged negative effect of urban area (AUROC = 0.74 ± 0.10 SD). Specifically, the 

retention of whip-poor-wills was negatively related to the initial amount of urban area 

present during the first atlas (b = -0.31, 95% CI = -0.63 to 0.01). Seven other models 

also received some support (>2.77 times the support of the null model; Table 2), but all 

variables had model-averaged 95% CI intervals that bounded zero (initial forest area: b = 

0.24, 95% CI = -0.09 to 0.57; change in urban: b = -0.18, 95% CI = -0.51 to 0.15; change 

in forest area: b = -0.08, 95% CI = -0.09 to 0.57; change in forest edge: b =0.06, 95% CI 

= -0.24 to 0.36).   

Regional occupancy in relation to fine-scale landcover and food 
availability 

We detected whip-poor-wills at 16 of 42 sites, including detections at both sites 

for 1 pair and at neither site for 6 pairs. Comparing detection data from 18 sites with both 

acoustic recordings and human observers (present for the entire recording period) 

suggests similar detection rates between these methods (agreement for 6 sites with 

whip-poor-wills and 10 without). Human observers detected whip-poor-wills that acoustic 

recordings failed to detect at 2 sites.  

The top model examining occupancy based on landcover features within 500m 

(AUROC = 0.79 ± 0.19 SD) indicates that an increase in amount of forest edge from 

80m/ha to 575m/ha (mean = 204 m/ha) increases the likelihood of detecting whip-poor-
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wills four-fold from 19% to 83% (b = 0.70, 95% CI = -0.04 to 1.45; Figure 4a). This model 

had 2.3 times the support of the model including only a negative effect of forest area (b = 

-0.53, 95% CI = -1.22 to 0.17; Figure 4b), and 2.5 times the support of the null model 

(Table 4).  

We collected insect abundance data from 14 paired atlas squares (28 sites) 

where sites with and without whip-poor-wills were sampled on the same night. Each 

sampling station captured between 4 to 78 moths (median: 29.5) and 0-79 beetles 

(median: 6) per night (Figure 5). Sites occupied by whip-poor-wills had higher moth 

abundance than sites where whip-poor-wills were not detected (medium-sized moths at 

occupied sites-unoccupied sites: 9.5, 95% CI: 3.75 to 15.2 and large moths at occupied 

sites-unoccupied sites: 3.79, 95% CI: 1.25 to 6.32). Beetle abundance was also higher 

at occupied sites, but high variance resulted in CI that bounded zero. Sampling duration 

per site (range: 4 to 5.45 hrs) did not differ between whip-poor-will occupied and un-

occupied sites (t= 0.586, df= 24.76, p=0.56) or predict abundance of any of the target 

insect groups. 

 

 
Figure 2.4. Predicted relationships between probability of detecting whip-poor-wills on 

regional acoustic recordings and (A) ratio of forest edge to forest area 
(m/ha) and (B) total forest area (ha) within 500m radius of sampling 
locations. Hash points show the raw data and dashed lines indicate the 
95% confidence interval on predicted probabilities. 
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Table 2.4. Models of regional/fine scale occupancy (a) and local abundance (b-d) of 
whip-poor-wills. All models with greater AICc support than null models are 
included. We report: K = number of parameters estimated, ΔAICc = the 
differences between the AICc of each model and the model with the 
highest AICc score, wt = likelihood of each model relative to all other 
models in the candidate set, R2 are adjusted likelihood-ratio based 
pseudo-R-squared (Nagelkerke 1991). 

a. Presence/absence by landcover within 500m (n = 42) K AICc ΔAICc wt R2 
closed-canopy forest edge (m/ha) 3 54.0 0 0.47 0.25 
closed-canopy forests (ha) 3 55.7 1.65 0.20 0.20 
spatial autocovariate null 2 55.9 1.83 0.19 0.13 

b. Abundance by landcover type within 200m (n = 38)      
open-canopy habitats (ha) 3 116.8 0 0.35 0.19 
paved road (yes/no) 3 117.8 0.98 0.22 0.16 
linear disturbances (m) 3 119.1 2.35 0.11 0.13 
wet habitats (ha)  3 119.5 2.76 0.09 0.12 
edge to forest area ratio (m/ha) 3 119.6 2.79 0.09 0.12 
closed-canopy forests (ha) 3 120.9 4.11 0.05 0.09 
quadratic of wet habitats (ha) 4 121.8 5.04 0.03 0.13 
intercept null 2 121.9 5.11 0.03 0 

c. Abundance by landcover combinations (n = 38)      
open-canopy habitats + linear disturbances 4 113.6 0 0.21 0.31 
open-canopy habitats + paved road 4 114.6 0.98 0.13 0.29 
open-canopy habitats + paved road + wet habitats 5 114.7 1.14 0.12 0.33 
open-canopy habitats + linear disturbances + wet habitats  5 115.5 1.84 0.08 0.32 
open-canopy habitats 3 116.8 3.15 0.04 0.19 

d. Abundance by landcover and food availability (n = 30)      
top landcover model + summed residual beetle abundance  5 88.6 0 0.60 0.50 
top landcover model + residual abundance of medium beetles  5 91.7 3.04 0.13 0.45 
top landcover model + residual abundance of large beetles  5 92.4 3.74 0.09 0.43 
top landcover model 4 94.3 5.74 0.03 0.32 
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Figure 2.5. Abundances of moths and beetles observed at sites distributed at regional 

and local spatial scales. At regional scale, the difference in moth 
abundance between sites with and without whip-poor-wills was significant 
using paired t-test and at the local scale, beetle abundance predicted 
whip-poor-will abundance based on linear model using residual 
abundances that control for variation in season and weather. Traps used 
were identical but local sites were sampled between 9 May and 26 June, 
while regional sites were sampled between 15 June and 25 July. 

 

Local abundance in relation to territory-scale landcover and food 
availability 

We detected an average of 1.39 whip-poor-wills (range: 0-4) at each count 

location and abundance did not vary between years (p>0.80, df=28) or within a season 

(p>0.80, df=25). The top model examining abundance based on landcover (cross-

validation R2 = 0.48 ± 0.31 SD) indicated a positive association with the area of open-
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canopy habitat (Figure 6a) and a negative effect of the total length of linear disturbances 

(Figure 6b). All four well-supported models contained open canopy forest area (b = 0.41, 

95% CI = 0.04 to 0.77) along with a negative effect of either total length of linear 

disturbances (b = -0.38, 95% CI = -0.72 to -0.04) or whether the sampling road was a 

paved through-road versus a dead-end gravel road or ATV only trail (b = -0.36, 95% CI = 

-0.70 to -0.02; Table 4). Two of these models also contained a weak positive effect of 

wetland area (b = 0,2 95% CI = -0.15 to 0.57).  

 

 
Figure 2.6. Conditional relationships (using median value of other parameters) of all 

variables included in the top model of abundance of whip-poor-wills 
based on landcover within 200m radius of sampling locations (A-B), and 
food availability while controlling for landcover (C). Open circles show the 
raw data and dashed lines indicate the 95% confidence interval on 
predicted abundance. 

 

Each insect trap captured from 3 to 149 moths (median: 40.5) and 0 to 98 

beetles (median: 17) per night (Figure 5). Insect abundances were standardized based 

on date, sample duration (3.37 to 5.45 hrs), temperature, and wind. The top model 

examining whether food availability influenced the abundance of whip-poor-wills (cross-

validation R2 = 0.68 ± 0.32 SD) included the combined residual abundances of both 

beetle size classes in addition to the top landcover variables (open canopy forest area: b 

= 0.59, 95% CI = 0.22 to 0.95; linear feature length: b = -0.39, 95% CI = -0.76 to -0.03; 

residual beetle abundance: b =0.52, 95% CI = 0.16 to 0.88, Figure 6c). This model had 

17x the support of the top landcover model (Table 4).   
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Discussion 

Whip-poor-will populations appear to be declining in the northern portion of their 

range. We found a 41% reduction in occurrence (from 51% to 30% occupied squares) of 

whip-poor-wills between 1985 and 2005 in the core of their Ontario range, which is 

similar to the estimate of 51% for all of Ontario (Mills 2007). The two primary hypotheses 

for this decline are a loss of habitat caused by an increase in densely forested areas and 

a drop in insect abundance due to widespread pesticide use (COSEWIC 2009). At a 

broad landscape level, we found that whip-poor-will presence was most positively 

related to overall forest area, and at finer spatial scales whip-poor-will presence was 

best predicted by area of open-canopy habitats (old field, rock barren, alvar, savannah), 

or forest edge habitats. While these different spatial scales offer mildly conflicting views 

of the importance of forest cover for whip-poor-will presence, they are probably most 

informative in terms of broad scale settlement patterns (e.g., whip-poor-wills require 

forest cover) and fine scale habitat requirements (e.g., but forest cover should not be too 

dense to allow penetration of moonlight for nocturnal foraging). However, we found whip-

poor-will abundance was best predicted by including insect abundances in addition to 

habitat characteristics. Combined, our results suggest that both habitat and food supply 

are potentially limiting whip-poor-will populations.  

The distribution of whip-poor-wills was influenced by factors operating at multiple 

spatial scales. At the largest spatial extent (~150,000 km2 in 10x10km squares), their 

distribution was associated with topography, climate, and coarse forest cover. Whip-

poor-wills were more likely to occur in rugged terrain compared to flatter areas, possibly 

because human impacts were less intense where cultivation of the land is more difficult, 

or because rocky outcrops and changes in elevation help to break up canopy closure of 

forests, providing whip-poor-wills with more perches exposed to moonlight for foraging. 

Cooler temperatures early in the breeding season and more rain later in chick rearing 

and fledgling periods appear to further limit their distribution within Ontario. Cooler 

temperatures could limit or delay emergence of prey insects (Gilbert and Raworth 1996); 

while both temperature and precipitation can prevent flight of insects, thereby limiting the 

foraging opportunities for aerial insectivores (Grindal et al. 1992; Poulsen 1996; Brown 

and Brown 1998; Nooker et al. 2005; Burles et al. 2009). Finally, we found whip-poor-

wills were positively associated with both forest landcover and greater patchiness (as 
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measured by edge length) of those forests during both atlas periods. An unexpectedly 

strong positive association with forest area, even after controlling for length of forest 

edge, could be both related to the extent of available habitat for conspecifics and prey 

insects or any human impacts that are associated with forest removal. However, by the 

2000s the probability of detecting whip-poor-wills has been reduced across all 

combinations forest area and edge (Figure 3), suggesting that either a characteristic of 

the habitat not captured by the topographical maps is changing, or some other 

mechanism is limiting whip-poor-will occurrence. 

At a regional scale (~30,000km2), the ratio of forest edge to forest area was 

weakly related to whip-poor-will presence, which is consistent with preferences for edge 

habitats shown by whip-poor-wills occupying managed forest landscapes (Wilson and 

Watts 2008). At the local scale (~50km2), the area of open habitats containing scattered 

trees (at the QUBS site mostly rocky ridges dominated by juniper shrubs and sparsely 

distributed oak trees) had the strongest positive correlation with abundance. Both finer-

scale assessments of forest cover support the observation that whip-poor-wills prefer 

habitats with open spaces and reduced forest canopy closure (Wilson 1985; Cink 2002). 

These results illustrate the insights to be gained by conducting studies at multiple spatial 

scales. 

Although we found no relationship between increases in forest cover or loss in 

forest edge and changes in whip-poor-will occurrence, we did find a positive relationship 

between forest edge and open forest types and the presence of whip-poor-wills at finer 

spatial scales. This finding is consistent with expansion of forest cover having a negative 

impact, because newly regenerated forests may be too dense and uniform in age to 

provide habitat features favored by whip-poor-wills (e.g., gaps in the canopy, scattered 

trees, and sufficient open areas for foraging). The European nightjar (Caprimulgus 

europaeus) underwent a similar long-term population decline, until forest managers 

began enhancing available habitat by leaving heather-dominated clearings in tree 

plantations; between 1981 and 2004, the British population of European nightjars has 

increased by 62% (Langston et al. 2007b). This type of small clearing and other open 

forest types would all be classified as forest at our largest spatial scale, and therefore a 

positive relationship with forest cover at this scale is not inconsistent with the potential 

for similar habitat enhancements to help whip-poor-wills. However, if this habitat type 
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alone were limiting then we would not expect variation in food availability to explain any 

greater variation in whip-poor-will abundance than habitat alone.   

Insect prey availability has been shown to influence habitat selection (Sierro et al. 

2001; Barbaro et al. 2007; Crampton and Sedinger 2011), reproductive success (Bryant 

1975; Sillett et al. 2000), and survival in other insectivorous birds (Brown and Brown 

1998). Food availability and habitat likely co-vary. Therefore, the positive relationship 

between whip-poor-will presence and forest cover at the largest scale may be partially 

related to insect availability; because insect abundances are likely linked to the amount 

and diversity of vegetation available, which would be greatest in and adjacent to forest 

habitats (personal observation). For European Nightjars Caprimulgus europaeus canopy 

closure appears to limit use of food rich forest habitats, and a lack of insect prey may 

limit use of open vineyards (Sierro et al. 2001; Sharps et al. 2015). We focused our 

insect sampling on open-canopy habitats and found that whip-poor-will presence was 

correlated with insect abundances at both regional and local spatial scales, with beetles 

appearing more important at the local scale. This pattern could be attributed to relatively 

high moth abundance at all sites at this scale. Alternatively, differences in the relative 

importance of moths and beetles between scales may reflect difference in when insect 

sampling was conducted. Regardless, even in a food-rich habitat, whip-poor-will 

abundance was best explained by a combination of habitat and beetle abundance, 

suggesting that insect availability may contribute to habitat selection by whip-poor-wills 

and could therefore be a factor limiting their distribution.  

We also found a negative impact of human activity across spatial scales. At the 

largest scale, the atlas squares occupied by whip-poor-wills in the early 1980s that 

contained the largest initial urban area were most likely to lose whip-poor-wills by 2001. 

In all cases the effect is disproportionate, in that the proportion of urban area in the 

square was <11% and a simple loss of habitat (e.g., forest cover) did not explain the 

increased probability of losing whip-poor-wills. At the local scale, sampling on a paved 

road receiving light but regular traffic, rather than dead-end gravel road or ATV trail was 

also negatively related to the abundance of whip-poor-wills. Both this lag effect of urban 

land area and finer-scale human infrastructure could be interpreted as evidence of whip-

poor-will sensitivity to human activities, as has been shown in for European Nightjars 

(Lowe et al. 2014). These could include factors that influence insect abundances (habitat 

degradation and pesticide use), as well direct effects on survival like road mortality (Cink 
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2002; Jackson 2003b) and higher predator abundances, such as domestic cats (Felis 

catus) and raccoons (Procyon lotor) (Schmidt 2003; Blancher 2013). 

Identifying the causal mechanisms of population declines in wild, migratory 

organisms is challenging. Processes negatively affecting populations can occur on both 

summer and winter ranges, at stop-over sites, and can interact to create complex effects 

that carry-over between locations. For whip-poor-wills, our analyses focused on two 

prominent hypotheses for population declines on the breeding range—limited food 

availability and habitat loss. However, a diversity of biotic and abiotic stressors may also 

contribute to declining whip-poor-will populations. For example, aerial insectivores with 

longer migration distances tend to be declining the most (Nebel et al. 2010) and changes 

in climate, particularly temperature and precipitation may be particularly important for 

species that rely on good weather conditions for foraging. Both these factors apply to 

whip-poor-wills at the northern limit of their distribution, where migration distance is 

furthest and energetic trade-offs in reproductive success or survival may be particularly 

influential.  

Analyses conducted at multiple spatial scales suggest that both habitat and food 

availability are important predictors of whip-poor-will abundance. Whip-poor-wills were 

most common in forested habitats with large gaps in canopy cover and scattered trees, 

consistent with the hypothesis that newly re-generated forests of eastern North America, 

which lack these habitat features, provide poor quality habitat for whip-poor-wills. 

However, food availability still explained greater variation in whip-poor-will abundance 

than habitat alone. While we cannot discount the possibility that habitat is limiting 

populations (Michel et al. 2016), when combined with cross-species analyses (Nebel et 

al. 2010) and evidence of diet change in swifts (Nocera et al. 2012; Pomfret et al. 2014) 

our data most strongly support food availability as a leading factor in populations 

declines of whip-poor-wills and other avian aerial insectivores. A similar hierarchical 

approach, which determines coarse and fine scale habitat requirements, and 

incorporates food availability, is likely to also be useful in attempts to identify the causes 

of the population declines for other aerial insectivores. 
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Chapter 3.  
 
Nightjar breeding phenology can be mismatched to 
both moths and moonlight 

Abstract 

Studies of reproductive phenology in seasonal environments often focus on an 

organism’s ability to track optimal periods of food availability, but a mismatch with food 

resources could also indicate an adaptive response to some other selective pressure. 

The foraging style and long annual migrations of aerially insectivorous birds may make 

them particularly sensitive to changes in seasonal phenology and weather extremes. 

Nocturnal aerial insectivores, like the whip-poor-will (Antrostomus vociferous), face the 

additional challenge of only foraging during twilight periods, or when adequate moonlight 

is available. We estimated daily egg and chick survival rates and total annual 

productivity in relation to seasonal changes in the abundance of night-flying insects 

(moths), moon phase, and weather. Egg survival did not vary between years with 

average survival through incubation estimated at 40%. Daily chick survival was highest 

in 2011 with survival to 15 days-of-age estimated at 91% in 2011, dropped to 42% in 

2012, before rising moderately to 67% in 2013. Daily chick survival was lowest in the 

middle of the breeding season, and higher on rainy days, or when moth abundance was 

higher. Whip-poor-wills matched the hatch dates of their first broods to peaks in moth 

abundance in 2011, when moth abundance was also highest overall. In contrast, most 

hatch dates proceeded peak moth abundance in 2012, when total moth abundance 

averaged much lower overall. In both years, moonlight was largely asynchronous with 

periods of peak moth abundance, but moonlight still showed some potential for a 

positive influence on daily survival when combined with daily moth abundance. In 2013, 

hatch dates were matched to peak moonlight availability, but we lack data on moth 

abundance. Low daily nest survival rates in 2012, when hatch was mismatched with both 

moths and moonlight, were partially overcome by more nesting attempts (fledglings/pair: 

1.56 in 2011, 1.22 in 2012). Our results support the potential of phenological changes in 

insect abundance to interact with weather, moonlight and the length of breeding season 

to influence productivity of lunarphilic insectivores.  
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Introduction  

Studies of reproductive phenology in seasonal environments often focus on an 

organism’s ability to track optimal periods of food availability (Visser et al. 1998; 

Beaugrand et al. 2003; Pearce-Higgins et al. 2005; Malick et al. 2015). The match-

mismatch hypothesis predicts that fitness will be highest when a consumer’s 

reproductive demand peaks simultaneously with the availability of resources (Cushing 

1990). The strength of selection for a match between demand and availability will 

depend on the relative magnitude and duration of a peak in resource abundance (Durant 

et al. 2005; Vatka et al. 2014). However, timing of reproduction may be constrained by 

life history, particularly slow offspring development times that would limit a species’ 

ability to delay reproduction and/or seasonal migrations that limit a species’ ability to 

advance reproduction (Both and Visser 2001; Both et al. 2010). Alternatively, a 

mismatch between timing of reproduction and peaks in the availability of food resources 

could also reflect an adaptive response to some other selective pressure (Visser et al. 

2012), like predators (Toyama et al. 2015; Senner et al. 2016), cold weather (Visser et 

al. 2015), or flooding events (Lytle 2002; Shriver et al. 2007).  

Selective forces influencing reproductive phenology are also likely to interact in 

complex ways. Individuals that can track food abundance will experience fitness benefits 

directly through improved offspring nutrition (Samplonius et al. 2016) and indirectly 

through more efficient foraging allowing them more time to defend their young (Zanette 

et al. 2006; Duncan Rastogi et al. 2006). However, adjusting reproductive timing to track 

peaks in food abundance could also have fitness costs, because tracking early peaks 

might increase the risk of experiencing inclement weather and tracking later peaks might 

limit time for additional breeding attempts or juvenile development. Cold weather could 

either negatively affect daily survival of chicks by increasing energetic demands and 

limiting time available for foraging, or increase daily survival of chicks by limiting activity 

of poikilothermic predators (Toyama et al. 2015). Likewise, tracking later peaks in food 

abundance could increase predation risk, if predators are also reproducing as the 

season progresses (Senner et al. 2016). Additionally, the accessibility of prey can be 

limited by weather or even day length (Varpe and Fiksen 2010). 

Studies with long-term datasets show that the degree to which species are 

tracking climate change is highly variable, particularly between trophic levels (Thackeray 
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et al. 2010; Thackeray et al. 2016). The resulting population-level mismatch between 

consumers and their resources can have demographic consequences for the species 

involved (Hipfner 2008; Both et al. 2010; Plard et al. 2014). It follows that within any 

population there will be some individual variation in the degree of matching between 

timing of reproduction and seasonal changes in the abundance of its resources, and this 

variation results in differences in fitness amongst individuals (Reed et al. 2009; Reed et 

al. 2013). Since individual fitness is influenced by multiple selective pressures, fitness 

should ultimately be highest for those individuals that can track these multiple factors 

concurrently. For example, nocturnal aerially insectivorous birds might benefit from 

tracking both temporal peaks in food availability and moon phase. Unlike bats most 

nocturnal birds cannot echolocate and must either rely on other auditory cues, twilight 

periods, or moonlight for foraging (Mills 1986; Jetz et al. 2003). Some nightjars 

compensate for this highly restricted foraging period by using torpor to reduce energy 

requirements in absence of moonlight (Smit et al. 2011) and by timing reproductive 

energy demands for periods of the lunar cycle with the greatest moonlight availability 

(Jackson 1985; Mills 1986; Perrins and Crick 1996). Despite the synchronization 

between timing of reproduction and the availability of moonlight being expected to 

maximize fitness (FIGURE 1A-B), nightjars do not always time their reproduction to 

match the lunar cycle (Brigham and Barclay 1992). This mismatch between reproductive 

phenology and moonlight suggests that other resources, like prey abundance (FIGURE 

1C), or temporal constraints (FIGURE 1D) may be more important. Still, it remains 

unknown how the extent to which a failure to match reproduction to availability of either 

resource influences the annual reproductive success of any nightjar species, or how they 

might respond by adjusting reproductive phenology when peaks in moonlight and food 

availability do not coincide (FIGURE 1B-D).  

For one of the North American nightjar species experiencing recent population 

declines (Cadman et al. 2007; Sauer et al. 2017), the Eastern Whip-poor-will 

(Antrostomus vociferous; hereafter “whip-poor-will”), we use estimates of daily nest (egg 

or chick) survival and annual productivity to assess the fitness consequences of 

matching reproduction to availability of both food and moonlight. We explore the degree 

to which this population can track both resources by comparing overall availability of 

both food and moonlight with their availability after observed hatch dates. Finally, we 

calculated mean annual productivity across all nesting attempts per pair. We predict that 
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whip-poor-wills will suffer fitness costs (lower daily nest survival and per pair 

productivity) if they cannot track both food and lunar cycle, but that an inability to track 

food availability will have greater fitness consequences than an inability to track the lunar 

cycle.  

 

 
Figure 3.1. Hypothetical match/mismatch scenarios for a lunarphilic insectivore: 

complete synchrony between moon phase (blue), prey abundance 
(yellow), and predator demand (green) should result in highest fitness (A), 
asynchrony with prey abundance is partially compensated for by 
maximum foraging time as a result of synchrony between moon phase 
and predator demand (B), mismatch with moon phase has minimal 
influence on fitness due to high synchrony between prey abundance and 
predator demand (C), and complete asynchrony between moon phase, 
prey abundance, and predator demand should result in lowest fitness (D). 

 

Methods 

Study species  

Eastern Whip-poor-will (hereafter “whip-poor-will”) tend to occupy forested 

habitats (Cooper 1981; Cink 2002) with sparse understory vegetation (Garlapow 2007) 

and nearby open areas for foraging (Cink 2002; Wilson and Watts 2008). Closed-canopy 

forests may not allow adequate penetration of moonlight (Mills 1986; Cink 2002; Akresh 

and King 2016). In occupied habitats, male whip-poor-wills sing almost continuously 

during twilight periods and very frequently on moonlit nights from May through July 

(Cleaves 1945; Wilson and Watts 2006). They are much less vocal during dark nights, 
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Time! Time!

Insect abundance!
Nightjar demand!

Moon phase!

Warmer spring!Colder spring!
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apparently due to a higher risk of predation when it is too dark to visually detect an 

approaching predator (Woods and Brigham 2008; Lester 2010). Aside from dusk and 

dawn, foraging activity also appears to be limited by moonlight (Mills 1986).  

Whip-poor-will clutches usually contain two conspicuous lightly-speckled white 

eggs laid directly on leaf litter, generally under the shade of trees or tall shrubs (Akresh 

and King 2016). However, the adult’s cryptic plumage provides excellent camouflage; 

consequently nightjars rarely leave their eggs unattended except for brief foraging 

periods at dusk and dawn (Troscianko et al. 2016). Males do not usually incubate, 

although they will visit the nest for brief periods (~5min) at dusk and dawn (personal 

observation). Incubation lasts ≥ 20 days (Akresh and King 2016) and chicks begin 

perching and making short flights at roughly 16 days of age (Cink 2002). Chicks can hop 

short distances when only a few days old and will often scatter in opposite directions 

when disturbed by a predator. This behaviour, combined with aggressive distraction 

displays by the parent, often allow for partial survival of broods (personal observation). 

Nightjar eyes contain a tapetum lucidum membrane that improves vision during low light 

conditions by reflecting light directly back through the retina along its original path (Nicol 

and Arnott 1974). This membrane also reflects light directly back towards the light-

source, allowing a person with a light source, near enough to their own eyes, to see a 

bright circle of ‘eye-shine’. Chick eyes appear to not develop this membrane until well 

after fledging. Despite the mobility of chicks, the presence of a brooding parent with eye-

shine, during the dark periods of the night, makes it possible to find and monitor young 

chicks. Beyond 15 days of age, the reduced presence of an adult, along with an 

increasing ability to cross obstacles and move greater distances using flight, makes 

finding fledglings less reliable. Therefore, we only estimate chick survival up to 15 days-

of-age and consider this the pre-fledging period.  

Field site, nest searching and monitoring 

We estimated variation in timing and success of whip-poor-wills breeding in the 

northern part of their range, by finding and monitoring nests over three years. Our study 

site was Queen’s University Biological Station (QUBS) in eastern Ontario, Canada. 

QUBS encompasses > 3200 ha of deciduous forest and abandoned farmland in various 

stages of succession. Both habitats are punctuated by numerous small wetlands, lakes, 

and ridges topped with small rock barrens. These frequent forest gaps, combined with 
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generally sparse understory vegetation, provide ideal whip-poor-will foraging habitat 

(English et al. 2017).  

We used mist nets and song playback to capture adult male whip-poor-wills at 

night between 5 May and 25 July of 2011–2013. Our capture and tagging of birds 

followed the safety protocols of the Ornithological Council and was approved by 

Environment Canada (sub-permit #10759 AG) and Simon Fraser University Animal Care 

Committee (protocol #1001B-11). All birds received a numeric aluminum leg-band 

issued by the Canadian Wildlife Service and a 0.6-0.8g NTQB-3-2 or Pip Ag376 radio 

frequency tag (Lotek, Newmarket, Ontario, Canada) with ~2-month battery life. We 

attached the tags to the base of one of the central rectricies using waterproof glue and 

waxed dental floss at even intervals along the tag antenna (Wiktander et al. 2001). Tags 

were dropped naturally with tail feather molt at the end of the breeding season.  

We used radio telemetry to map territories of individual males, and systematically 

searched those territories for nests using headlamps to spot eye-shine. We primarily 

searched on dark nights (moon < 50% illuminated) starting at least 1.5 hours after 

sunset when parents were likely to have returned to the nest to incubate eggs or brood 

chicks. During twilight and on moonlit nights, when adults are actively foraging and 

singing, we captured singing males and mapped song locations for already tagged 

males.  

To monitor nest fates, we used motion-activated 920nm infrared cameras 

(Bushnell Trophy Camera model 119466) tied to a nearby tree, or when necessary a 

metal stake, within clear view of the nest, but beyond the distance at which each 

individual whip-poor-will was readily flushed. These cameras used infrared beams that 

are outside the visible spectrum of birds and possible nest predators. Cameras were set 

to record 30sec of video when triggered on the high sensitivity setting with a 1 sec re-

trigger interval. We also set the camera to automatically trigger every night at fixed 5 min 

intervals during the first two hrs after sunset. During this period, the nest is usually left 

unattended for a 30-50 min period, providing footage of unattended eggs or chicks for 

determination of hatch dates. Even on the highest sensitivity setting, the camera was not 

triggered by most movements of the parents (probably because feathers provide too 

much insulation for body heat to be detected by the infrared sensor) or by predators like 

snakes. We could identify most mammalian predation events and all those that occurred 
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during the pre-set recording intervals. Whip-poor-will chicks are semi-precocial and 

sometimes moved outside the camera’s view. Therefore, we checked cameras at 3-7 

day intervals, swapped out memory cards (and batteries when necessary), and 

repositioned the camera if the chicks had moved. These camera checks were also 

conducted on dark nights to allow the use of adult eye-shine for locating chicks. 

Nightjars are very reluctant to flush (Troscianko et al. 2016), so we were usually able to 

setup and check cameras without flushing the parent. If eggs or chicks disappeared, but 

the camera did not capture a predation event, we searched the immediate nest area 

thoroughly on at least two occasions to confirm the loss, and after 1-2 weeks we 

searched the whole territory for subsequent nesting attempts. The number of chicks 

surviving to fledging was determined both for each nesting attempt and cumulatively 

across all attempts for each breeding pair. A few fledglings were found after 15-days-old 

and were included in per pair productivity estimates.  

Resource phenology  

We sampled flying insects nightly from 1 May – 1 August of 2011 and 2012 at a 

single site at QUBS using malaise traps (standard size SLAM Trap II with bottom 

collectors from MegaView Science, Taiwan). Flight activity of nocturnal insects does not 

vary consistently with lunar cycle (Brown and Taylor 1971; Schaefer 1976; Hecker and 

Brigham 1999), but traps that use light as an attractant tend to catch fewer insects 

around the full moon (Yela and Holyoak 1997). Therefore, we used passive malaise 

traps to avoid any bias from the use of attractants. We hung one trap each at heights of 

2 m and 4 m to cover the most frequent foraging heights of whip-poor-wills (Garlapow 

2007). Each trap had a bottle at the top and bottom, which we attached at sunset and 

collected at dawn. The bottles were half filled with slightly soapy water to break the 

surface tension. The size of the bottle openings precluded the capture of larger insects, 

so we recorded only the total number of small Lepidoptera and Coleoptera captured 

each night. Weather influenced some nightly captures, but we assume that any weather-

related reduction in insect captures would reflect the accessibility of insect prey to whip-

poor-wills. Nightly moth captures in our traps were only weakly correlated with available 

moonlight (2011: rp = -0.15 , N = 89, p = 0.16; 2012: rp = -0.26, N = 90, p = 0.01). We 

only included moth abundance in our subsequent analyses, because overall we 

captured far fewer beetles and there was less seasonal variation in capture rate. 
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Available moonlight 

Using the R package lunar (Lazaridis 2014), we calculated the relative amount of 

moonlight potentially available for each night of each breeding season at our study site. 

Available moonlight was estimated as the percent of the moon face illuminated (above a 

threshold of 25% illuminated, based on the activity threshold described by (Jetz et al. 

2003) multiplied by the number of hours when the moon was at least 5° above the 

horizon. We applied this calculation to an average 6 hr period of darkness occurring at 

our latitude during the breeding season. We do not have estimates of cloud cover for 

each night, but because moonlight does still penetrate most cloud densities, even cloudy 

nights are brighter when more of the moon face is illuminated.  

Weather variables 

We used averages from the three nearest Environment Canada weather stations 

that shared a similar latitude (Centerville: 44.4, -76.91; Hartington IHD: 44.43, -76.69; 

Lyndhurst-Shawmere: 44.52, -76.08) to estimate conditions at our study site. We 

downloaded daily measurements of temperature and precipitation from Environment 

Canada’s Historical Climate Data website (climate.weather.gc.ca). Wind data were not 

collected at any of these stations, so we included an estimate of windiness based on the 

magnitude (over a threshold of 31 km/hr) of the maximum wind gust recorded at the 

Kingston station (44.22, -76.60). Any days missing from all three local stations were filled 

in with data from the Kingston station. We examined the relationships between four 

centered and standardized weather variables (mean minimum temperature, mean total 

precipitation, standard deviation in precipitation, and windiness) using a Principal 

Components Analysis (PCA) implemented in R version 3.2.1 (R Development Core 

Team 2015). Both precipitation variables loaded most positively on the first principal 

component (PC1) making it our measure of “raininess” (TABLE 1). Minimum 

temperature was most negatively related to PC2 making it our measure of “coldness”. 

Finally, windiness and warmth were both positively associated with PC3. Cumulatively 

these first three components explained 92% of the variance in our weather 

measurements (PC1: 44%, PC2: 26%, PC3: 22%) and were therefore included in our 

models of daily egg and chick survival. 
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Table 3.1. Loadings indicating the percentage of the variance in an original variable that 
is explained by each principal component.  

Weather variable PC1 PC2 PC3 PC4 
Total precipitation (mean) 0.797 0.005 0.033 0.165 
Total precipitation (standard deviation) 0.747 0.023 0.078 0.152 
Minimum temperature (mean) 0.035 0.727 0.236 0.003 
Maximum wind gust (>31 km/h) 0.184 0.279 0.531 0.007 

 

Daily survival analysis 

We modeled daily survival rates using the Program MARK version 8.0 (White 

and Burnham 1999; Dinsmore et al. 2002), and calculated the cumulative expected 

survival, separately for a 20-day incubation period and a 15-day pre-fledging period over 

the 3 years of our study. Clutches were considered a single unit because > 90% of 

failures were complete. To allow for partial predation and starvation, each chick was 

considered separately. We used a year-only model to calculate variation in cumulative 

expected survival between years. To evaluate more complex candidate models, we used 

Akaike’s Information Criterion corrected for small sample sizes (AICc; Hurvich and Tsai 

1989) and considered models to be well-supported when they had a lower AICc score 

than the null model and were within 2 ΔAICc of the model with the lowest AICc score 

(Arnold 2010). AIC is more appropriate than Bayesian Information Criterion when 

identifying useful parameters in the context of a complex ecological system where 

parameters are likely to have very small/tapering effects (Aho et al. 2014). None of the 

variables in these models were strongly correlated with each other within years (r < 

0.31).  

Annual, seasonal, and age effects were evaluated using a set of time-based daily 

survival models (6 for egg clutches and 12 for chicks). Candidate sets included a null 

model and all combinations of year, either a linear or quadratic effect of ordinal day of 

season, and chick age, where applicable. We excluded models with interactions due to 

their inability to estimate all parameters.  

Next, we added independent and additive bivariate effects of each weather 

principal component and moonlight to the top time-based model to form a candidate set 

(8 models each for egg clutches and chicks). We included only one weather variable in 
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each model to limit over-fitting of models. The top temporal model acted as the null 

model to control for unmeasured sources of annual or seasonal variation (e.g. changes 

in predator abundance or behaviour). This makes the coefficients of additional variables 

more conservative, because we are only testing their influence within time periods with 

the statistically similar survival rates.  

Finally, for the two years for which we had estimates of moth abundance, our 

candidate set of daily egg and chick survival models included the top temporal model as 

a null model and all additive combinations of moth abundance and all variables included 

in well-supported models from the earlier sets (2 models for egg clutches and 9 for 

chicks). We assessed whether annual and seasonal differences could be explained by 

variation in food availability by comparing confidence intervals of temporal variables 

between models with and without different covariates. To assess the relative influence of 

all covariates on survival of eggs and chicks, we report confidence intervals of 

coefficients from the more complex of the well-supported models for each candidate set.  

Inter-annual variation in phenology and productivity 

For each year, we calculated the mean amount of moonlight available and mean 

moth abundance over the subsequent 15-day periods for all possible first brood hatch 

dates (i.e., for every day between and including the earliest and latest observed first 

brood hatch dates: 30 May to 29 June). Nests were considered part of the first brood if 

they hatched within 15 days of the first nest hatched in a given year. To assess 

phenology differences between years, we compared hatch dates for first broods, mean 

availability of moonlight and moths for all possible 15-day pre-fledging periods, and 

mean availability of moonlight and moths for all actual observed 15-day pre-fledging 

periods using analysis of variance (ANOVA) and post hoc Tukey tests. For evidence of 

matching between breeding phenology and both resources within each year, we 

compared bootstrapped samples (10000 subsamples of equal size to the number of 

nests found in a given year) against overall availability of moonlight and moth 

abundance for that year using Kolmogorov-Smirnov tests. This resulted in a distribution 

of D^ + statistics. We then calculated the same statistic for the actual observed hatch 

dates in that same year and we report the proportion of random samples with equal or 

higher D^ + statistics as a p-value. This method accounts for the unique distributions of 

resource availability in each year and the variation in the number of nests found between 
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years. Finally, we report the mean availability of resources in each year against the per 

nest and per pair productivity for that year. We conducted all statistical tests in R version 

3.2.1 (R Development Core Team 2015).  

 

Results 

What influences daily nest survival? 

We found 38 whip-poor-will nests over 3 years. All but four nests contained an 

initial clutch or brood size of 2. In 2012, both single egg clutches were very late season 

nests (late July) and the two other single egg clutches were both found in late June of 

2013. We documented 11 cases where the entire clutch disappeared: at least one clutch 

was eaten by a White-tailed Deer (Odocoileus virginianus) and three clutches were 

eaten by Grey Ratsnakes (Pantherophis spiloides). On one occasion, partial clutch loss 

occurred due to being either crushed or consumed by a passing porcupine (Erethizon 

dorsatum). Two eggs in different clutches simply failed to hatch.  

For 26 nests found at the egg stage, daily clutch survival did not appear to vary 

across years or within seasons (Table 2). The estimated daily clutch survival rate was 

0.955 (95%CI 0.921-0.975), which for an incubation period 20 suggests a clutch survival 

rate of 40%. Likewise, we found no effect of weather, moonlight, or moth abundance on 

daily clutch survival (Table 2).  

We monitored survival of 43 chicks from 24 nests, 28 chicks from 18 broods 

survived to 15 days-of-age. We documented 6 cases of complete brood loss and 5 of 

partial brood loss (1 in 2011 and 4 in 2012). Cameras only confirmed 2 predation events 

on chicks: one by a fisher (Martes pennanti) and one by a raccoon (Procyon lotor). One 

brood disappeared after appearing agitated by a swarm of ants.  
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Table 3.2. Daily survival model candidate sets for whip-poor-will egg clutches. 

Model K AICc ΔAICc Weight Likelihood Deviance 

Time-based (3 years)       
{S(.)} 1 81.16 0.00 0.53 1.00 79.15 
{S(day)} 2 83.10 1.94 0.20 0.38 79.05 
{S(year)} 3 83.92 2.75 0.13 0.25 77.81 
{S(day + day2)} 3 85.07 3.90 0.07 0.14 78.96 
{S(year + day)} 4 85.98 4.82 0.05 0.09 77.81 
{S(year + day + day2)} 5 87.98 6.82 0.02 0.03 77.72 

+ weather and moonlight (3 years)      
{S(.)} 1 81.16 0.00 0.26 1.00 79.15 
{S(PC1)} 2 81.70 0.53 0.20 0.77 77.65 
{S(PC2)} 2 81.99 0.83 0.17 0.66 77.94 
{S(PC3)} 2 83.08 1.92 0.10 0.38 79.03 
{S(moon)} 2 83.19 2.03 0.09 0.36 79.14 
{S(PC1 + moon)} 3 83.75 2.59 0.07 0.27 77.65 
{S(PC2 + moon)} 3 83.96 2.80 0.06 0.25 77.86 
{S(PC3 + moon)} 3 85.12 3.96 0.04 0.14 79.02 

+ food availability (2 years)       
{S(.)} 1 44.42 0.00 0.73 1.00 42.40 
{S(moths)} 2 46.46 2.04 0.27 0.36 42.38 

 

The estimated daily survival rate for chicks varied from a high of 0.993 (95%CI 

0.955–0.999) in 2011 to a low of 0.941 (95%CI 0.894–0.968) in 2012, and was 

intermediate at 0.974 (95%CI 0.901–0.993) in 2013. Resulting estimated mean survival 

to 15 days of age varied from 90% in 2011 to only 40% in 2012, and 67% in 2013. Daily 

chick survival also varied seasonally, with survival being lowest in the middle of the 

breeding season and higher for both very early and very late nests (Table 3; Figure 2A). 

Daily chick survival models were improved by the addition of the raininess weather 

variable (PC1) alone (5x the support of the best temporal model) or the addition of both 

the raininess and moonlight variables (within 2 ΔAICc of the top model and 3x the 

support of the best temporal model; Table 3). Chick survival tended to be higher on 

nights with increased probability of rain (b = 4.16, 95%CI: -0.56–8.88; Figure 2B) and 

when there was more moonlight (b = 0.18, 95%CI: -0.19–0.55; Figure 2C).  
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Table 3.3. Daily survival model candidate sets for whip-poor-will chicks. Where a term is 
squared both squared and un-squared terms were included in the model. 

Model K AICc ΔAICc Weight Likelihood Deviance 

Time-based (3 years)       
{S(year + day2)} 5 87.85 0.00 0.38 1.00 77.70 
{S(year)} 3 89.12 1.26 0.20 0.53 83.06 
{S(year + day2 + age)} 6 89.54 1.69 0.16 0.43 77.32 
{S(year + day)} 4 90.99 3.13 0.08 0.21 82.88 
{S(year + age)} 4 91.03 3.18 0.08 0.20 82.93 
{S(year + day + age)} 5 92.88 5.03 0.03 0.08 82.73 
{S(.)} 1 93.02 5.16 0.03 0.08 91.01 
{S(day)} 2 94.45 6.60 0.01 0.04 90.42 
{S(age)} 2 94.97 7.11 0.01 0.03 90.94 
{S(day2)} 3 96.18 8.33 0.01 0.02 90.12 
{S(day + age)} 3 96.44 8.59 0.01 0.01 90.38 
{S(day2 + age)} 4 98.17 10.32 0.00 0.01 90.07 

 + weather and moonlight (3 
years) 

      
{S(year + day2 + PC1)} 6 84.59 0.00 0.36 1.00 72.36 
{S(year + day2 + PC1 + moon)} 7 85.67 1.08 0.21 0.58 71.37 
{S(year + day2 + PC2)} 6 86.66 2.08 0.13 0.35 74.44 
{S(year + day2 + PC3)} 6 87.81 3.22 0.07 0.20 75.59 
{S(year + day2)} 5 87.85 3.27 0.07 0.20 77.70 
{S(year + day2 + PC2 + moon)} 7 88.05 3.46 0.06 0.18 73.75 
{S(year + day2 + PC3 + moon)} 7 88.94 4.36 0.04 0.11 74.65 
{S(year + day2 + moon)} 6 88.98 4.40 0.04 0.11 76.76 
{S(.)} 1 93.02 8.43 0.01 0.01 91.01 

+ food availability (2 years)       
{S(year + day2 + PC1)} 5 67.54 0.00 0.24 1.00 57.35 
{S(year + day2 + moth)} 5 67.65 0.11 0.22 0.95 57.45 
{S(year + day2 + moon + moths)} 6 67.95 0.40 0.19 0.82 55.67 
{S(year + day2 + PC1 + moth)} 6 68.58 1.04 0.14 0.59 56.31 
{S(year + day2 + PC1 + moon)} 6 69.62 2.08 0.08 0.35 57.35 
{S(year + day2 + PC1 + moon + 
moths)} 7 70.48 2.93 0.05 0.23 56.11 

{S(year + day2)} 4 71.51 3.97 0.03 0.14 63.38 
{S(year + day2 + PC1 + moon + 
moths)} 6 72.56 5.02 0.02 0.08 60.29 

{S(year + day2 + moon)} 5 73.57 6.03 0.01 0.05 63.38 
{S(.)} 1 77.95 10.41 0.00 0.01 75.94 
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Figure 3.2. Daily chick survival estimates with 95%CI across the breeding season (A) for 

the model controlling raininess and moonlight (2011 in green, 2012 in 
orange, 2013 in blue). The relationships between these daily survival 
estimates and either raininess (B, 3-yr model), moonlight (C, 3-yr model), 
or moth captures (D, 2-yr model).  

 

For the two years with daily food availability estimates, we could not distinguish 

between the effects of raininess and moth abundance on daily nest survival. Models 

including moth abundance, or moth abundance and moonlight, received similar support 

to the model with ‘raininess’ alone (Table 3). Moth abundance tended to have a positive 

effect (b = 0.13, 95%CI -0.01–0.28) and this effect was strengthened by the inclusion of 

moonlight in the model (b for moth controlling for moonlight = 0.18, 95%CI 0.00–0.35; 

Figure 2D, Appendix C).  

 

A

B C D
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Is inter-annual variation in phenology and productivity related to food 
availability and moonlight? 

We were able to estimate hatch dates for 6 first nests in 2011, 8 nests in 2012 and 7 in 

2013 (Table 4; Figure 3). Nests in 2012 hatched an average of 15 days earlier than in 

the other two years (F2, 18 = 32.9; p < 0.001). Mean moth abundance was higher in 2011 

than in 2012 for both possible (Table 4; F1, 60 = 33.7; p < 0.001) and for actual hatch 

dates (F1,12 = 24.5; p < 0.001). Whip-poor-wills matched hatching to food availability in 

2011, but not 2012. Moth abundance was significantly higher than could be expected by 

chance during actual whip-poor-will pre-fledging periods only in 2011 (D = 0.516. p = 

0.035). Whip-poor-wills matched hatching to moon phase only in only one of three years. 

The amount of moonlight during actual pre-fledging periods differed between years (F2,18 

= 3.8; p = 0.041) and was significantly higher than could be expected by chance only in 

2013 (D = 0.484. p = 0.043), but overall availability of moonlight did not vary significantly 

between years (F2, 90 = 0.11; p = 0.90).  

We were able to find first brood nests and to monitor territories for subsequent 

nesting attempts for a subset of pairs (Table 4); between 33% (2011) and 67% (2012) of 

these pairs made more than one nesting attempt per year, and between 20% (2011) and 

60% (2012) of pairs that fledged a first brood successfully attempt a second brood. The 

average number of fledglings produced per nest (first and second broods combined) was 

highest in 2011 at 1.10 out of a maximum of 2, and lowest in 2013 at only 0.60 (Table 4; 

F2, 35 = 1.23; p = 0.31). As a result of multiple nesting attempts, per pair productivity 

differed less across years, from 1.56 in 2011 to 1.22 in 2012 (Table 4).  
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Table 3.4. Annual difference in breeding phenology, productivity, and resource 
availability for whip-poor-wills breeding in southeastern Ontario, Canada. 
Moonlight score is a product of moon face illumination and hours spent 
above the horizon. Moth abundance was estimated from nightly aerial 
malaise trap captures. N = the sample size of nests or pairs for which 
estimates were possible.  

Year 2011 2012 2013 

Breeding phenology and productivity estimates:   

Mean (and range) for first brood 
hatch dates 

21 Jun 
(15 Jun – 29 Jun) 

N = 6 

4 Jun*** 
(30 May – 9 Jun) 

N = 9 

20 Jun 
(16 Jun – 24 Jun) 

N = 5 
Fledglings produced per nest 1.10 

N = 10 
0.61 

N = 18 
0.60 

N = 10 
Fledglings produced per pair 1.56 

N = 9 
1.22 
N = 9 

1.33 
N = 6 

Proportion of pairs with multiple 
breeding attempts 

0.33 
N = 6 

0.67 
N = 9 

0.33 
N = 6 

Proportion attempted 2nd brood 
after successful 1st brood 

0.20 
N = 5 

0.57 
N = 7 

0.50 
N = 2 

Pre-fledging period resource availability (June-July):   

Mean moonlight score per night for 
all possible pre-fledging periods 2.22 2.23 2.2 

Mean moonlight score per night 
during actual pre-fledging periods 1.57 2.13 3.18* 

Mean moth abundance for all 
possible pre-fledging periods 19.02* 12.04 – 

Mean moth abundance during 
actual pre-fledging periods 21.60* 12.54 – 
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Figure 3.3. Annual differences in food availability (solid line = nightly moth counts 

averaged across each 15-day pre-fledging period) and moon phase 
(beaded line = height of the line indicates hours of moonlight and lighter 
shaded circles indicate greater proportion of moon face illuminated for 
each 15-day pre-fledging period) relative to observed hatch dates of whip-
poor-will nests (* indicates each hatch date). Nests clustering earlier in 
the season were considered first attempts in analyses.  

 

Discussion  

Aerial insectivore birds in temperate climates may be particularly sensitive to the 

consequences of global climate change, including changes in seasonal phenology, 

because they must make long-distance seasonal migrations and are dependent on 

insect prey that is only accessible when weather conditions allow for flight. Most studies 

of phenological mismatch only consider the need to match demand with availability of 

one resource; however, nocturnal aerial insectivores, like whip-poor-wills, face the 
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additional challenge of only being able to forage during twilight periods, or when 

adequate moonlight is available. We show that while fitness benefits are likely to result 

from matching reproduction to temporal variation in food availability, and possibly 

moonlight, whip-poor-wills only appear to match reproduction to food availability and/or 

moonlight in some years. This potential for nest survival and changes in the breeding 

time of whip-poor-wills to respond differentially to multiple resources across only a few 

years highlights the need to consider multiple resources and selective pressures when 

attempting understand how individuals and populations respond to changes in seasonal 

phenology.  

This study provides some support for the hypothesis that nocturnal aerial 

insectivore populations could be sensitive to mismatches between timing of reproduction 

and seasonal changes in food availability. Daily survival rates of whip-poor-will chicks 

were positively related to prey abundance on any given day, and averaged higher overall 

in 2011, when mean insect abundance was higher. Whip-poor-will reproductive 

phenology was only matched to seasonal peak in food availability (FIGURE 1C) in this 

same year. As expected, estimates of both mean daily survival and productivity were 

lower when reproduction and food availability were mismatched (FIGURE 1D), however 

this year also had lower mean insect abundance. These patterns are consistent with the 

wide variety of bird species that have been shown to have lower annual productivity 

when breeding is mismatched with peaks in prey abundance (Verboven et al. 2001; 

Pearce-Higgins et al. 2005; Reed et al. 2009; McKinnon et al. 2012; Reed et al. 2013). 

Such failure to track prey availability could also lead to slower chick growth rates 

(Hipfner 2008; McKinnon et al. 2012) and lower recruitment (Reed et al. 2013).  

The fitness benefits of matching reproduction to seasonal peaks in food 

availability could be a direct result of an increase in the quantity of food provided to 

chicks. Another possibility is that increased fitness when food is more abundant could be 

an indirect result of more efficient foraging allowing more time for parents to defend the 

nest (Zanette et al. 2006; Duncan Rastogi et al. 2006). For whip-poor-wills, both 

mechanisms appear likely. While we found no dead chicks, some of the unexplained 

brood losses (4 complete and 5 partial) could have been due to starvation or poor 

nutrition. In contrast, a range of predators were confirmed as proximate causes of nest 

failure. Therefore, we suspect that much of the positive influence of moth abundance on 

daily survival is due to parents spending less time away from the nest on nights when 
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higher moth activity increases foraging efficiency. While defense against some 

predators, like a fisher or raccoon, may be somewhat futile, we observed an aggressive 

distraction display successfully directed at a deer. We suspect that this level of defense 

could allow at least one chick to escape detection by a variety of predators. Differences 

in chick survival between years, and lowest survival in the middle of the season could 

also be related to local differences in predator activity and availability of alternative prey 

(e.g., turtle nests are abundant in our study site which could attact predators like 

raccoons). Likewise, higher daily nest survival during rainy weather suggests an effect of 

either reduced activity of predators and/or an increased presence of the parent.  

If foraging efficiency is influencing fitness, we could expect that nightjars would 

benefit from matching reproduction to both food availability and lunar cycle (Figure 1A). 

Evidence that reproduction is timed to maximize available moonlight for the weeks 

immediately following hatching has been found for a least one temperate (Perrins and 

Crick 1996) and one tropical nightjar species (Jackson 1985). However, the combined 

influence of moonlight and food availability has only been explored in one tropical 

system, where peak food availability spanned two lunar cycles. Within this period of 

peak food availability, Standard-winged Nightjars (Macrodipteryx longipennis) appeared 

to synchronize hatching to the periods around the new moon, which was posited to 

either reduce the risk to young hatchlings from visual predators, or to maximize 

availability of moonlight for two-week-old chicks (Jetz et al. 2003). This timing is roughly 

a week earlier than the pattern seen in other nightjar species, possibly because 

Standard-winged Nightjar males lek and do not provide any paternal care. Most other 

nightjars, including whip-poor-will, have bi-parental care, such that more hours of 

moonlight would allow parents to trade-off with each other between foraging and nest 

defense, rather than both having to forage exclusively at dawn and dusk. Whereas, 

when only one parent is provisioning, moonlight might only influence total provisioning 

potential, and therefore would be more critical when chicks are larger and requiring more 

food (Goodbred and Holmes 1996). Tropical regions also experience much shorter 

twilight periods (Mills 2008), which could further enhance the fitness benefits from 

moonlight during periods of maximum nutritional demand (Jetz et al. 2003). For 

temperate breeding whip-poor-wills, hours of moonlight appeared to have little impact on 

daily nest survival rates when considered alone, but moonlight appeared to have a weak 

positive influence on daily survival, when combined with nightly moth abundance. The 
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weakness of this effect could be because the fitness benefits of matching reproduction to 

food availability are greater than matching to moonlight, and food and moonlight were 

not in phase in the two years where we had data on both (Figure 3). Timing of 

reproduction was, perhaps unsurprisingly, not matched to moonlight in either of these 

years. However, hatch dates were timed to maximize the hours of moonlight for 

provisioning of chicks in 2013. That synchronization between hatching and moonlight 

occurred in only one of three years suggests that while timing breeding to maximize 

available moonlight could still be beneficial to temperate breeding nightjars, there seem 

to be other more important factors determining timing of breeding.   

For long-distant migrant birds, the match–mismatch hypothesis predicts that 

timing of arrival on the breeding grounds can constrain their ability to track seasonal 

advances in food availability, which can lead to a mismatch that reduces reproductive 

success (Both and Visser 2001; Møller et al. 2008; Both et al. 2010). Therefore, we 

would expect mismatches to be more likely in years where migrants arrive on the 

breeding grounds late. Surprisingly the reverse appears true for whip-poor-wills, where a 

mismatch between reproduction and food availability occurred in 2012, when birds 

arrived relatively early and some chicks hatched more than two-weeks ahead of the 

peak in food availability. This suggests that additional selective pressures must favor 

early breeding. For whip-poor-wills, one of these factors may be the opportunity for a 

second chance, since they will often lay a second, or even third clutch of eggs, after a 

nest failure or successfully rearing a first brood. As such, an individual’s reproductive 

success per season is determined both by the number of offspring produced per nesting 

attempt and the number of breeding attempts (Nagy and Holmes 2004). Although young 

hatched from second broods may have lower chances of surviving to reproduce 

themselves, partly because they have less time to mature before autumn (Møller 1994). 

In 2012, hatch dates were about two weeks earlier than in both the other years, which 

seems to have allowed enough extra time for attempting renests and second broods. 

The result being that, despite 42% lower nest survival rates, the per pair productivity was 

only 22% lower in 2012 than in 2011. However, there can also be costs to early breeding 

(Visser et al. 2015). Due to repeated periods of cold and rain in early and mid-June of 

2013, 90% of nests of Tree Swallows (Tachycineta bicolor), another aerial insectivore 

species breeding at the same location, failed due to starvation, hypothermia and/or 

abandonment (Ouyang et al. 2015). Later hatch dates for whip-poor-wills meant that 
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during this same time period most nests had not yet hatched. Thus, later breeding in 

2013 could represent a successful trade-off between the increased risks of harsh 

weather and the increased opportunities for double brooding that were seen in 2012 

(Verboven et al. 2001). Nonetheless, numerous studies have found that individuals that 

arrive early have higher reproductive success (McKellar et al. 2013) and that chicks 

hatched earlier are more likely to survive (Verhulst and Tinbergen 1991; Verboven and 

Visser 1998; Naef-Daenzer et al. 2001; Bowers et al. 2016). 

It is possible that the complex pressures associated with lunarphilia and 

exploiting an environmentally sensitive food supply have prepared nightjars well to 

adjust their timing of breeding in response to a changing climate. For whip-poor-wills, 

across only three years, we find considerable variation in daily nest survival, breeding 

phenology, patterns of food availability, and degree of matching to lunar phase. Despite 

this variation, per pair productivity remained seemingly high for a bird species with a 

recorded lifespan upwards of 15 years (Cink 2002). However, patterns in daily nest 

survival do suggest that both food abundance and availability of moonlight could 

influence productivity. Therefore, given that whip-poor-wills and other nightjars are 

showing some of the steepest population declines even amongst the aerial insectivore 

guild (Blancher et al. 2007), we recommend that complex patterns of resource 

phenology should be explored further, including how juvenile survival and recruitment 

may differ between matched and mismatched broods. At the very least, seasonal 

changes in prey abundance and accessibility should be considered when assessing 

conservation threats for this unique group of lunarphilic nocturnal insectivores. 
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Chapter 4.  
 
Tracking the annual migration of a nocturnal aerial 
insectivore2 

Abstract  

Background.  Populations of Eastern Whip-poor-will (Antrostomus vociferous) appear to 

be declining range-wide. While this could be associated with habitat loss, declines in 

populations of many other species of migratory aerial insectivores suggest that changes 

in insect availability and/or an increase in the costs of migration could also be important 

factors. Due to their quiet, nocturnal habits during the non-breeding season, little is 

known about whip-poor-will migration and wintering locations, or the extent to which 

different breeding populations share risks related to non-breeding conditions.  

Results. We tracked 20 males and 2 females breeding in four regions of Canada using 

geolocators. Wintering locations ranged from the gulf coast of central Mexico to Costa 

Rica. Individuals from the northern-most breeding site and females tended to winter 

furthest south, although east-west connectivity was low. Four individuals appeared to 

cross the Gulf of Mexico either in spring or autumn. On southward migration, most 

individuals interrupted migration for periods of up to 15 days north of the Gulf, regardless 

of their subsequent route. Fewer individuals showed signs of a stopover in spring.  

Conclusions. Use of the southeastern United States for migratory stopover and a 

concentration of wintering locations in Guatemala and neighbouring Mexican provinces 

suggest that both of these regions should be considered potentially important for 

Canadian whip-poor-wills. This species shows some evidence of both “leapfrog” and 

sex-differential migration, suggesting that individuals in more northern parts of their 

breeding range could have higher migratory costs. 

                                                
 

2 A version of this chapter appears as English PA, AM Mills, MD Cadman, A Heagy, G Rand, DJ Green and JJ Nocera (2017) Tracking the 

migration of a nocturnal aerial insectivore in the Americas. BMC Zoology 2:5 
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Introduction 

At high latitudes, over 80% of bird species are migratory (Newton 2010). 

Migration increases exposure to novel challenges, including pathogens, predators, and 

anthropogenic threats at geographically disparate locations (Newton 2010; Palacín et al. 

2016). Cumulatively the energetic, time, and fatality costs associated with these long 

journeys can account for most annual mortality for some species (Sillett and Holmes 

2002; Klaassen et al. 2014; Lok et al. 2015) and can influence survival and productivity 

in subsequent seasons (Smith and Moore 2003; Newton 2006; Drake et al. 2014; Latta 

et al. 2016). Depending on the relative costs and benefits (Bell 1996; Buehler and 

Piersma 2008; Lok et al. 2015), individual strategies relating to the timing and speed of 

migration, migratory routes, and winter destinations vary widely both within (Bächler et 

al. 2010; Contina et al. 2013; Lemke et al. 2013) and between species (Callo et al. 2013; 

Jahn et al. 2013; La Sorte et al. 2016). Some birds build up large reserves of fat to fuel 

long flights across inhospitable habitats or barriers (Bayly et al. 2012; Bayly et al. 2013), 

while others employ fly-and-forage strategies that allow lower weight burdens and 

reduced time spent at stopover locations (Alerstam 2011). Crossing barriers, such as 

large bodies of water, likely increases the time required to build up fuel reserves and 

increases risks associated with abrupt changes in weather, but may help migrants to 

avoid predation and reduce transit time associated with longer over-land detours 

(Stanley et al. 2012).  

Migratory strategies that allow individuals to track seasonal variation in resources 

may be particularly important for temperate breeding aerial insectivores (i.e., birds that 

specialize in catching and eating flying insects while they themselves are also in flight). 

In temperate climates, insect flight periods are ultimately limited by seasonal changes in 

temperature (Sparks and Yates 1997). While some insectivorous birds that pursue 

dormant prey in sheltered hiding places can overwinter in temperate regions (e.g., 

woodpeckers), most aerial insectivores must migrate to ensure an adequate supply of 

flying insects. Even when prey is abundant, this foraging strategy is sensitive to the high 

energetic costs of flight for both predator and prey during inclement weather. 

Unseasonably cold, or extreme, weather can kill or make prey less accessible to 

predators (Brown and Brown 1998; Newton 2007; Ouyang et al. 2015). This sensitivity to 
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weather could increase selective pressure on the timing, migration routes, and choice of 

winter habitat (Buehler and Piersma 2008; Both et al. 2010).  

Population declines among many temperate breeding aerially insectivore birds 

may be partially due to recent increases in the frequency of extreme weather events 

(Peterson et al. 2008), interacting with existing costs of migration, and a reliance on 

weather-sensitive prey (Stokke et al. 2005; Nebel et al. 2010; Smith et al. 2015; Michel 

et al. 2016). For example, long-term decreases in body mass found in a declining 

swallow population, which could not be explained by changes in breeding habitat quality, 

suggest a carry-over of change in migration or wintering conditions (Paquette et al. 

2014). In addition, the degree of connectivity between populations on the breeding and 

wintering grounds can buffer or exacerbate a loss of habitat at other locations used 

throughout the annual cycle (Esler 2000; Webster and Marra 2005; Taylor and Norris 

2010). Therefore, to understand and mitigate threats to aerial insectivores, it is important 

to identify the year-round geographic and habitat requirements, migratory routes, and 

temporal constraints of individuals belonging to threatened populations (Martin et al. 

2007; Hewson et al. 2016). 

Nightjars may be especially sensitive to inclement weather, because they are 

limited to foraging on flying insects only at dawn and dusk, or on moonlight nights, when 

there is adequate light to see their prey (Mills 1986; Jetz et al. 2003). The only two 

species of Neotropical migrant nightjars that occur at high latitudes in North America 

differ in foraging strategy, migratory distance, and breeding site fidelity, and still both are 

listed as threatened. The Eastern Whip-poor-will (Antrostomus vociferous) is a sally-

foraging, medium-distance migrant, with high breeding site fidelity, whose populations 

appear to be declining range-wide. Due to their quiet, nocturnal habits during the non-

breeding season, little is known about when and where changes in food availability could 

influence this population. We seek to fill this knowledge gap by identifying wintering 

locations, migratory routes and stopovers, and variation in timing of movements, with 

respect to breeding origin and sex. This is not only the first examination of these 

parameters for Eastern Whip-poor-wills, but the first for any Neotropical migrant nightjar.  
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Methods 

Study locations / sites 

We deployed light-logging geolocation tags, hereafter “geolocators”, in four 

regions spanning a 1000 km stretch of the species’ range in Ontario, Canada: Rainy 

River District, Norfolk County, Muskoka District Municipality, and Frontenac County 

(Figure 2). The Rainy River site (48° 49–59’N 94° 0–21’W) consisted of a 40000-hectare 

mosaic of agriculture, poplar (Populus sp.), coniferous forests, logged areas, and 

wetlands. The Norfolk County site (42° 42’N 80° 21–28’W) was St. Williams 

Conservation Reserve, which consists of two forest patches totaling 1035 hectares of 

pine-oak sand barrens and pine reforestation in a zone of intensive agriculture. The 

Muskoka district sites (including portions of neighbouring Parry Sound District and 

Simcoe County; 44° 22–56’N 79° 08–47’W) contained extensive pine-oak rock barrens. 

The Frontenac County site (44° 28–34’N 76° 20–25’W) was Queen’s University 

Biological Station, which consists of over 3200 hectares of deciduous forest and 

abandoned farmland in various stages of succession, both with scattered small rock 

barrens.  

Field methods / geolocator deployment 

We captured and banded adult/after hatch-year whip-poor-wills between 5 May 

and 25 July in 2011–2013. We captured male whip-poor-wills at night using mist nets 

and song playback at all sites. We only targeted females in Frontenac, where we 

captured them on nests by placing a soft mesh fishnet over them while they were 

incubating. All birds received a numeric aluminum leg-band issued by the Canadian 

Wildlife Service.  

Geolocator tags record and store time and light-level data that can be used to 

estimate latitude and longitude based on sunrise and sunset timing. Birds must be 

recaptured to retrieve the tags and download the data. We deployed 65 LightBug 

geolocator tags (Lotek, Newmarket, Ontario, Canada; Figure 1) during the 2011 and 

2012 breeding seasons. We fitted tags to individual birds using a leg loop harness (Naef-

Daenzer 2007) made of 2.5 mm Teflon ribbon and secured with a cyanoacrylate-glued 

square knot. Total weight of the tag and gear was approximately 2.7 g. We deployed 59 
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tags on males (Rainy River: 5, Norfolk: 14, Muskoka: 24, Frontenac: 16) and 6 on 

females. Six returning males received tags in two consecutive years. Whip-poor-wills 

captured in this study weighed 46.7–67.5 g (mean = 57.8 g), but no birds weighing < 54 

g were fitted with geolocators. Geolocators with harnesses amounted to 4–5% of body 

mass (Gaunt et al. 1997; Bridge et al. 2013). An additional 36 birds weighing > 54 g 

were banded, but did not receive geolocators (Rainy River: 10, Norfolk: 2, Frontenac: 

24). 

 

 
Figure 4.1. Female Eastern Whip-poor-will wearing a geolocator tag. The light stalk on 

this recently deployed tag is clearly visible, but feathers soon covered the 
light stalk much of the time. 

 

Recapture / return rates 

We compared the combined effect of survival and site fidelity for banded birds 

with and without geolocators. We attempted to recapture birds at all sites and banding 

locations where birds had been fitted with geolocator tags the previous year, but effort 

varied in duration, date, moon phase, and weather between sites and years. To retrieve 

tags from females, we searched for nests on all territories on which females were tagged 

in the previous year. We also attempted to capture birds in territories adjacent to those 

where geolocators had been deployed the previous year. We were unable to recapture 
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all birds occupying sites where geolocators had been deployed the previous year; 

therefore, we estimated return rates only for territories on which individuals of the same 

sex were successfully captured in two consecutive years.  

Geolocator analysis / data processing 

LightBug geolocators were programmed to record the intensity of blue light every 

8 min for up to one year. Horizon clutter and clouds affect blue light less than other 

wavelengths (Ekstrom 2002). Using Lotek’s LAT Viewer Studio Software, these recorded 

light values were compared with a template of how blue light levels should change at 

twilight and location estimates were produced along with an error estimate based on the 

fit of the data (Ekstrom 2004). The template fit method is less sensitive to daily variation 

in cloud cover and ambient light intensity than the threshold method (Ekstrom 2004; 

Bridge et al. 2013; Cresswell and Edwards 2013; Rakhimberdiev et al. 2015). This 

method also allows for the possibility of estimating latitude during the equinox, although 

with greater error than at other times of the year. The template fit method is still sensitive 

to short term fluctuations in light conditions, including those resulting from the behaviour 

of crepuscular animals like whip-poor-wills (Cresswell and Edwards 2013). Because our 

tags used a proprietary data format and our light-level data was extremely noisy (making 

it necessary to manually select which peaks qualified as true sunrises or sunsets for 

most analysis packages), we could not easily apply recent advances in movement 

modeling, such as FlightR, to our data (Rakhimberdiev et al. 2015). Our template fit 

method instead provided an objective way of assessing reliability of individual light 

curves by incorporating deviations from a smooth curve into error estimates (Ekstrom 

2007).  

We used a series of criteria to filter the daily latitude and longitude estimates to 

exclude points with limited precision or that were biologically impossible. Latitude and 

longitude were analyzed independently because they respond to noise in the light 

signals differently (Ekstrom 2004; Lisovski et al. 2012). First, we included only location 

estimates within the species’ plausible geographic range (between 0° and 58° latitude 

and -60° and -110° longitude). This resulted in average exclusion of 26% of latitude 

estimates and 4% of longitude estimates. Second, we excluded points with error 

estimates (provided by LAT Viewer) of > 15° and > 5° for latitude and longitude 

respectively. We used different thresholds because estimates of latitude have more error 
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than estimates of longitude (Ekstrom 2004; Lisovski et al. 2012). These thresholds 

excluded another 20% percent of plausible estimates.  Third, we removed estimates that 

required birds to travel > 800 km in a day (similar to Fraser et al. 2012). We chose 800 

km as a cut-off distance because it allows for some error beyond the maximum average 

migration rate recorded for small birds of 500–600 km day-1 (Fraser et al. 2013b; 

McKinnon et al. 2013a). Finally, we excluded estimates that required a redundant 

movement of 800 km (i.e., movements of 800 km away from and back to average weekly 

longitude or latitude) even when daily movements were < 800 km. The resulting 

proportion of missing days per bird per year averaged 31% (range: 4–72%) for longitude 

and 62% (range: 37–93%) for latitude. To evaluate the accuracy of these location 

estimates we compared capture locations with average longitude and latitude values 

obtained for the breeding season (15 May to 31 Aug). The average difference between 

median of breeding season estimates and the actual capture location was -0.20° (-

2.96°–0.93°) for longitude and -0.43° (-7.90°–2.17°) for latitude [see Appendix B, Fig. 

A1].  

Wintering range 

A qualitative examination of latitude and longitude estimates plotted 

independently against time (see [Rakhimberdiev et al. 2016] for example plots) provided 

no evidence that whip-poor-will used multiple wintering sites (i.e. no shifts away from the 

median value that consistently exceeded the variance in our estimates). Therefore, we 

defined wintering location of each bird as the median latitude and longitude estimates 

obtained between 15 Dec (the latest date individuals arrive on their wintering grounds, 

see Results) and 28 Feb (day before the earliest estimated start of spring migration, see 

Results). We illustrate the uncertainty in this estimate using interquartile ranges.  

Migratory behaviour 

For Ontario whip-poor-wills, departure from both breeding and wintering grounds 

occurs near the equinoxes, so longitude data were used to estimate the start of 

migratory behaviour for birds from the more eastern study sites (Norfolk, Muskoka, and 

Frontenac). The two Rainy River birds were not included in this analysis because their 

tags did not detect any longitudinal movement at the start of autumn migration and both 

tags stopped collecting data prior to spring migration. Latitude data were used in 
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estimating the end dates of migration only when the wintering/breeding latitude was 

reached after reaching the wintering/breeding longitude.  

Due to variation in the number of retained location estimates, and the variance in 

the precision of these estimates, we used a range of dates to estimate migratory 

transitions. We defined the start of migration as the mid-point between the last day in a 

series of 2 consecutive samples (< one week apart) that are within 1 standard deviation 

of the mean breeding ground longitude (68% probability that the bird is still at the 

breeding ground longitude) and the day prior to first 2 consecutive samples that are in 

the direction of subsequent movement and outside 1 standard deviation (68% probability 

that the bird is no longer at breeding ground longitude). Similarly, arrival on the wintering 

grounds was defined as the midpoint between the last day in a series of 

2 consecutive samples that are in the direction of previous movement and outside 

1 standard deviation of the wintering longitude and latitude (68% probability that the bird 

is not yet at the wintering longitude) and the first 2 consecutive samples that are within 1 

standard deviation of mean wintering longitude (68% probability that the bird has 

reached wintering longitude). This threshold produces a larger and more conservative 

range of estimates for departure/arrival dates than a 95% probability threshold. The 

degree of uncertainty in each of these estimates was defined as the number of days 

between the two dates used to calculate each midpoint. For statistical analysis, we 

excluded those estimates with > 7 days uncertainty. 

While the lack of latitude estimates for many days during this migratory period 

makes identification of precise migratory routes impossible, broad patterns in the 

duration of migration, stopover use, and route around the Gulf of Mexico were 

identifiable for some individuals. We defined duration of migration as the time between 

the estimated start and end of autumn and spring migrations, including any time spent at 

stopover locations. Duration estimates derived from start and end dates with total 

combined uncertainty of > 14 days were excluded from further analysis. Stopovers were 

identified by visual inspection of temporal changes in longitude to identify periods of at 

least 4 days without any consecutive days with forward progress of > 2° longitude.  

At least 3 days would be required for a bird flying at a maximum of 500 km/day 

(487 km/day was maximum rate estimated for another nightjar Caprimulgus europaeus 

(Norevik et al. 2016)) to travel the 1500 km of the gulf shoreline that lies furthest west, 
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between 95° and 98°W. Therefore, flight over some portion of the Gulf of Mexico was 

assumed to have occurred where mean wintering latitude was south of 25°N and east of 

95°W, and when < 3 consecutive samples during the migratory period were west of 95° 

and any periods of missing data during this stage of migration were also < 3 days.  

In total, we were able to estimate: timing of departure from breeding longitude for 

11 individual annual cycles (Norfolk: 1, Frontenac: 7, Muskoka: 3), arrival at winter 

longitude for 15 (Frontenac: 8, Muskoka: 7), duration of autumn migration for 11 

(Frontenac: 7, Muskoka: 4), departure from wintering longitude for 7 (Norfolk: 1, 

Frontenac: 2, Muskoka: 4), duration of spring migration for 11 (Norfolk: 1, Frontenac: 5, 

Muskoka: 6), and arrival at breeding longitude for 15 (Norfolk: 1, Frontenac: 7, Muskoka: 

7). We were able to estimate the location and time spent at stopover sites for 12 autumn 

(Frontenac: 6, Muskoka: 6) and 4 spring migrations (Norfolk: 1, Frontenac: 2, Muskoka: 

1), and to determine whether individuals crossed or travelled around the Gulf of Mexico 

for 12 autumn (Frontenac: 5, Muskoka: 7) and 10 spring migrations (Frontenac: 3, 

Muskoka: 7). 

Statistical Analysis 

We examined i) the correlation between the wintering latitudes and longitudes 

with the breeding origins for all males (if data were obtained for two years we used the 

year with more winter locations), ii) sex differences in winter latitude and longitude using 

data from birds captured in central Ontario (Muskoka and Frontenac sites that share 

similar latitude and habitat types), and iii) interannual variation in wintering latitude for 

males tracked twice. For all tracks with sufficient daily resolution (see Migratory 

Behaviour), we classified migratory routes qualitatively and estimated duration of 

stopovers. Finally, we estimated i) the variation among individual males in the departure, 

arrival, and duration of autumn and spring migration (when timing did not differ 

significantly between years, we pooled inter-individual variation in migratory timing 

across years), and ii) interannual variation in the timing of migration for males tracked 

twice. We report raw differences in timing between the sexes, but do not apply statistical 

tests due to the small sample sizes. We used non-parametric statistical tests (Kendall 

rank correlation or Wilcox rank sum tests) in R (R Core Team 2015). 
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Results 

Return rates  

We captured territorial males at 45 of the 59 sites where a geolocator was 

deployed in the previous year, and in 23 of those 45 cases we recaptured the same 

individual. We retrieved two additional tags: one two years after it was deployed, and 

one from a male that had moved to an adjacent territory. We captured a territorial male 

at 19 of the 36 sites where males weighing > 54g were banded but did not receive 

geolocators; 12 of these were returning males. A combination of annual survival and 

territory fidelity resulted in territory specific return rates of 51% (23 of 45) for males with 

geolocators and 63% (12 of 19) for banded males without geolocators (chi-square = 

0.68, df = 1, p = 0.41). We only captured females on 3 territories in which females were 

tagged the previous year and 2 (67%) were returning females.  

Wintering range 

Light data were recorded on 24 of 25 geolocator tags retrieved from males, and 

both tags retrieved from females. Four males were tracked successfully for two 

consecutive years. Therefore, we determined the winter locations for 22 individual birds 

(Table 1). These locations ranged from the gulf coast of central Mexico to Costa Rica 

(Figure 2). Median wintering latitudes for 20 males ranged from 10° to 30°N (10° to 24°N 

for 15 males with > 20 estimates). Males from more northern breeding sites wintered 

further south (Kendall's rank correlation tau = -0.33 z = -2, p = 0.04, N = 20). Female 

median wintering latitudes were 9° and 10°N, which are both farther south than all but 

one male from similar breeding latitude (Wilcox rank sum W = 3, p = 0.03, N = 15, 2). 

Median wintering longitudes ranged from -86° to -98°, were not related to breeding 

longitude for males (Kendall's rank correlation tau = -0.005, z = -0.03, p = 1, N = 20), and 

did not differ between the sexes (Wilcox rank sum W = 24, p = 0.2, N = 15, 2). Three of 

the four males tracked in two years appeared to overwinter in the same location; 

interquantile ranges for both latitude and longitude estimates overlap between years 

(Figure 3). The winter site fidelity of the remaining male was uncertain because we only 

obtained estimates of its winter location for 7 days in 2012/13. 
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Table 4.1. Non-breeding location estimates for 22 eastern whip-poor-wills breeding in 
Ontario, Canada. M and F in the bird ID indicates males and females. 

Breeding Bird ID Year  Latitude  Longitude  
Region   Days Median SD Days Median SD 

Norfolk 801 M 2011 13 21.30 4.1 39 -85.60 4.5 
 808 M 2011 13 20.40 3.9 52 -96.50 3.1 
  2012 35 23.90 3.5 66 -95.75 2.4 
 811 M 2011 9 30.20 5.2 21 -95.70 5.7 
Frontenac 886 M 2011 28 13.60 3.6 44 -92.45 2.6 
  2012 19 15.40 3.5 51 -91.10 3.4 
 893 M 2012 36 17.10 3.4 69 -90.10 2.0 
 898 M 2011 49 16.20 2.7 71 -93.20 2.3 
  2012 18 16.00 4.2 63 -95.40 3.1 
 907 M 2011 50 18.60 4.2 75 -98.00 1.5 
 908 M 2011 44 13.95 2.7 51 -90.00 1.6 
 937 F 2012 42 9.30 3.3 68 -89.65 2.3 
 938 F 2012 61 10.20 2.8 75 -88.90 1.7 
Muskoka 221 M 2011 43 18.50 5.1 13 -87.00 3.3 
 223 M 2011 45 13.90 2.7 68 -90.25 2.1 
 224 M 2011 21 17.80 3.6 53 -90.70 3.4 
 226 M 2011 10 17.55 3.3 46 -92.15 4.7 
 227 M 2011 33 9.60 3.5 12 -87.10 2.5 
  2012 7 29.80 3.4 27 -87.50 4.8 
 229 M 2011 26 15.45 4.2 61 -85.60 2.6 
 230 M 2011 41 14.10 3.0 73 -92.30 1.7 
 232 M 2011 45 22.50 3.8 70 -98.40 2.5 
 233 M 2011 32 18.00 3.5 69 -90.40 2.9 
 241 M 2011 13 25.30 5.2 49 -89.70 3.8 
Rainy River 121 M 2011 40 15.40 2.9 69 -92.40 2.0 

 133 M 2011 22 12.80 3.9 61 -91.40 3.2 
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Figure 4.2. Median estimated wintering location and interquartile ranges for whip-poor-

wills from four breeding sites in Canada. Map covering southeastern 
North America and Central America from ‘mapdata’ package in R, with a 
shaded area representing the breeding range of Eastern Whip-poor-wills 
(Cink 2002). Colours indicate breeding origin and shapes indicate sex 
(open squares: male, filled circles: female). 
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Figure 4.3. Winter location for three males each with two years with > 20 days of winter 

latitude and longitude estimates (squares: 2011, triangles: 2012) 
displayed over country and shoreline boundaries. 

 

Migratory route and stopovers 

In autumn, ten individual males (including both years for one bird) and both 

females, all from central Ontario populations, appeared to stop migrating for between 4 

and 15 days along the north coast of the Gulf of Mexico between 83° and 96°W (pooled 

median = 30°N, 89°W; Figure 4A). After these stopovers, one male crossed the gulf, 

another continued west to winter on the gulf coast of Mexico (19°N, 98°W; QU907), 8 

individuals travelled southwest around the gulf and then east into southwestern Mexico 

or Central America, and for two the path was uncertain. Another male crossed the Gulf 

of Mexico during southward migration without stopping for a detectable length of time (4 

days). One female and 1 male appeared to stopover a second time south of the Gulf of 

Mexico (26-13°N, 91-94°W) before continuing south another ~5° latitude. 

In spring, one female appeared to stop on the Yucatan Peninsula for 10 days (1-

11 Mar) and showed evidence of a 6-day stopover north of the Gulf (1–7 May), but it was 
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unclear whether she crossed or circumnavigated the Gulf. Three males, at least one of 

which circumnavigated the Gulf, showed evidence of a stopover north of the Gulf for 

between 7 and 12 days at a median of 30°N and 90°W (start: 2–22 Apr 2012; end: 8–29 

Apr 2012; Figure 4B). Two males crossed the Gulf without evidence of any stopovers. 

 

 
Figure 4.4. Stopover locations (median with interquartile ranges) for all birds that halt 

longitudinal progress for ≥ 4 days during either migratory period. We 
estimate latitude for individuals where possible, or based on pooled 
estimates for all individuals showing signs of stopover during the same 
time period. Colours indicate breeding origin as in Figure 2 and shapes 
indicate sex (open squares: male, filled circle: female). 

 

Variation in timing 

Across all males, variation in timing of migratory behaviour was much less (< 18 
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departure from wintering longitudes (>38 days; Figure 5), but overall duration of spring 

and autumn migration was not different (autumn: median = 42.5, range = 26.5–68; 

spring: median = 37, range = 23–58; W = 31, p = 0.4). Arrival dates on both wintering 

and breeding grounds were not correlated with timing of departure, or wintering latitude 

or longitude (all p > 0.2). 

 

 
Figure 4.5. Variation in the timing of migration for males from all breeding sites (except 

Rainy River). 

 

Mean male dates of departure from the breeding grounds, departure from the 

wintering grounds, and return to the breeding grounds did not differ between years (N ≥ 

6 and 2, p ≥ 0.1).  However, males arrived at their wintering longitude later in 2012 than 

2011 (mean = 1 Dec and 9 Nov respectively, N = 10 and 4, p = 0.02). Only one 

individual (Frontenac 898 in Figure 3) had reliable timing estimates for both years; he left 

the breeding grounds earlier (3–9 days), but arrived on (7–15 days) and left from (1–33 

days) the wintering grounds later in the 2012/2013 non-breeding season than in the 

previous year. In contrast, this male appeared to arrive on the breeding grounds on the 

same day in both years (range: 5 days later to 7 days earlier).  

In autumn, male whip-poor-wills departed from breeding longitudes in Ontario 

between 25 Sept and 11 Oct (mean = 2 Oct, N = 9). They arrived on wintering longitudes 

between 2 Nov and 3 Dec (mean = 16 Nov, N = 12). The minimum duration of travel was 

27 (± 4) days for a male from Frontenac, which wintered in central Mexico (19.11°N, -
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97.91°W), covering an estimated minimum distance of 2260 km at a rate of 135 km/day. 

The next shortest duration of 32 (± 1) days belonged to a male from Muskoka, which 

wintered furthest south of all males with reliable duration estimates at (13.9°N, -

90.25°W), requiring a minimum travel distance of 3637 km, and yet also travelled an 

average of 135 km/day. We could not assess whether males that crossed the gulf spent 

less time on migration, because no birds with ≤ 14 days uncertainty in duration appeared 

to cross the Gulf. 

In spring, male whip-poor-wills departed from wintering longitudes between 1 Mar 

and 9 Apr (mean = 21 Mar, N = 7). Arrival at breeding longitude ranged from 19 Apr to 7 

May (mean = 1 May, N = 13). The shortest migration time was 23 (± 2) days for a 

Muskoka male that wintered in Campeche, Mexico and travelled west around the Gulf 

covering an estimated 4160 km at a mean rate of 180 km/day. Of two males that 

crossed the Gulf, the only male with accurate timing estimates took only 24 (± 4) days to 

cover a minimum of 3650 km for an average travel rate of 152 km/day.  

Sex differences  

The two females from which we retrieved geolocators appear to have departed 

later than males (1 Oct and 13 Oct), spent more time on autumn migration (53 and 58 

days versus mean of 45 days for males), arrived later on wintering grounds (28 Nov and 

5 Dec), and departed earlier from winter longitude (27 Feb and 17 Mar). The two 

females also took on average 30 days longer (56 and 75 days vs. mean = 36.1, N = 8, 

SD = 12.6 for males) and arrived at breeding longitudes after 10 May in contrast to a 

mean arrival of 30 Apr for males (N = 12, SD = 5.65). Neither female appeared to cross 

the Gulf in either season.  

 

Discussion 

Winter location and connectivity 

Our results suggest that whip-poor-wills breeding in the more northern parts of 

their breeding range may experience different wintering conditions and have higher 
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migratory costs, in terms of energy expenditure, novel threats, and ability to adjust arrival 

time to track breeding ground conditions (Bell 2005), than more southern breeding 

populations. Whip-poor-wills from sites across their Ontario breeding range showed 

some evidence of “leapfrog”, and perhaps sex-differential, migration. More northerly 

breeding individuals and females wintered to the south of more southerly breeding 

individuals, and the vast majority of males. While most individuals wintered within the 

well-established winter range for this species (Cink 2002), 3 birds (including both 

females) wintered south of the Honduras-Nicaragua border, a latitude where whip-poor-

wills are described as only “a casual to very rare winter resident” (Stiles and Skutch 

1989). Given that Ontario is on the northern edge of the breeding range, this pattern is 

reinforced by finding multiple birds appearing to winter south of the described winter 

range and not finding any birds overwintering within the most northern portions of the 

known winter range (with the possible exception of a single bird with only 9 days of 

winter latitude data). In contrast, both eastern and western-most breeding individuals 

wintered together, concentrated in Guatemala and neighbouring provinces of Mexico, 

suggesting low connectivity between breeding longitude and wintering location (Webster 

et al. 2002; Webster and Marra 2005). Although population data for whip-poor-wills lacks 

the precision to effectively compare regional population trajectories, given that there are 

regional differences in population trends for other aerial insectivores (Shutler et al. 

2012), leapfrog migration patterns may help explain regional differences in breeding 

ground population trends that are not obviously linked to local changes in habitat.  

Both inter-population leapfrog migration patterns and differential migration 

between sexes have been attributed to differences in the importance of arrival timing, 

asymmetric competition, or differences in cold tolerance due to body size differences 

(Bell 2005). Males often experience higher net benefits of early arrival on the breeding 

grounds (Tøttrup and Thorup 2007; Canal et al. 2011; Morbey et al. 2012; McKellar et al. 

2013) and may therefore accept higher costs of wintering further north (Bell 2005). 

Likewise, populations breeding further south may benefit more from being able to track 

spring phenology more closely (Lundberg and Alerstam 1986). The earlier spring arrival 

and shorter migration times we found for male whip-poor-wills suggest that early arrival 

on breeding grounds is more beneficial for males, potentially allowing occupation of 

higher quality territories. Females could be forced to migrate further by lower competitive 

abilities, or to exploit more abundant resources at lower latitudes (Bell 2005). However, 
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more information on winter territoriality and resource use by whip-poor-wills is required 

before these hypotheses could be fully developed and tested.   

For a few individuals, our geolocator data suggest biologically impossible 

wintering locations that are over the open ocean.  Wintering locations estimated using 

the timing of dusk and dawn could be biased for two reasons: i) Steep mountain slopes 

could consistently skew sunrise or sunset by shading from the terrain (Lisovski et al. 

2012; McKinnon et al. 2013b). This could explain the aberrant points if the three 

southern-most birds were wintering on a west-facing slope of the continental divide in 

Central America, where sunrise was skewed later, causing them to appear further west 

and north than the actual wintering location. ii) Abrupt changes in light levels can cause 

smoothed light curves to appear steeper than if shading remained constant. However, 

this cannot explain our southern-most points, because this would cause the true winter 

latitude would be closer to the equator (by up to 1.4°) than the estimated location, 

placing the actually winter location even further into the ocean (Cresswell and Edwards 

2013). 

Variation in migratory route and stopover  

It is generally assumed that most whip-poor-wills travel overland through Mexico 

and Central America (Cink 2002). Our data, however, suggest that flights across some 

portion of the Gulf of Mexico were undertaken by at least two individuals in autumn and 

two different individuals in the spring. That at least some whip-poor-wills attempt Gulf 

crossings is supported by vagrant records for Cuba and the Caribbean islands (Garrido 

and Kirkconnell 2000; Cink 2002) and by one e-bird (http://ebird.org/) record from off-

shore in the Gulf from 12 Oct 2011.  

Similar numbers of Gulf crossings in both seasons are somewhat surprising 

given that loop migrations in which spring migration routes are west of autumn routes 

seem to be most common in both Neotropical (Stanley et al. 2012; Ross et al. 2014; 

Hobson et al. 2015; La Sorte et al. 2016) and Afro-Palaearctic migrants (Klaassen et al. 

2010; Vardanis et al. 2011; Lemke et al. 2013; Willemoes et al. 2014; Trierweiler et al. 

2014; Hewson et al. 2016), although the reverse is seen as well (Tøttrup et al. 2011; 

Schmaljohann et al. 2012; Mellone et al. 2013; La Sorte et al. 2016)). It has been 

suggested that these patterns are a response to prevailing winds and/or availability of 
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resources along the different routes. The choice to cross the Gulf of Mexico is likely less 

risky in autumn when passing cold fronts provide tailwinds, while in spring such a cold 

front would be a substantial obstacle and cannot be easily anticipated when setting out 

from the Yucatán (Rappole and Ramos 1994). As a result, the dominant pattern for 

species migrating between eastern North America and South and Central America 

seems to involve more frequent over-ocean flights in autumn and more individuals taking 

longer over-land routes around the western side of the Gulf of Mexico in spring, with an 

increasing tendency to circumnavigate with more westerly breeding longitudes (Fraser et 

al. 2013b; Fraser et al. 2013a; Stanley et al. 2015; Hobson et al. 2015).  

Species often show within population variation in migration patterns with respect 

to large bodies of water (Stanley et al. 2012; Fraser et al. 2013a; Lemke et al. 2013; 

Trierweiler et al. 2014; Hewson et al. 2016). Individuals tracked over multiple years, 

often show considerable variation in route choice (Vardanis et al. 2011; Stanley et al. 

2012; Fraser et al. 2013b; Trierweiler et al. 2014). What causes individuals to make 

different choices in different seasons remains unclear, but could relate to individual 

differences in physiological condition, age, resource availability at stopover sites, or local 

weather patterns (Gauthreaux 1971; Schmaljohann and Naef-Daenzer 2011; Woodworth 

et al. 2015; Deppe et al. 2015).   

Migratory stopovers appeared to be more frequent and were of longer duration in 

autumn than in spring. Due to low resolution for both migration timing and route, we 

cannot link stopover behaviour with timing or Gulf-crossing behaviour (Alerstam 2001). 

But evidence from swallows in Europe suggest that even diurnal aerial insectivores, 

which employ a fly-and-forage migration strategy, use stopovers before crossing major 

ecological barriers (Rubolini et al. 2002). In autumn, more than half of whip-poor-wills 

appeared to stop for up to 15 days somewhere near the north coast of the Gulf of 

Mexico (median = 30°N). Stopovers of similar length by northbound Catharus thrushes 

in Columbia have been shown to allow for sufficient fat storage to fuel direct flights 

across both the Caribbean and the Gulf of Mexico (Bayly et al. 2013). In spring, fewer 

individual whip-poor-wills showed evidence of stopovers that were of sufficient length to 

be detected, and those that did appeared to stop further north (~37°N). In fact, all 

evidence of spring stopovers by males occurred in 2012, which was a much earlier 

spring (by the end of March, e-bird records reach 39°N in 2012 and 35°N in 2013), 

suggesting that whip-poor-wills may track spring phenology and adjust timing of arrival 
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by adding or lengthening stopovers depending on the conditions they find en route. 

Whether these stopovers were used to accumulate fat to fuel rapid travel through 

inhospitable habitats (e.g., Gulf crossings), or to wait for better weather conditions, the 

temporal and energetic demands associated with migration may make populations 

exceptionally sensitive to even minor alterations in habitat quality or food abundance at 

these sites.  

Temporal variability in the annual cycle 

Across individuals, similarity in duration and variability between autumn and 

spring migratory timing contrasts with the expectation of greater time-constraint in pre-

breeding movements (McNamara et al. 1998; Vardanis et al. 2011; Conklin et al. 2013). 

The much larger variability in timing of departure from the wintering grounds than in 

arrival on the breeding grounds could largely be the result of differences in geographic 

spread between breeding and wintering sites (< 3° versus > 15° latitude respectively) 

rather than evidence of an increase in time pressure with proximity to breeding and a 

selective advantage to early or synchronous arrival (Kokko 1999; Gunnarsson et al. 

2004). Likewise, although timing of migratory transitions have been found to be related 

to timing of previous events within the annual cycle for many species of migratory birds 

(Stanley et al. 2012; Callo et al. 2013; Fraser et al. 2013b; Lemke et al. 2013), we found 

no evidence of any relationship suggesting either a unique lack of population-level time-

limitation, or that conditions vary between individual migration routes and at different 

wintering sites (Tøttrup et al. 2008; Conklin et al. 2010).  

Most studies that track individuals over multiple years have found much less 

variation in timing than in route choice (Vardanis et al. 2011; Stanley et al. 2012; Fraser 

et al. 2013b). While we have little data to assess intra-individual differences in timing of 

migration, we did find that for a single individual arrival date on breeding grounds was 

the same in both years despite differences between years in the timing of all other 

transitions. Also, consistent with increasing time pressure in spring, the fastest migration 

rate we observed was 180 km/day in spring by a male that circumnavigated the Gulf. 

Still, given our expectation that migratory aerial insectivores would experience time 

constraints in their annual cycle, high variability in timing of migration could represent 

evidence of either phenotypic plasticity or genetic variation, either of which could be 

beneficial under a changing climate (Nussey et al. 2005).  
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Conclusions 

With increases in activity during the critical dusk and dawn periods, light-based 

geolocation might appear an unlikely tool for tracking movements of a crepuscular bird 

(Cresswell and Edwards 2013). However, we were able to identify wintering areas, 

migratory routes and stopovers, and to document the variability in timing of migratory 

movements for a threatened nightjar population. Migratory stopovers in the southeastern 

and central United States and wintering locations in southern Mexico and Central 

America both appear important for Eastern Whip-poor-will’s at the northern edge of their 

range, such as those we studied in Canada. Determining the precise location of these 

sites, and how they are used by whip-poor-wills, will soon be possible using new 

technologies like archival GPS tags (Hallworth and Marra 2015). Ultimately, we hope 

protection of habitat and insect populations throughout the whip-poor-will’s range, 

including at migratory stopover locations, may help a higher proportion of individuals 

survive the pressures of long migrations and a changing climate. Regardless, our results 

will help to better target both research and conservation efforts for this enigmatic 

species. 
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Chapter 5.  
 
A century of ecological change reflected in the stable 
isotopes of a migratory aerial insectivore 

Abstract 

Identifying the mechanisms of ecological change can be challenging in the 

absence of long-term data. Aerial insectivores are exhibiting the steepest population 

declines of any group of birds in North America. One hypothesis for their decline is a 

change in availability of their insect prey; however, no long-term data on insect 

abundances exists. Fortunately, the stable isotope ratios of museum specimen tissues 

may provide a record of diet and habitat change over time. Nitrogen isotope ratios (d15N) 

are known to increase with trophic level and diet quality, while d13C tends to increase 

with increasing agricultural intensification. We test the utility of museum collections and 

stable isotope analysis in identifying diet change for Eastern Whip-poor-will 

(Antrostomus vociferous), a threatened nocturnal aerial insectivore that eats moths and 

beetles. We measured temporal changes in d15N and d13C of whip-poor-will tissues 

grown in winter (claw) and during breeding (feathers) from museums specimens 

spanning 1880–2005, and contemporary samples from breeding individuals (2011–

2013). Both winter-grown claws and summer-molted feathers did not differ in d15N 

between sexes or breeding sites, but nestlings did have lower feather d15N levels than 

adults. Over the past 100 years for both seasons and age classes, we found a significant 

decline in d15N, but little or no change in d13C. To test if broad-scale changes in N 

fertilizer inputs might have changed environmental baselines, we also sampled d15N of 3 

potential insect prey species collected from the same region and time period. These prey 

species did not show any temporal trend in d15N, but our power to detect such a trend 

was limited due to higher sample variance. Our results are consistent with the 

hypothesis that aerial insectivore populations are declining due to changes in abundance 

of high quality, higher trophic-level prey, but we caution that stable isotope studies of 

terrestrial food chains require additional tests of baseline change. Once addressed, the 

ability to decode the historical record locked inside museum collections has the potential 

to enhance our understanding of ecological change and inform conservation decisions. 
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Introduction 

Birds have acted as sentinels of environmental threats since canaries were first 

taken into coalmines. Concurrent population declines among bird species with shared 

life history traits can help us identify the risks associated with global climate change 

(Wikelski and Tertitski 2016). In North America, many of the bird species currently 

experiencing the steepest population declines are aerial insectivores that migrate long 

distances (Blancher et al. 2007; Nebel et al. 2010; North American Bird Conservation 

Initiative Canada 2012). Since these species occupy a variety of breeding and wintering 

habitats, loss of any single habitat type cannot explain the similarities in population 

trajectories. In contrast, similarities in prey choice and foraging behaviour across this 

guild suggest that insect availability could be the common factor limiting their 

populations.  

Long-term data on insect abundances in the Americas is sparse, but large 

reductions in insect abundance have been documented for parts of Europe (Conrad et 

al. 2006). If overall insect abundances are decreasing, we could expect populations of 

higher trophic-level insects to decline most quickly, because these species would be 

most sensitive to reductions in prey availability at lower trophic levels within their food 

webs (Purvis et al. 2000). Consequently, birds that rely on insect prey could end up 

feeding at lower trophic levels. Stable isotope ratios can be used to detect shifts in diet 

and trophic level, because N and C isotope ratios in the body tissues of consumers 

reflect isotope ratios in their diet. Nitrogen isotope ratios in consumers (d15N) are 

influenced by diet and nutritional status, but on average enrich by ~ 3‰ due to the 

lighter isotope of nitrogen (14N) being preferentially excreted in urea (Peterson and Fry 

1987; Sears et al. 2008). In contrast, C isotope ratios (d13C) are relatively conserved 

across trophic levels, but vary depending on the photosynthetic pathways of the 

producer organisms at the base of the food web (Peterson and Fry 1987).  

For many species, the isotope ratios of museum specimen tissues may provide 

the only record of dietary change over historic time scales. While initially applied to bone 

collagen to identify shifts in prehistoric human diets (Ambrose 1986), this technique has 

also been applied to seabird feathers to explore changes in marine food webs 

(Thompson et al. 1996; Farmer and Leonard 2011; Blight et al. 2015). Feathers retain 

the isotopic signature from the time of growth and remain chemically inert in museum 
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collections (Mizutani et al. 1990; Hobson 1999). Nitrogen isotope ratios in feathers from 

museum specimens of a seabird, Northern fulmar (Fulmarus glacialis), historically known 

to feed on whale offal, decreased sharply after whaling declined, while no change was 

found in the feathers of another seabird, Manx shearwaters (Puffinus puffinus), that did 

not feed on whale offal (Thompson et al. 1996). Combinations of both d15N and d13C of 

feathers from an endangered alcid, Marbled Murrelet (Brachyramphus marmoratus), 

have been used to link population declines in this species to reductions in the relative 

quantity of high trophic-level fish in their diet over the 20th century (Becker and 

Beissinger 2006; Norris et al. 2007; Gutowsky et al. 2009). Likewise, declines in both 

d15N and d13C of Great Black-backed Gull (Larus marinus) feathers, but not in their fish 

prey, suggest a shift towards lower trophic level terrestrial or near-shore marine diets 

over a 150-year period (Blight et al. 2015). 

Interpretation of stable isotope ratios remains challenging because it relies on 

knowing the isotopic signature of the relevant producers in an ecosystem. In marine 

systems, sampling of the phytoplankton or primary consumers, like forage fish, can 

provide baseline isotope values. However, in more complex littoral and terrestrial 

communities, baseline isotope values can be more difficult to determine (Ohkouchi et al. 

2015). In all cases, baseline isotope values can vary spatially and temporally depending 

on climate and nutrient sources (Popa-Lisseanu et al. 2015; Moreno et al. 2016). Over 

longer time scales, atmospheric baselines can change. For example, d13C in the 

atmosphere is becoming increasingly depleted due to the burning of fossil fuels (Keeling 

1979). Because atmospheric CO2 is the sole source of carbon integrated into tissues of 

producers, we can correct for this change over time. In contrast, nitrogen used by 

producers comes from a wide range of sources. To become accessible to plants, 

nitrogen must first either be fixed naturally by prokaryotes, or fixed synthetically and then 

applied as fertilizers. Once integrated into plant or animal tissues, nitrogen is also 

recycled by decomposers. Long-term studies of trophic ecology in marine systems have 

not found any evidence of shifting baselines in d15N (Thompson et al. 1996; Blight et al. 

2015), but an ice core sampled in Greenland and lake sediments throughout North 

America show evidence of declining d15N in -NO3 in the atmosphere (Holtgrieve et al. 

2011; Felix and Elliott 2013). Whether the quantity of synthetically-fixed nitrogen 

deposited directly from the atmosphere, relative to the nitrogen being fixed naturally or 
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recycled within terrestrial ecosystems, has systematically shifted baseline d15N values is 

still unknown.  

In this study, we use Eastern Whip-poor-wills (Antrostomus vociferous) as a case 

study to explore the utility of museum collections and stable isotope analysis in 

identifying diet change for long-distant migrants reliant on aerial insect prey. Some of the 

sharpest population declines for avian aerial insectivores have occurred in northeastern 

North America (Nebel et al. 2010). Amongst these, whip-poor-will occupy the foraging 

niche of a nocturnal sally-forager, meaning that they forage in short bursts of flight from 

a perch on the ground or a branch. As a result, low-altitude flying moths and beetles 

dominate their diet (Cink 2002). Beetle taxa are more likely to belong to higher tropic-

levels than moths (Bennett and Hobson 2009), and the proportion of beetles relative to 

other insect groups found in swift guano accumulated in chimneys has declined in recent 

decades (Nocera et al. 2012; Pomfret et al. 2014).  For whip-poor-will breeding in the 

northern portion of their range, we compare temporal trends over the past 130 years in 

d15N and d13C of tissues grown during the breeding and non-breeding seasons with 

those in potential insect prey. If beetle population declines are limiting food availability, 

or potential diet quality, for whip-poor-wills, this could be reflected in a decline in the d15N 

of whip-poor-will tissues, but not in the tissues of their insect prey.  

 

Methods 

Tissue Selection 

We determined age and sex of individual birds based on plumage characteristics 

and chose tissues to sample that reflected conditions during different times of year. 

Whip-poor-will moult their feathers on the breeding grounds, starting with flight feathers, 

while still incubating or rearing young (personal observation). Both the primary flight 

feathers and smaller primary coverts are replaced concurrently, and in sequence starting 

with the innermost feather. Juvenile flight feathers grow while chicks are still being fed by 

their parents, and are retained until moulted during their first breeding season. Juvenile-

grown primary coverts have distinctive buff-coloured tips, so adults captured (or 

collected, in the case of museum specimens) during their first breeding season can be 
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classified as either one-year-old, or as older adult birds (Pyle 2001). Primary covert 

feathers from one-year-olds will have stable isotope signatures that reflect their diet 

during their nestling period, while older adults will have feathers that reflect their diet 

during the current or previous breeding season, depending whether they were sampled 

before or after moult was initiated. At all ages, male whip-poor-will are easily 

distinguished from females because they have bright white outer tail feathers. Female 

tails are all grey, brown and beige.  

Whip-poor-wills are long-distance migrants that spend more than half of their 

annual cycle on their non-breeding grounds (Cink 2002). Fortunately, avian claws grow 

relatively slowly and retain a winter-dominated stable isotope signature after arrival on 

the breeding grounds (Fraser et al. 2008; Ethier et al. 2010). The central toe on whip-

poor-will feet bears a long claw edged with a comb-like structure with 5–9 wide barbs. 

This comb-like portion of the claw appears to grow from the base of the claw at a rate of 

about one barb per month (personal observation), thus the outer barbs likely have stable 

isotope signatures that reflect their diet at least 5 months prior to capture. 

Study area and contemporary sample collection 

We focused our sample collection on the province of Ontario, Canada due to 

evidence of a ~50% decrease in the presence of whip-poor-wills over recent decades 

(Cadman et al. 2007). To establish how contemporary carbon and nitrogen isotope 

signatures vary with the age and sex of birds, we sampled primary coverts and claw 

tissue from individuals captured between 5 May and 25 July in 2011–2013 at three sites 

situated across the species’ range in Ontario: Rainy River district (48° 52’N 94°01-08’W), 

Norfolk County (42°42’N 80°21-28’W), and at Queen’s University Biological Station 

(QUBS) in Frontenac County (44°28-34’N 76°20-25’W). A concurrent geolocator study 

established that winter locations of whip-poor-wills from Rainy River and Frontenac 

overlap throughout southern Mexico and Central America, but that Norfolk birds may 

winter further north in Mexico or the southern United States (Chapter 1).  

At each field site, we captured adult male whip-poor-wills at night using song 

playback and mist nets. We targeted females and juveniles at QUBS, where we were 

able to capture them when they were incubating, or brooding nestlings, by placing a soft 

mesh fishnet over them. We identified all birds as male or female, aged them as juvenile, 
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or adults as one-year-old or older, recorded weight and wing length, and marked them 

with a numeric aluminum leg-band issued by the Canadian Wildlife Service. To sample 

tissue with an isotopic signature representing diet during the breeding season, we 

clipped one of the first four primary coverts. We sampled from amongst the first few 

feathers in the moult sequence to limit the seasonal variation in the timing of feather 

growth between individuals. In total, we collected 51 feathers grown by adults (25 from 

Frontenac, 7 from Norfolk, 19 from Rainy River) and 15 grown by juveniles (7 from 

Frontenac, 6 from Norfolk, 2 from Rainy River). To sample a tissue with an isotopic 

signature representing diet during the non-breeding season, we collected claw 

fragments from 100 adults. Of these, 24% were one-year-olds (13 of 62 from Frontenac, 

9 or 18 from Norfolk, 2 of 20 from Rain River), which had just completed their first full 

migratory cycle. Capture and tagging of birds followed the safety protocols of the 

Ornithological Council and was approved by Environment Canada (sub-permit #10759 

AG) and the Simon Fraser University Animal Care Committee (protocol #1001B-11). 

Museum sample collection 

Historic whip-poor-will tissue samples were obtained from the collections of the 

Royal Ontario Museum (Toronto, Canada) and the Canadian Museum of Nature 

(Ottawa, Canada).  We collected samples from a total of 63 whip-poor-wills obtaining 

adult feathers from 26 individuals (1 unknown sex), juvenile feathers from 25 individuals 

(4 unknown sex) and claws from 37 individuals. We stratified this sampling as evenly as 

possible across geographic regions in Ontario, decades (from 1880–2006), age classes, 

and between males and females. We preferentially selected specimens collected 

between 15 May and 15 Aug, so that the collection location was more likely to represent 

the breeding/moult location. Some birds (N = 12) collected during migration periods were 

also included, but because Ontario is the northern limit of their breeding range the 

breeding or natal sites of these migrants is also likely to have been within our sampling 

area.  

To test for an underlying shift in baseline isotope values, we obtained tissue 

samples from three insect species, likely to represent components of the whip-poor-will 

diet, and that were collected in Ontario or southern Quebec during most decades 

between 1880-2013: Biston betularia, a widespread herbivorous moth of a size likely to 

be eaten by whip-poor-wills; Phyllophaga anxia, a herbivorous beetle of a genus known 
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to be consumed by whip-poor-wills (personal observation); and Colymbetes sculptilis a 

small species of predacious diving beetle, a group which disperses nocturnally and 

therefore could be a source of aquatic derived food for nocturnal aerial insectivores. 

Insect tissues were obtained from the Canadian National Collection of Insects 

(Agriculture and Agri-Food, Ottawa, Canada) and the Royal Ontario Museum. We 

sampled a single hind leg from each specimen (47 B. betularia; 29 P. anxia; 24 C. 

sculptilis).  

Stable Isotope analysis 

We cleaned samples by rinsing with deionized water (Wolf et al. 2011; Wolf et al. 

2013) and air or oven dried for 48 hours. We did not use solvents because there was a 

risk of losing the tiny claw fragments during more complex cleaning processes 

(Valladares et al. 2010).  

We sampled and minced ~50 μg of the feather barbs, avoiding the rachis. Claw 

and insect fragments were ground and analyzed whole. All samples were placed in tin 

capsules. Because we were primarily interested in relative change over time rather than 

absolute values, we did not perform any lipid extraction. The University of Waterloo 

Environmental Isotope Laboratory analyzed all samples using combustion conversion of 

sample material to gas through an 1108 Elemental Analyzer (Fisons Instruments) 

coupled to a Delta Plus (Thermo) continuous flow isotope ratio mass spectrometer 

(CFIRMS). Stable isotope ratios are expressed with the δ notation (parts per thousand—

‰) relative to atmospheric N or Pee Dee Belemnite for d15N and d13C, respectively. 

Carbon isotope values were corrected for atmospheric change in d13C, known as the 

Suess effect, based on a formula (#4) from Verburg (2007), and reported relative to year 

2000 levels for ease of comparison with other ecological studies. Laboratory 

measurement error was ±0.2‰ for carbon and ±0.3‰ for nitrogen. 

Statistical analysis 

Baseline isotope ratios of nitrogen and carbon tend to co-vary (Kelly 2000). 

Therefore, we first examined how d15N within contemporary bird tissues varied with age, 

sex, and d13C, using linear mixed-effect models with sampling location included as a 

random effect. We fit separate models for feathers, grown in the breeding season, and 
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claw tissue grown on the non-breeding grounds. Inclusion of sampling location as a 

random effect allowed us to estimate average coefficient values from which we could 

make unconditional inferences about other locations.  

Next, because changes in d13C (due to shifts in habitat or agricultural practices) 

could mask changes in trophic level, we tested whether there was any evidence of 

temporal variation in d13C within any of the museum tissues. For each type of whip-poor-

will tissue, we fit a model that included growth year, age, and sex as fixed effects. For 

insects, we used a single linear mixed-effect model with collection year as a fixed effect, 

and species included as a random effect.  

To model change in the d15N of bird tissues over the past 130 years, we fit 

models that included feather or claw growth year, bird age, and d13C of the sample as 

fixed effects, thereby controlling for all the covariates found to influence d15N within the 

contemporary samples (see Results). Food deprivation could be more pronounced in 

younger faster-growing birds, so we tested if an interaction between bird age and year 

improved model fit using a likelihood ratio test (LRT). We report coefficients for models 

with and without d13C as a covariate, because the relationship between d15N and d13C on 

the breeding grounds was weak (see Results), and the mechanism for a negative 

relationship between these variables remains unclear (Kelly 2000).  

Finally, we tested whether baseline d15N of prey on the breeding grounds has 

changed over the last 130 years. We used a mixed-effect model with collection year and 

d13C as a fixed effects and species as a random effect, to allow unconditional inferences 

about other species in the insect community. If a change observed in bird tissues is 

solely the result of synthetic nitrogen deposition changing baseline d15N of continental 

ecosystems, we expect a decline in d15N over time with a similar slope to that observed 

in bird tissues to be common to all insects sampled. We test the power of our analysis to 

detect a slope of the same magnitude using the package ‘simr’ (Green and MacLeod 

2016), which conducts a power analysis of generalized linear mixed models by 

simulation.  

For each tissue type, we checked for non-linearity in the temporal change in d15N 

and d13C of museum tissues using a generalized additive model (GAM; GAMM for the 

mixed effects) using an identity link, a cubic regression spline, and cross-validation to 
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choose the optimal amount of smoothing in the package ‘mgcv’ (Wood and Wood 2016). 

If the optimal model was linear, we incorporated contemporary tissue samples into a 

linear model before calculating parameter estimates. To account for a much larger 

number of samples from contemporary bird tissues than from museum collections, we 

bootstrapped 1000 samples of 10 from our contemporary samples and refit the model to 

each sample. Combined, the models provide a distribution of parameter estimates, for 

which we report a mean and the range that encompasses 95% of the estimates.  

We fit all linear models using either the ‘gls’ (for linear) and ‘lme’ (for linear mixed 

effects) functions in the R package ‘nlme’ (Pinheiro et al. 2016). For mixed-effect 

models, we compared models with random slopes and intercepts, versus random 

intercepts only using LRTs. Models were fit using maximum likelihood (ML) for 

comparisons between of models with different fixed effects, but we report parameter 

estimates and 95% confidence intervals from models fit using restricted maximum 

likelihood (REML) to reduce the potential for bias due to small sample sizes (Zuur et al. 

2009). To facilitate parameter estimation and comparisons between continuous and 

categorical variables, we centered year variables to 1950, and centered and scaled 

carbon values by two standard deviations (Schielzeth 2010). Finally, we inspected the 

residuals of all models for normality and homogeneity of variance. We found no 

evidence of spatial autocorrelation in our analyses: residuals were not spatially clustered 

and there was no pattern in the semivariance with distance between sampling locations 

(feathers: r = -0.023, p = 0.92; insects: r = -0.39, p = 0.09). We conducted all analyses in 

R version 3.2.1 (R Development Core Team 2015).  

 

Results 

In contemporary bird tissues, we found evidence that d15N varied with d13C 

values, and the age, but not the sex, of the bird. The d15N of winter-grown claws 

increased as d13C increased, with a 2 SD increase in δ13C of claw tissue predicted to 

increase d15N by 0.87‰ (95% CI: 0.55–1.19; Figure 1a). In contrast, d15N of feathers 

grown on the breeding grounds decreased slightly as d13C increased, with 2 SD increase 

in d13C predicted to decrease d15N by 0.48‰ (95% CI: -0.91– -0.02). There was no 

evidence that the co-variation between the two isotopes differed between breeding 



86 

locations (p = 0.94 for both tissues). An effect of age on d15N was only detected in the 

feathers. While controlling for variation in δ13C, d15N of nestling-grown feathers was -

1.92‰ (95% CI: -2.41– -1.48) lower than that of feathers from adults (Figure 1b). By the 

time young birds reached the end of their first winter this difference disappeared, and the 

d15N of claw tissue overlapped with that of older birds (0.38‰, 95% CI: -0.03–0.75). 

Sexes did not appear to differ in d15N of tissues grown during either season (claw: -

0.043, 95% CI: -0.37–0.29; feather: 0.028, 95% CI: -0.40–0.46).  

 

 
Figure 5.1. The population level predicted effect on d15N of a change in d13C of bird 

tissues from a mixed-effect model including site as a random effect: (a) 
winter-grown claw from birds during their first year of life (diamonds) and 
older adults (squares), and (b) feathers grown by juveniles still fed by 
parents (diamonds) or adults on the breeding grounds (squares).  

 

We found some indication of small long-term changes in d13C of the bird tissues 

we sampled, which could be associated with changes in habitats or agricultural practices 

(Figure 2). The d13C of claws grown on the wintering grounds increased by 0.010‰ per 

year (95% range: 0.006-0.013). In contrast, feathers grown on the breeding grounds did 

not increase significantly (0.003 ‰ per year, 95% range: -0.001–0.004). Similarly, there 

was little evidence of change in d13C of insect tissues (0.008, 95% CI: -0.003–0.018).  
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Figure 5.2. The predicted change in d13C of bird tissues over time pooled across ages 

and sexes (claw = circles; feathers = squares). Slopes in grey are from 
1000 bootstrapped samples and the mean slope is in colour.   

 

Whip-poor-will claw and feather d15N values declined by 1.8 and 2.4‰, 

respectively over the past 130 years. For winter-grown claws, d15N values declined by 

0.014‰ per year (95% range: -0.011– -0.018; Figure 3a). For breeding ground-grown 

feathers, the d15N declined by -0.019‰ per year (95% range: -0.016– -0.022; Figure 3b). 

Our estimate for the breeding grounds increases slightly when d13C is not included as a 

covariate in the model. Juvenile feathers share a similar rate of change with time (df = 1, 

LRT = 1.75, p = 0.19), but d15N values are offset by -1.4‰ (95% range: -1.28– -1.59) 

from those of adults.  



88 

 
Figure 5.3. The predicted change in d15N of bird tissues over time for the average d13C 

of each tissue: (a) winter-grown claw, and (b) feathers grown by adults on 
the breeding grounds (squares) or juveniles still being feed by parents 
(diamonds). Slopes in grey are from 1000 bootstrapped samples and the 
mean slope is in colour.  

 

In contrast, there was no evidence of depletion in d15N of insect tissues over time 

(-0.004, 95% CI: -0.022–0.013; Figure 4). We also found no evidence that temporal 

change varied among species (LRT x2 2 = 2.77, p = 0.25). However, individuals had 

highly variable d15N signatures within each species. Therefore, despite collecting a 

relatively large number of insect samples (N = 100), our power to detect a slope of the 
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same magnitude observed in the whip-poor-will samples was relatively low (65.40%, 

62.36–68.35%). The confidence intervals for insects are so broad that they range from a 

positive slope of 0.013 to a negative slope equal to that we found for bird feathers.  

 

 
Figure 5.4. The predicted change in d15N of (a) Biston betularia, (b) Phyllophaga anxia,  

and (c) Colymbetes sculptilis tissues over time from a mixed-effect model 
controlling for d13C with species having random intercepts, but a shared 
slope representing a broad-scale baseline change in d15N.   

 

Discussion 

Widespread population declines in aerial insectivores occupying different habitats 

suggest that insect availability could be the common factor limiting their populations. If 

insect population declines are limiting food availability or quality for these species, higher 

trophic level species are likely to disappear from their diet first. Because d15N increases 

by ~3‰ per trophic-level, the decline of 1.4–2.8‰ over the past 130 years that we found 

in whip-poor-will tissues, coupled with the comparative stability of d15N in insect tissues 

(mean estimated decline of only 0.52‰), is consistent with contemporary whip-poor-will 

populations feeding lower in the food web than in the past. This pattern was observed in 

both adult and juveniles, and was slightly stronger on the breeding grounds than on the 

wintering grounds. While these results all support the possibility that these population 

(a) (b) (c)
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declines are due to changes in abundance of high quality, higher trophic-level prey, we 

caution that stable isotope studies of terrestrial food chains require additional tests of 

baseline change. 

Temporal change in d15N of animal tissues can arise either through a change in 

the isotope ratio of the nitrogen sources of primary producers, through a change in the 

diet of the phytophagous prey, or through a change in trophic-level of the species being 

sampled. While our analysis attempts to tease apart these alternative hypotheses, due 

to exceptionally high variance in the d15N of insect tissues, we cannot reject them 

conclusively. We did not find evidence of a significant change in d15N of insect tissues 

that could indicate a shift in the “baseline” isotopes available to primary producers on a 

regional scale, but due to very high within-species variance in d15N, the confidence 

intervals on this trend overlap somewhat with our estimate of change in birds. While 

equally complicated by complex local variation, tree-ring cores sampled in our study 

region also fail to show a consistent decline in d15N over the past 130 years. Instead, 

tree-rings provide evidence that local deforestation can cause relatively short-term (~20 

yrs) increases in d15N (Bukata and Kyser 2005) and long-term (>100 yrs) declines of 

<1‰ in relatively undisturbed forest (Bukata and Kyser 2007). Urban trees, exposed to 

high levels of NOx from automobile exhaust showed steeper declines of close to 2‰ 

since 1950 (Savard et al. 2009). But given that whip-poor-will tend to avoid heavily 

populated areas (English et al. 2017), the baseline for their food supply is more likely to 

be the <1‰ over the 20th century that was observed for trees in relatively undisturbed 

regions. Given our minimum estimate of change in d15N of bird tissues is closer to 2‰, it 

seems likely that a shift in baseline does not explain the entire change.  

Alternatively, the d15N of the habitat occupied by the insect species we chose to 

sample may have remained the same, but habitats supporting other phytophagous 

insect prey species may have changed. Although whip-poor-will forage relative close to 

the ground, the volant nature of their prey makes it likely that some prey may move in 

from surrounding habitats that might not appear to be used by whip-poor-wills. In 

particular, changes in forest cover and agriculture may have shifted ratios of C3 and C4 

plants, moisture regimes, and fertilizer use, all of which could influence baseline d13C or 

d15N values (White et al. 2012; Augusto et al. 2015; Popa-Lisseanu et al. 2015). C4 

plants (many grasses and crops like corn, sorghum and sugar cane) have higher d13C 
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than C3 plants and tend to occur in more disturbed, and therefore more d15N enriched, 

habitats (Kelly 2000). Therefore, the positive relationship between d15N and d13C in 

winter-grown claw tissues could be a result of increasing proportions of C4 plants 

supporting phytophagous insect prey. The weaker negative relationship between d15N 

and d13C during the breeding season is harder to explain, but the addition of low d15N 

synthetic fertilizers to C4 crops could dilute, or even reverse, the expected positive 

relationship. Regardless of the mechanism, by including d13C of each sample as a 

covariate in our models, we control for differences in the proportion of C3 and C4 plants 

in the habitats that support prey insects. As a result, our estimate of change in d15N of 

tissues grown during the breeding season is made more conservative, but does not alter 

our conclusions that the d15N signature of birds is declining over time.  

The use of stable isotopes to illuminate trophic ecology of species is a powerful 

tool, but is complicated by differences in enrichment rates between species, individuals 

of different nutritional and physiological states, and between tissues within individuals 

(Robbins et al. 2005; Caut et al. 2008; Cherel et al. 2014). By looking at patterns within 

tissues of a single species, we can avoid most of these issues. The remaining variance 

in nutritional and physiological state are both potentially related to the diet we are 

attempting to assess. The consistently lower d15N of juvenile feathers, which are all 

grown concurrently during the first weeks of life, is likely at least partially the result of 

reduced enrichment (by up to 0.95‰) due to very little nitrogen being wasted under 

conditions of rapid growth and/or food restriction (Sears et al. 2008; Hertz et al. 2015). 

Because enrichment rates vary between species and with diet quality (Robbins et al. 

2005), it is possible that the larger offset we observe is still entirely due to rapid growth. 

Alternatively, some of the difference may be due to adults preferentially provisioning 

juveniles with lower trophic-level lepidopteran prey (Cink 2002). By focusing our 

sampling on tissues grown at relatively predictable rates and during specific seasons, 

differences in diet between individuals become more meaningful. Feathers grown 

concurrently by juveniles and the adults provisioning them represent diet during the 

period most crucial for determining population growth rates. Lower d15N over time in 

these feathers could represent either increasing nutritional stress, or a shift in d15N of the 

prey being consumed; however, the consistent offset between adults and juveniles 

suggests that the latter is more likely, because the difference between the historic d15N 

of adults and contemporary juveniles is >4‰, which would be difficult to achieve only 
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through increased efficiency in nitrogen-use (Sears et al. 2008). Alternatively, some 

studies show that nutritional stress can cause enrichment in d15N through physiological 

reallocation of resources between tissues (Hobson et al. 1993). Rapidly growing chicks, 

however, would not be able to employ this mechanism, so physiological reallocation 

could not produce the shared pattern of decline found in both adults and nestlings.   

Long-term monitoring studies are rare, expensive, and most conservation 

questions are rarely anticipated in time to establish appropriate protocols. Stable isotope 

studies have a unique opportunity to harness the ecological history contained in 

museum collections (Darimont and Reimchen 2002). However, care must be taken to 

adequately control for differences in enrichment and fractionation between tissues and 

species, and to account for seasonal and geographic variation in isotopic baselines and 

the physiological state of individual animals. While this opportunity has been explored 

quite extensively for marine ecosystems, its application to more geographically 

heterogeneous terrestrial systems remained relatively untested. This added complexity 

is highlighted by our finding of extremely high variability (1.5–13.0‰) in the d15N 

signatures of individuals within a single insect species, B. betularia. This high variability 

is likely due to each individual insect having acquired its isotopic signature from a single 

plant, with a very localized nitrogen source. As trophic-level and the geographic area 

over which an organism acquires its nutrition increases, the variance between 

individuals should decrease (McNabb et al. 2001; Gibb and Cunningham 2011). The 

result of this high variability was that even with 100 insect samples, we only had a 68% 

chance of finding a significant trend of the same magnitude that we found in the bird 

feathers. With this in mind, we suggest that rather than attempting to sample lower 

trophic levels by sampling prey species directly, future studies should use a comparative 

approach and sample species with different diets, but similar scales of movement and 

geographic distribution of their food sources. Alternatively, as compound-specific stable-

isotope analyses become more affordable, it will be possible to determine baseline 

values and trophic-level from within a single tissue sample (McMahon et al. 2015; Hebert 

et al. 2016).  

Despite these challenges, the ability to decode the historical record of ecological 

change locked inside museum collections has tremendous potential to inform our 

understanding of ecological change and aid in conservation decisions. For aerial 

insectivores, a significant change in dietary isotopes of whip-poor-wills over the past 130 
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years adds to the mounting evidence that population declines for many of these species 

may be related to changes in food supply. Insect abundance has previously been shown 

to predict both the presence and abundance of whip-poor-wills and bats 

(Wickramasinghe et al. 2004; English et al. 2017) and changes in insect prey species 

composition appear correlated with population declines in two species of swift (Nocera et 

al. 2012; Pomfret et al. 2014). We believe that analysis of temporal trends in stable 

isotope ratios of other aerial insectivores, and further exploration of potential shifts in 

terrestrial baselines, will be crucial to assessing the relative importance of diet to the 

population trajectories of this guild. If population trajectories are indeed linked to 

changes in diet for most of these species, understanding this will be an important first 

step toward making effective, data-driven conservation decisions.  
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Chapter 6.  
 
General discussion 

Population declines even amongst relatively common species can act as 

sentinels of environmental threats and ecological change (Wikelski and Tertitski 2016). 

Most species of nightjar occurring in North America are relatively widespread and at 

least historically quite abundant. The nightjars belong to one of the more ancient avian 

lineages and exhibit surprising adaptations to the risky lifestyle of crepuscular aerial 

insectivore. Because foraging is only possible for the brief twilight periods on moonless 

nights, these species need to have strategies to cope with food limitation. These 

strategies include a relatively low basal metabolic rate and an ability to use daily torpor 

to further lower their energy requirements. This ability, relatively rare amongst birds, may 

allow them to survive periods of inclement weather that can cause mass mortality for 

some other species of aerial insectivore. Likewise, nightjars have a somewhat surprising 

tendency, especially amongst aerial foragers, to overlap flight feather moult and chick 

rearing. This temporal flexibility in their annual cycle may be what allows them to adjust 

timing of breeding between years and to increase the number of broods attempted in 

seasons with earlier springs (Chapter 3). Taken together, these unique adaptations 

might lead us to assume that nightjars, despite their relatively slow life histories, should 

be relatively resilient to ecological change. And yet the whip-poor-will, and other North 

American nightjar, populations are in steady decline. This indeed suggests that 

something is quite wrong.  

A combination of highly cryptic plumage, nocturnal habits, and occupying large 

territories in complex forested environments make many of these species particularly 

difficult to study. As a result, even some relatively familiar species, like the whip-poor-

will, are highly data-deficient from a conservation perspective. To address both the 

mystery of their population decline and life history data deficiencies, I took a two-

pronged approach. In this thesis, I developed and tested predictions associated with a 

few of the hypothesized ultimate drivers of the whip-poor-will population decline. 

Concurrently, I also collected basic life history information, vital rates and migratory 

behaviour for this iconic, and yet poorly understood, member of the aerial insectivore 

guild. 
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Life history parameters 

Estimates of annual productivity  

I found reproductive rates that varied substantially between years, but were 

within the ranges reported for other Caprimulgids. While limited data exists on the 

annual productivity of nightjars, their small clutch size and relatively long life spans 

suggest that annual productivity might not be particularly high. The survival rate through 

incubation for whip-poor-will nests in western Massachusetts was estimated to be 63% 

(95% CI: 39–81%) based on a daily survival rate of 0.977 (Akresh and King 2016). This 

is higher than my estimate of a 40% (95% CI: 19–60%) survival rate through incubation 

(Chapter 3); however, confidence intervals from both estimates overlap. The proportion 

of whip-poor-will nests successful in fledging at least one chick was 47%, which is also 

lower than the mean across all temperate nightjar studies of 68% (64% weighted mean; 

Table 6.1). Across all three years, the average number of fledglings produced per nest 

was only 0.77 (74% weighted mean), which is again much lower than the 1.18 fledglings 

per nest average from 5 studies of British breeding Caprimulgus europaeus (Table 6.1). 

However, the high between year variability suggests that three years is likely insufficient 

to estimate true patterns of nest survival. These estimates also come from only one 

breeding site, so additional estimates across other regions and landscape types would 

be necessary before drawing any conclusions regarding the population consequences of 

these nest survival rates. 

The added challenge also exists that few studies follow individual pairs across 

multiple nesting attempts and broods. In species with the potential to raise multiple 

broods within one season, annual productivity risks being dramatically under-estimated 

by considering only the productivity per nest (Nagy and Holmes 2004). For the whip-

poor-will this certainly seem to be the case. Much of the annual variation in nest survival 

that I observed was largely overcome by multiple nesting attempts and successful 

second broods (Chapter 3). It turns out that nightjars may be particularly able to modify 

their annual cycle and extend breeding effort to take advantage of appropriate conditions 

(Camacho 2013). Therefore, any effort to estimate the annual productivity of whip-poor-

will populations will also need to account for variability in the length of breeding seasons 

and multiple breeding attempts.  



96 

Table 6.1. Life history parameters for a variety of Caprimulgidae species. Survival rates 
are generally based on all nest found; estimated survival rates through 
incubation that are based on daily survival rates are included in 
parentheses. N = total number of nests found. 

 

Species Location Year(s) N 
Mean 
clutch 
size 

Nests survive 
incubation 

(est. survival) 

Nests 
fledge  
³ 1 

Mean 
fledged 

(per nest) 
Source 

Antrostomus 
vociferous 

Ontario, 
Canada 2011-13 38 1.87 52% 

(est. 40%) 47% 0.77 Chapter 3 

Mass., USA 2006-13 21 2 67%   Akresh & King 
2016 

Kansas, 
USA ? ? 1.98   1.40 Cink 2002 

Chordeiles 
minor 

New Jersey, 
USA 2009-10 16 1.95 81% 

(est. 79%)   Allen & Peters 
2012 

 
Caprimulgus 
europaeus 

 
(all UK) 

 
 

Minsmere 1981 28   57% 0.96 Berry & Bibby 
1981 

Nercwys  1994 12   92% 1.83 Kenyon 1998 

Dorset 2002 
2003 

46 
29   39% 

66% 
0.63 
1.10 

Langston et 
al. 2007a 

South 
Wales 2004-05 11 1.8 77% 

(est. 57%) 73% 1.36 Cross et al. 
2005 

East Anglia 
2008 18   67%  

Dolman 2010 2009 24   63%  

Caprimulgus 
ruficollis 

Spain 
 

1988-94 37 1.97 78% 78% 1.24 
Cuadrado & 
Domínguez 

1996 

1994-95 26 1.73 92% 77% 1.19 Aragonés 
2003 

Tropical         

Caprimulgus 
noctitherus Puerto Rico 1985-87 23 1.83  87% 1.39 Vilella 1995 

Caprimulgus 
nigrescens Suriname 1972-82 14 1 36% 28% 0.28 Ingels et al. 

1984 

3 species  Zambia 2012-13 82  77%   Troscianko et 
al. 2016 
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Estimates of annual survival  

A combination of annual survival, territory fidelity, and recapture success resulted 

in territory specific return rates of 55% for all male whip-poor-wills banded in the course 

of this research (Chapter 4). This is substantially lower than the site fidelity rate of 77% 

reported for whip-poor-wills in Kansas (Cink 2002). My estimate is certainly highly 

conservative, because males could have moved to a nearby territory and not been 

detected. However, only one of 36 recaptured males was caught on a different territory 

in the second year. The only other estimates of survivorship for migratory nightjars are 

based on much larger samples and mark-recapture analysis techniques.  In Spain, 

Caprimulgus ruficollis had an estimated annual survival rate of 74% for males and 64% 

for females (Forero et al. 2001). In Italy, Caprimulgus europaeus annual survival was 

estimated at 70% across both sexes (Silvano and Boano 2012). These values are 

similar to other non-passerine insectivores, like swifts (Boano et al. 1993), but relatively 

high compared to annual survival rates of Palearctic long-distant migrant insectivore 

passerines (26-species average = 0.47) (Peach et al. 2001). While territory fidelity 

estimates are not directly comparable to annual survival estimates, the consistency 

between higher site fidelity estimates from Kansas and annual survival estimates for 

other nightjar species, in contrast to my estimate of site fidelity, suggest that annual 

survivorship for this population could be comparatively low amongst nightjars. 

 

Ultimate drivers of population decline 

Hypothesis 1: Breeding habitat loss due to increasing forest cover 

Whip-poor-will, and many of the other aerial insectivores, tend to prefer disturbed 

or open-canopy habitats, thus leading to the hypothesis that some of their population 

declines are the result of a loss of habitat due to an expansion of forest cover in eastern 

North America (Foster 2000; Lorimer and White 2003). Therefore, I predicted that forest 

cover should be negatively related to the presence of whip-poor-will, at least at higher 

proportions, and that an increase in forest cover should explain their disappearance from 

many sites between Ontario Breeding Bird Atlases. Neither of these predictions were 

supported in Chapter 2. Instead, I found that whip-poor-will presence was positively 
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related to overall forest area, and that the relationship between forest area and forest 

edges suggests that over the 20-year period between atlases, whip-poor-will have 

become more restricted to squares with higher levels of both total forest area and a 

higher degree of fragmentation of those forests (Figure 2.3). This pattern is most 

consistent with an already declining population being increasingly able to concentrate in 

the best available habitats.  

However, it is important to note that the broad-scale analysis could not 

differentiate between forest types, and at finer spatial scale whip-poor-will presence was 

best predicted by area of open-canopy forest habitats (regenerating fields, treed rock 

barrens, alvar, savannah). Taken together, my results suggest that while increases in 

total forest area could be beneficial to whip-poor-wills, if many of these newly 

regenerated forests are too dense and uniform in age to allow penetration of moonlight 

for nocturnal foraging, a change in the type of forest could still be limiting the distribution 

and abundance of whip-poor-will. Other recent studies also find support for whip-poor-

will population change (Purves 2015) or distribution (Tozer et al. 2014; Slover and 

Katzner 2016; Farrell et al. 2017) being positively related to the availability of open 

habitats. Therefore, while I did not find any conclusive support for this hypothesis, I 

certainly cannot reject it outright.  

Hypothesis 2: Decreasing prey abundance on the breeding grounds 

Concurrent population declines amongst members of the avian aerial insectivore 

guild (Nebel et al. 2010; Smith et al. 2015) coupled with alarming decreases in the 

abundance of European moths (Conrad et al. 2004; Conrad et al. 2006; Groenendijk and 

Ellis 2011) suggest that a reduction in overall prey availability could be a driving factor in 

whip-poor-will population declines. If insect abundance is limiting, I expected 

abundances of moths and beetles to positively predict the presence, abundance, and 

fecundity of whip-poor-will. Within generally appropriate habitats, whip-poor-will 

presence and abundance was correlated with insect abundances (Chapter 2). Fecundity 

proved more difficult to measure due to the challenges of nest-searching for a cryptic 

species with large territories, but estimated daily chick survival rates were positively 

related to moth abundance and the average number of fledglings produced both per 

nest, and per pair, was highest in the year with higher overall insect abundances 

(Chapter 3). Finally, if overall insect abundances are decreasing, I could expect 
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populations of higher trophic-level insects to decline most quickly because these species 

would also be sensitive to reductions in prey availability at lower trophic levels (Purvis et 

al. 2000). Indeed, I found that the stable isotope signatures of museum specimen 

feathers, from both adults and nestlings, are consistent with a reduction in foraging 

trophic-level over the past century (Chapter 5). While none of these patterns definitively 

prove that insect abundances are limiting whip-poor-will populations, they all support this 

possibility, and add to the mounting evidence that ecosystem-level changes in insect 

abundances resulting from broad-scale insecticide use are having detrimental effects on 

bird populations (Nocera et al. 2012; Hallmann et al. 2014). 

Hypothesis 3: Phenological mismatch in timing of reproduction due 
to climate change 

Aerial insectivore birds in temperate climates may be particularly sensitive to the 

consequences of global climate change, including changes in seasonal phenology, 

because they must make long-distance seasonal migrations. I further hypothesized that 

the need for nightjars to time their breeding to match the lunar cycle (Figure 3.1), could 

further increase the costs of miss-timed reproduction. Therefore, I predicted that in more 

phenologically advanced springs, whip-poor-will might breed too late for peak insect 

abundances, and that reproductive success would be lowest in years when breeding is 

out of sync with both prey abundance and lunar phase. I find some support for this 

hypothesis that some aerial insectivore population declines may be explained by a 

failure to match reproduction to seasonal changes in food availability (Chapter 3). 

Estimates of both mean daily chick survival and annual productivity were lower when 

reproduction and food availability were mismatched in the earlier spring. Surprisingly, 

however, the mismatch was early rather than late, with some chicks hatching more than 

two-weeks ahead of the peak in food availability. This suggests considerable flexibility in 

the timing of breeding for whip-poor-wills, and that additional selective pressures must 

favor early breeding. I also found limited evidence that matching to moonlight could have 

an effect on fitness. Timing of breeding was only matched to lunar phase in one of three 

years, and hours of moonlight had a weak positive influence on estimates of daily nest 

survival rates only after controlling for nightly moth abundance. These results, combined 

with evidence for swallows that abundance of their prey doesn’t tend to peak and decline 

with seasonal progression (Dunn et al. 2010), suggest that classic (1 predator and 1 

prey) phenological mismatch scenarios are unlikely to explain population declines in 
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nightjars, or the guild at large. However, more complex models of adaptive phenological 

mismatch likely still impact productivity (Visser et al. 2012).  

Hypothesis 4: Non-breeding season limitation 

Due to the weather-sensitive nature of their prey, most North American aerial 

insectivores are, unsurprisingly, migratory. Migration can increase exposure to novel 

challenges at geographically disparate locations, including the potential for both habitat 

and food supply at stopover sites, or on the wintering grounds, to be limiting these 

populations. In fact, evidence from a Tree Swallow population of concurrent decreases 

in body mass and abundance that were uncorrelated with breeding ground conditions or 

productivity suggests that a change in the non-breeding conditions is negatively 

influencing survival (Paquette et al. 2014). While collecting similar data for whip-poor-will 

would be challenging to the point of impractical, I was able to collect information relevant 

to testing this hypothesis. First, my estimates of territory fidelity (Chapter 4) were 

substantially lower than expected based on the literature (see Estimates of annual 

survival), suggesting that adult annual survival might be abnormally low in this 

population. Next, geolocator tracking revealed the use of the southeastern United States 

for migratory stopover and a concentration of wintering locations in Guatemala and 

neighbouring Mexican provinces (Chapter 4). Finally, I found that the stable isotope 

signatures of claw tissue grown during the non-breeding season showed a pattern, 

similar to that found on in the breeding ground grown tissues, and consistent with a 

reduction in foraging trophic-level over the past century (Chapter 5). The similarity in 

isotope trends between breeding and wintering grounds could suggest that insect 

abundances are declining throughout the annual cycle, but does not help us determine 

which season is more demographically limiting. Further effort should be invested in 

identifying precise stopover sites, and wintering behaviour and habitat use, since there is 

clearly potential for non-breeding conditions to be driving whip-poor-will population 

declines.  

Hypothesis 5: Urbanization and anthropogenic disturbance 

Initially, anthropogenic disturbance was not a hypothesis that I set out to explore. 

Anecdotally whip-poor-will have generally coexisted with human activity reasonably well. 

Their preference for more open-canopy forests and forest edges predisposes them to 
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utilizing the periphery of small farms and forestry cut-blocks (Cink 2002). Nightjars are 

even somewhat famous for their tendency to forage on rural roads at night (Jackson 

2003b). However, I ended up finding a negative relationship between human activity and 

whip-poor-wills across multiple spatial scales (Chapter 2). The only variable that 

predicted loss of whip-poor-will between atlas periods ended up being the initial amount 

of urban area present in a square. At the local scale, increases in the density of 

anthropogenic linear features (i.e. paved roads and powerlines) were negatively related 

to the abundance of whip-poor-wills further suggesting a sensitivity to human activities. 

This sensitivity could be a result of direct road mortality, higher predator abundances, or 

habitat degradation and pesticide use causing a reduction in prey abundance (taking us 

back to hypothesis 2).  

 

Future directions 

Priorities for further research should be in four key areas: monitoring of long-term 

changes in insect populations, detailed tracking of migratory and non-breeding season 

behaviour, refining estimates of vital rates, and further utilization of museum collections. 

Most importantly, monitoring long-term changes in insect populations will be crucial first 

step in understanding how this ecosystem is changing. These efforts have already 

begun through the use of specialized suction traps collecting aerial plankton at Brock 

and Cornell Universities in eastern North America. Additional citizen science efforts to 

collect information on more charismatic pollinators and macrolepidopterans may also 

help us to better understand changes in insect populations.  

The simplest and most important next step specifically for whip-poor-will 

conservation efforts will be to use new GPS technology to track the precise locations of 

stopover and wintering habitats. Only with this information, will I have any hope of 

protecting necessary habitats and food supplies throughout their annual cycle. Although 

very labour intensive, continued banding efforts at the study sites I used in Ontario, and 

throughout their breeding range, would be beneficial for estimating annual survival rates. 

Likewise, monitoring reproductive success of whip-poor-will populations in a variety of 

habitats and location across their breeding range would be extremely useful in 

identifying long-term productivity issues. This effort would have to be relatively long-
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term, and as a result, likely has to be volunteer based, but with adequate training 

regarding the use of eye-shine to detect adults on nests, it would be possible.  

Finally, I feel that museum collections may hold the key to unravelling some of 

these mysterious population declines. Despite the challenges associated with 

interpreting stable isotope data, the ability to decode the historical record of ecological 

change locked inside museum collections has tremendous potential to inform our 

understanding of ecological change and aid in conservation decisions. I recommend that 

future studies should use a comparative approach by sampling species with different 

diets, population trajectories, and potentially even migratory strategies. Also, as 

compound-specific stable-isotope analyses become more affordable, they should be 

used whenever possible to determine baseline values and trophic-level from within a 

single tissue sample (McMahon et al. 2015; Hebert et al. 2016).  

 

Conclusions 

Identifying the drivers of population declines in wild, migratory organisms is 

inevitably challenging. Processes negatively affecting populations can occur on both 

summer and winter ranges, at stop-over sites, and can interact to create complex effects 

that carry-over between locations. For whip-poor-wills, this challenge is exacerbated by 

their uniquely challenging natural history. Still, I do find consistent support, using a 

diversity of approaches, for the hypothesis that changes in prey availability could be the 

driver of aerial insectivore population declines. However, habitat is likely still important. 

Furthermore, the relatively low return rates, when compared with other nightjar studies, 

suggest that conditions at other stages in the annual cycle may be equally or more 

important. It may be that the steep declines amongst members of the aerial insectivore 

guild are a consequence of multiple interacting stressors. Therefore, I recommend that  

efforts be made to identify and protect the most intensely used habitats and insect 

populations throughout the whip-poor-will’s range, especially at migratory stopover 

locations. Ultimately, I hope the evidence gathered contributes to ensuring that these 

strange and mysterious creatures continue to take flight in the fading light. Los 
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Conclusion Art 

           

Whip-poor-will pursuing a Phyllophaga beetle 

ã Marinde Out 
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Appendix A. 

Table A1. Variable names, description and references supporting inclusion in analyses 
(Chapter 2). Climate variables are averages over period encompassing 
both Ontario Breeding Bird Atlases (1971-2005). Regional and local 
landcover data was classified manually from ArcGIS World imagery from 
2007-2012 (ESRI Inc, Redlands, California) and IKONOS imagery from 
2005 respectively.  

 

Variable Description  Reference(s) 

Broad-scale   

Climate  from interpolated digital climate maps  McKenney et al. 2006, 
2011, 2013 

annual growing 
degree days 

total number of days above 5°C during 
growing season – warmer growing 
season might have higher insect 
abundances 

Ward and Stanford 1982 
Thuiller et al. 2004 

growing season 
length 

total number of days from start of 
growing season until -2°C reached in 
autumn – longer growing season 
allows more 2nd broods 

Ward and Stanford 1982  
Wolda 1988, Cink 2002 

growing season  
start day  

first date after which mean 
temperature >5°C for 5 continuous 
days – too late a start to the growing 
season would limit time for breeding 

Cink 2002 

May, June, or July 
min temperature 

lowest recorded temperature (°C) for 
each month of the whip-poor-will 
breeding season (dominant stages are 
May = laying, June = incubation, July = 
rearing young) – min temperatures 
could affect both bird and insects prey 
thermal ecology  

Ward and Stanford 1982 
Turner et al. 1988 
Lane et al. 2004 
Loeb and Winters 2013 

May, June, or July 
max temperature 

highest recorded temperature (°C) for 
each month of the whip-poor-will 
breeding season – max temperatures 
could affect both bird and insects prey 
thermal ecology 

Ward and Stanford 1982 
Lane et al. 2004 
Loeb and Winters 2013 

annual 
precipitation 

total annual precipitation (mm) Seoane et al. 2004 
Thuiller et al. 2004  
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May, June, or July 
precipitation 

total precipitation (mm) for each 
month of the whip-poor-will breeding 
season  

Loeb and Winters 2013  

Topography from 250m pixel digital elevation model  Natural Resources 
Canada 2015 

mean elevation mean elevation (m) within the square 
could capture shared variation in both 
moisture and temperature 

Seoane et al. 2004 

SD in elevation standard deviation in elevation pixels – 
uneven terrain could create vertical 
forest gaps that would allow 
penetration of the moonlight necessary 
for foraging AND more rugged terrain 
tends to experience less intense 
agricultural development 

Mills 1986 
Riley and Malecki 2001 
Sierro et al. 2001 
Cink 2002 
Jetz et al. 2003  
Levers et al. 2016 

Landscape  from National Topographic Survey 
maps 

Seoane et al. 2004 

forest edge  total length (km) of forest boundaries 
with all habitat types – whip-poor-wills 
use forest edges 

Mills 1986 
Sierro et al. 2001 
Cink 2002 
Wilson and Watts 2008 

forest area total area (ha) dominated by trees – 
forest tends to contain more insects 
but whip-poor-wills may avoid closed-
canopy forest 

Sierro et al. 2001 
Seoane et al. 2004 
Wilson and Watts 2008 

urban total area (ha) of urban development – 
nightjars may be sensitive to human 
disturbance 

Lowe et al. 2014 

water total area (ha) of flooded land and 
open water – emergence of aquatic 
insects provide food for other species 
of aerial insectivores and could be 
important for whip-poor-wills 

St. Louis et al. 1990 
Arena et al. 2011 

Regional/fine scale    

closed-canopy  
forests 

area (ha) dominated by trees – forest 
tends to contain more insects but 
whip-poor-wills may avoid closed-
canopy forest 

Sierro et al. 2001 
Wilson and Watts 2008 
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closed-canopy  
forest edge 

perimeter (m) forest patches – whip-
poor-will may use forest edges for 
foraging 

Wilson and Watts 2008 

edge to forest 
area ratio 

length of closed-canopy forest edge 
(m) / forest area (ha) – incorporates 
availability of forest and edge habitats 

Sierro et al. 2001 
Wilson and Watts 2008 

open-canopy  
habitats 

area (ha) of habitat where individual 
trees are not visibly overlapping with a 
patch of closed canopy forest, e.g. 
rock barrens, alvars, old fields 

Sierro et al. 2001 
Wilson and Watts 2008 

open fields area (ha) of mowed fields and un-
treed abandoned fields – may provide 
foraging habitat with access to 
moonlight 

Sierro et al. 2001 
Cink 2002 

wet habitats area (ha) of wetlands and lakes – 
emergence of aquatic insects provide 
food for other species of aerial 
insectivores and could be important 
for whip-poor-wills 

St. Louis et al. 1990 
Arena et al. 2011 

cultivated fields area of intensive agriculture – could 
reduce populations of insects through 
lack of habitat and use of pesticides 

Paquette et al. 2012 

human modified area of buildings, mowed lawns, 
quarries, lumber yards – could reduce 
populations of insects and increase 
disturbance from human activity  

Lowe et al. 2014 
 

linear 
disturbance 
length 

total length (m) of roads, major trails, 
and power lines – could provide 
additional edge habitat for foraging 
and increase disturbance from human 
activity 

Wilson and Watts 2008 
Lowe et al. 2014 

Local/fine scale    

closed-canopy  
forests 

area (ha) dominated by trees – forest 
tends to contain more insects but 
whip-poor-wills may avoid closed-
canopy forest 

Sierro et al. 2001 
Wilson and Watts 2008 

closed-canopy  
forest edge 

perimeter (m) forest patches – whip-
poor-will may use forest edges for 
foraging 

Wilson and Watts 2008 
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edge to forest 
area ratio  

length of closed-canopy forest edge / 
forest area (m/ha) – incorporates 
availability of forest and edge habitats 

Sierro et al. 2001 
Wilson and Watts 2008 

open-canopy  
habitats 

area (m) of habitat where individual 
trees are not visibly overlapping with a 
patch of closed canopy forest, e.g. 
rock barrens, alvars, old fields 

Sierro et al. 2001 
Wilson and Watts 2008 

open fields area (ha) of mowed fields and un-
treed abandoned fields – may provide 
foraging habitat with access to 
moonlight 

Sierro et al. 2001 
Cink 2002 

wet habitats area (ha) of wetlands and lakes – 
emergence of aquatic insects provide 
food for other species of aerial 
insectivores and could be important 
for whip-poor-wills 

St. Louis et al. 1990 
Arena et al. 2011 

paved road sampling location was on a paved 
road (yes/no) – indicates increased 
disturbance from human activity 

Lowe et al. 2014 

linear 
disturbance 
length 

total length (m) of roads, major trails, 
and power lines – could provide 
additional edge habitat for foraging 
and increase disturbance from human 
activity 

Wilson and Watts 2008 
Lowe et al. 2014 
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Appendix B.   
 
 

 
 

Figure B1. Variation in accuracy of geolocation estimates on breeding grounds as 
illustrated by median and interquartile ranges in latitude and longitude 
estimates between 15 May and 31 Jul. Black dots: locations where 
geolocator tags were deployed. The absolute error averaged across all 
sites was 1.3° for latitude and 0.56° for longitude.  
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Appendix C.   

Table C1. Coefficient estimates (b with 95% confidence intervals) for daily survival 
models of whip-poor-will chicks (Chapter 3) for the two years with data on 
moth abundances.  

Model Year  Day Day2 Moths Moon PC1 
Temporal 

null 
-2.94 

(-5.14 – -0.75) 
-0.24 

(-0.50 – 0.03) 
0.0045 

(-0.0003 – 0.0093)    

Moths -2.65 
(-4.90 – -0.39) 

-0.36 
(-0.69 – -0.04) 

0.0070 
(0.0008 – 0.0132) 

0.13 
(-0.01 – 0.28)   

Moths +  
moon 

-2.83 
(-5.28 – -0.38) 

-0.46 
(-0.87 – -0.04) 

0.0087 
(0.0010 – 0.0163) 

0.18 
(0.00 – 0.35) 

0.27 
(-0.17 – 0.71)  

PC1 -3.16 
(-5.40 – -0.92) 

-0.23 
(-0.55 – 0.09) 

0.0046 
(-0.0013 – 0.0104)   5.24 

(-0.65 – 11.13) 

Moths +  
PC1 

-2.89 
(-5.20 – -0.59) 

-0.30 
(-0.65 – 0.06) 

0.0060 
(-0.0008 – 0.0128) 

0.07 
(-0.08 – 0.23)  4.16 

(-1.32 – 9.64) 

 


