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ABSTRACT 
 

Migration is the least understood phase of a migratory bird’s annual life cycle. Many 

migratory species are currently experiencing steep rates of population decline. Through direct 

tracking using new miniaturized light-level geolocators it is now possible to estimate the position 

of individual songbirds year-round and improve our understanding of factors that could be 

causing population declines. Geolocators record time and ambient light, and based on these 

values it is possible to infer the location of an individual. As this technology has developed, so 

have the corresponding methods of analysis. The objectives of this thesis were 1) to compare 

qualitatively and quantitatively the three main open source methods of analysis (GeoLight, 

SGAT and FLightR) for songbird geolocator data. I used data derived from different species 

where data quality is expected to differ based on habitat and behaviour, and 2) to apply these 

methods to analyze the geolocator data of a threatened Neotropical migrant, the Canada Warbler 

(Cardellina canadensis), to identify migration routes and wintering areas. I found that shading of 

the light-sensor of the geolocator had a detrimental impact on geolocation estimates. I found no 

effect of analysis method on the variance in longitudinal estimates, but that GeoLight provided 

more variable latitudinal estimates than SGAT and FLightR. I used FLightR to analyze Canada 

Warbler geolocator data from three breeding populations (locations, province/state) across the 

breeding range. During fall migration, individuals from all three locations funnelled through a 

narrow geographic region (97-99° W) along the western coast of the Gulf of Mexico, with most 

individuals (72%) arriving at overwintering sites in Colombia. My results highlight the value of 

conservation of overwintering habitat in Colombia and migration habitat along the western coast 

of the Gulf of Mexico for these three breeding populations. Regarding my investigation of 

analysis methods, discrepancies between true and inferred geolocation estimates have the 
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potential to lead to incorrect conservation actions. As such, researchers undertaking geolocator-

based studies must have a strong understanding of the capacity and limitations of the technology. 
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THESIS INTRODUCTION 
 

Migration is the least well understood part of a bird’s lifecycle for many migratory 

species (Faaborg et al. 2010b). Approximately 6 billion birds that breed in North America 

migrate to and from their overwintering sites in southern regions (Faaborg et al. 2010a). Many 

migratory species are experiencing population declines and declining rapidly (Sauer et al. 2014), 

for reasons that are poorly understood. The entire range encompassed by their annual life cycle 

needs to be considered for the effective conservation of migratory species. With such large 

habitat requirements, and complicated movement patterns, migratory birds have been a difficult 

group to study and conserve (Faaborg et al. 2010b).  

As most of the existing research related to migrants is focused on the breeding grounds, 

there is a general lack of knowledge regarding the wintering and migratory periods (Faaborg et 

al. 2010b). However, many techniques have been used to better understand the full life cycle of 

songbirds, such as bird banding, stable-isotope analysis, genetic analysis, as well as various 

tracking methods, such as satellite transmitters and new radio-telemetry techniques, and positon 

inference tools such as light-level geolocators. Each of these methods has its advantages and 

disadvantages in terms of their effectiveness for the study of bird migration. Bird banding, or 

bird ringing, involves placing a band with a unique identifying number or colour on the tarsus of 

a bird. Bird banding is a relatively inexpensive technique that can be very informative if the 

individual with the band is either re-sighted or recaptured. It is the most widely used and 

accessible technique for monitoring bird movements (Wilson et al. 2001). Unfortunately, bird 

band recoveries are uncommon, and in terms of migration tracking, can only provide information 

on the banding location and recovery location.  
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Stable-isotope analysis involves determining the origin of where a tissue was grown, and 

can thus be informative for mapping migration when a bird is sampled at a distance from tissue 

growth. This technique compares the hydrogen isotopic (deuterium) signatures of tissues to 

global, and naturally occurring gradients in hydrogen isotopic values that vary predictably across 

large or small spatial scales. Seasonally grown tissues, such as feathers and claws, are typically 

used and can provide information on the annual movements of the animal as it moves across 

isotopic gradients (Farmer et al. 2008). Isotope analysis requires relatively little disturbance to 

the bird, only the non-lethal collection of tissue, and can be very informative at a broad scale. 

The study of migratory connectivity has been significantly advanced by isotope analysis 

(Faaborg et al. 2010b) and most previous studies on migratory landbirds have used these 

methods (Faaborg et al. 2010a). Previous studies conducted on the American Redstart 

(Setophaga ruticilla; Norris et al. 2006), Bicknell’s Thrush (Catharus bicknelli; Hobson et al. 

2004), the Yellow Warbler (Setophaga petechial; Boulet et al. 2006) and the Black-throated Blue 

Warbler (Setophaga caerulescens; Rubenstein et al. 2002) relied on the use of stable isotopes. 

These studies provided invaluable information on broad connections between breeding or 

wintering locations, but were unable to provide detailed information on the annual movements of 

these species. Despite their frequent use in studies on migratory species, the use of stable isotope 

analysis is limited. In some geographic regions, there can be low spatial resolution which may be 

less than what is required for some studies. In the northern hemisphere, the geographic origins of 

two samples cannot be differentiated if they are separated by less than 12° of latitude (Farmer et 

al. 2008). Therefore, stable isotopes cannot identify precise connections between geographic 

locations, nor can they provide fine-scale information on migratory behaviour, such as timing 

and speed.  
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Genetic markers can also serve to improve our understanding of year-round annual 

movements in migratory species. Genetic material can be sampled across the year-round range, 

and species-specific sequence variation can be analyzed and compared between sites. Genetic 

markers can be particularly helpful in determining the strength of migratory connectivity, and 

migration patterns; such as in the study of the migration patterns of the Swainson’s Thrush 

(Catharus ustulatus; Ruegg and Smith, 2002). Seventeen breeding populations were intensively 

sampled, which enabled the identification of a geographic divide based upon mitochondrial DNA 

variation. A coastal and continental haplotype were identified, from which it was possible to 

identify that the western continental population take a circuitous migration route to their 

wintering grounds (Ruegg and Smith, 2002). This technique can be used ubiquitously to 

determine broad population patterns and connectivity; however, it cannot provide direct tracking 

of specific migration routes or other migration behaviour of individuals.   

Satellite transmitters are tags that are carried by individual birds that send signals to 

satellites reporting the location of the individual. Satellite transmitters do not need to be 

recovered, as they transmit information, and can transmit continuous route data at regular 

intervals without the use of additional infrastructure. Additionally, satellite transmitters are very 

accurate, and can report the specific location of birds. However, there can still be location error, 

with one paper noting implausible locations were provided 4.48% of the time, and having a 

location precision of approximately 4 km to 35 km from the actual location (Britten et al. 1999). 

Satellite tags have not become miniaturized to the point where they can be widely used on small 

(<50g) land birds, although they have already been implemented on larger species, such as raptor 

species like the Montagu’s Harrier (Trierweiler et al. 2014). Furthermore, satellite transmitters 

are rather costly compared to other tracking devices, and most available devices that provide 
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continuous positions are still large (Francis et al. 2016). The units that have been miniaturized 

(as small as 3.5 g as of 2018) with transmitting abilities, are limited to recording a limited 

number of locations (e.g. ~30 locations). Smaller GPS units have been developed (as small as 1.0 

g as of 2018) that can capture a higher number of locations (e.g. ~50-100 locations) but that do 

not transmit the information and need to be recovered. These units therefore are generally unable 

to provide data on an entire migration for most species, or to capture spring and fall migration 

departure and arrival dates, and are still too large to be used on the smallest of migratory 

songbirds.  

While radio-tracking techniques have been widely used to study the small-scale 

movements of migratory songbirds by using single, hand-held or mounted receivers, new 

automated-telemetry systems pose new opportunities for tracking migration. The Motus Wildlife 

Tracking system (www.motus.org) is a radio-tracking network that can provide real time and 

exact coordinates for migrating birds without having to retrieve the unit. This technique can be 

used on very small birds due to the low tag weight (as little as 0.25 g), but requires additional 

infrastructure (receiving stations, typically set up as towers) to capture the signal transmitted by 

the unit on the bird. In optimal conditions the receiving station can record a bird’s position up to 

distances of approximately 20 km from the station (Francis et al. 2016). Motus has led to many 

new insights, such as new information on the migratory behaviour, stopover ecology, and 

migration timing of birds and bats (Francis et al. 2016). However, to capture continuous 

migratory movements, a corresponding continuous array of receiving stations is required to 

receive the transmitter’s signal. Additionally, in regards to migration tracking, Motus only 

provides data on distances and times between detections at towers passed within <20 km during 
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migration. Motus thus does not provide a route, but rather a series of spatio-temporal records that 

are limited by the location of receiver stations.	

Light-level geolocators offer many advantages over the tracking methods described 

above. This is currently the only method that can be used to estimate the position of small (<50g) 

migratory songbirds year-round providing daily, spatio-temporal information for full migratory 

journeys. Due to their low weight (weighing as low as 0.3 g), they broaden the species that can 

be studied (Rakhimberdiev et al. 2015), including species that weigh less than 10 g. Geolocators 

are currently the least expensive tracking device and require no additional structures or 

equipment to track the individual. In light-level geolocation, coordinates are calculated using 

astronomical equations using the length of day and solar noon (Hill and Braum, 2001). This 

process involves the assignment of sunset and sunrise times on a light curve data recorded by a 

geolocator, which records ambient light levels and time (which is calibrated to Greenwich Mean 

Time (GMT)). Geolocators are archival and do not transmit any information thus they need to be 

recovered, which can be a limitation of this technology. Geolocators have been used on a 

diversity of species groups, such as: shorebirds (Rakhimberdiev et al. 2016, Senner et al. 2014), 

seabirds (Gonzalez-Solis et al. 2007, Bost et al. 2009, Egevang et al. 2010), raptors (Rodriguez et 

al. 2009), waterfowl (Eichorn et al. 2006), and songbirds (Stutchbury et al. 2009, Fraser et al. 

2012, McKinnon et al. 2013, DeLuca et al. 2015). They have become an increasingly common 

method to track songbirds year-round due to their continued miniaturization and thus suitability 

for tracking small (< 50 g) birds. Data from geolocators has been instrumental in the field of 

songbird ecology providing insight into year-round movements, migratory connectivity, 

overwintering ranges and habitat use, migration routes, behaviour and migration theory.  
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In the first study to track songbirds on their full migration, Stutchbury et al. (2009) used 

geolocators to identify wintering sites, migration routes, migratory timing, stopover locations and 

migration rates for Wood Thrush (Hylocichla mustelina) and Purple Martin (Progne subis). This 

study popularized the use of geolocators on songbirds (and has been cited 376 times), resulting in 

their pervasiveness in songbird research over the past decade. Geolocators have since been 

deployed on countless other songbird species, and have increased our understanding of the year-

round movements of species, have provided insight to migration theory, identified conservation 

priorities for listed species, and developed our understanding of the spatial connection between 

breeding and non-breeding areas.  

 Geolocators can serve to provide insight on the migratory behaviour of species and can 

elucidate new understanding into well-studied systems furthering migration theory. DeLuca et al. 

(2015) used geolocators to track Blackpoll Warblers (Setophaga striata) for the first time along 

their trans-Atlantic migration to wintering sites in South America. Through the identification of 

migration timing, this study recorded up to three days of non-stop migratory flight, recording one 

of the longest overwater migrations performed by a songbird. Furthermore, they identified 

stopover locations in the Greater Antilles where Blackpoll Warblers would refuel before flying 

to northern South America. Therefore, the use of geolocators furthered our understanding of the 

migratory behaviour and stopover locations of this species. Geolocators were also instrumental 

in determining the migration routes of the Connecticut Warbler, which also crosses the Atlantic 

during fall migration and performs a non-stop two-day flight to reach the Greater Antilles 

(McKinnon et al. 2017). This was not largely suspected for the species. The migration route 

reported by McKinnon et al. (2017) explains why Connecticut Warblers are so rarely reported 

during migration and demonstrates a new behaviour for this species. The use of geolocators was 
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useful in disproving the long-standing inference that Fox Sparrows (Passerella iliaca) in western 

North America exhibit a leap-frog migration pattern, where northern breeding populations have 

the longest migration distance and overwinter farthest south, leap-frogging over the range of 

southern breeders (Fraser et al. in press). Fraser et al. (in press) concluded that populations of 

Fox Sparrow overwintering in the south portion of the range, bred in the same area as individuals 

that overwintered at northern sites, providing evidence to refute the long-held notion of leap-frog 

migration in Fox Sparrows.  

Geolocators are being used to fill important knowledge gaps in our understanding of 

year-round movements, habitat use and migratory connectivity of Species At Risk, such as 

Kirtland’s Warblers, Golden-winged Warblers and Wood Thrush. Endangered Kirtland’s 

Warbler were tracked using geolocators to identify their overwintering locations, migratory 

timing, and stop over locations (Setophaga kirtlandii; Cooper et al. 2016). The information 

provided by these geolocators will help to direct conservation initiatives and recovery strategies 

for this species. Geolocators were also used to study Golden-winged Warblers (Vermivora 

chrysoptera) from different breeding populations, with varying population trends, to better 

understand potential factors that could be impacting population declines in this species (Kramer 

et al. 2017). The three different breeding populations exhibited almost complete geographic 

separation throughout the annual cycle, necessitating that future conservation efforts take a 

population-specific approach. This study emphasized the importance of studying multiple 

populations, and stressed potential population-specific threats that could differentially influence 

breeding populations that should be considered when developing conservation strategies. Stanley 

et al. (2015) used geolocators to further our understanding of the migratory connectivity of a 

declining songbird, the Wood Thrush (Hylocichla mustelina). Migratory connectivity is the 
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strength of spatial connection between breeding and non-breeding areas. In this study, Stanley et 

al. (2015) quantified migration routes and wintering sites for distinct breeding populations and 

found that over half of the species overwintered in a heavily deforested region that only included 

one third of the total wintering habitat. Furthermore, this study identified areas of high overlap 

along spring and fall migration where habitat should be prioritized for conservation, such in the 

central U.S. Gulf Coast, and in Florida.  

Although geolocators have furthered our understanding of songbird migration, the 

technology does have limitations, which are infrequently discussed. The inherent difficulty with 

geolocation is that light from the sun seldom reaches the surface of the earth without some sort 

of interference. Any factor that impacts the ambient light or that could shade a geolocator unit 

can impact its accuracy. Weather and habitat are the foremost causes of decreased accuracy of 

light readings, but factors such as behaviour and topography can also impact the accuracy of the 

unit by compromising the light readings (Lisovski et al. 2012). Different causes of shading can 

impact the light data in varying ways. Topography and vegetation can cause consistent shading, 

which can bias position estimates by shortening day length and delaying sunrise and sunset 

times. In contrast, atmospheric and weather conditions and behaviour can cause decreased 

precision in the location estimates by increased shading of the light sensor, resulting in increased 

variation in sunrise and sunset times (Lisovski and Hahn, 2012). In migratory species, the effect 

of shading by these factors is typically inconsistent throughout the year as birds move through 

different locations and have seasonal changes in behaviour, causing an additional source of 

variation in sunrise and sunset times. Additional factors like moult and feather shading can cause 

added variation in shading throughout the year (Philips et al. 2004). When the effects of weather, 

topography and vegetation were compared for their influence on estimated day length as 
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recorded by geolocators, vegetation had the strongest impact (Lisovski et al. 2012). The effects 

may also vary across vegetation or habitat types. When these were analyzed by measuring day 

length across a spectrum of habitat densities (in woodland habitat, shrub habitat, reed bed, and 

solitary tree) the day length recorded by geolocators in wooded areas was significantly shorter 

than those found in shrubs, solitary trees, or reed beds due to shading (Lisovski et al. 2012). In 

addition to vegetation, the time of year can also greatly impact the accuracy and precision of 

location estimates. Latitudinal error varies throughout the year, and can be heavily impacted by 

the equinox, when day length is similar across the globe. New methods of analysis aim to fill in 

gaps during equinox using last and next inferred locations; however, this is nevertheless a 

limitation. In contrast, when day length varies greatly with latitude, such as at locations of high 

latitude in the mid-summer and mid-winter, latitudinal estimates are more accurate (Lisovski et 

al. 2012). Considering these limitations, it is important to understand what geolocator analytical 

method provide the most precise estimates given the particular behaviour, biology and habitat 

preferences of any given study species. 

Although the theory behind geolocation is fairly simple, data processing is not easy or 

straightforward. Additionally, data from species with complex movements can pose challenges 

during data analysis. The species that are most problematic to study using geolocation include 

migratory taxa that move along a large range of latitudes (and/or with very little variation in 

longitude), those that move at different speeds during migration, and those that migrate primarily 

during the equinox (Rakhimberdiev et al. 2016). Determining the most appropriate analysis that 

will provide the most accurate results can be challenging (Lisovski and Hahn, 2012). Large 

deviations between inferred and actual coordinates can have major implications for research and 

conservation, as they may lead to false conclusions about migration timing, routes, and habitat 
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use (Lisovski et al. 2012). The development of open access analysis packages in R such as 

GeoLight, SGAT and FLightR aim to increase the accuracy and reproducibility of geolocator 

analysis. Nonetheless, it is still unknown how effective these methods are, and whether they 

provide differing results. The objectives of this thesis are to: 1) investigate the outcome of 

different methods of analysis of geolocator data in songbird research, and 2) to apply these 

methods to the tracking of a Neotropical songbird to better understand the migration ecology of 

this species and to guide its conservation.  

The first chapter compares qualitatively and quantitatively the three, main open-source 

methods of geolocator analysis (GeoLight, SGAT, and FLightR) using geolocator data from four 

songbird species, whose data represents a spectrum of light quality. The second chapter uses 

recommendations made in chapter one to analyze the geolocator data of a threatened (Canadian 

Species At Risk Act) Neotropical migrant, the Canada Warbler (Cardellina canadensis), to 

identify migration routes and wintering sites used by this species, and makes recommendations 

for the conservation of the species.  
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CHAPTER 1 

ABSTRACT 
 

Migration is the least understood part of the lifecycle of a migratory bird. Light-level 

geolocators have been deployed with increasing regularity on long-distance migratory songbirds 

to better understand their full lifecycle. However, it is unknown which method of analysis is best 

suited to songbird data, as no comparisons of the three main geolocator analyses (FLightR, 

SGAT and GeoLight) have been performed. There is a strong need to evaluate methods of light 

data analysis from geolocator data typical of what is acquired through songbird tracking, to guide 

best practices for future studies. I used geolocator light data derived from tracked individuals of 

four songbird species that differed in quality based on species-specific behavioural differences, 

as well as the make and model of tag used. Three geolocators per species were analyzed in 

GeoLight, SGAT and FLightR to determine which method produced similar and the most precise 

results. I compared the distance between the known and estimated deployment location (i.e. the 

location where the unit was deployed on the bird), as well as the variance in the latitude and 

longitude coordinates at the deployment location and a stationary non-deployment location (i.e. 

the stationary location that the bird migrates to). The overall migration routes were qualitatively 

compared to determine whether the general migration pattern, route, and non-deployment 

locations were similar across methods. I found that the difference between the actual and 

estimated deployment locations were comparable across analysis types and did not differ 

between species, nor did the longitudinal variance at both the deployment and non-deployment 

site. However, there was a significant difference in the latitudinal variance both at the 

deployment and non-deployment location by analysis. GeoLight provided more variable 

latitudinal estimates than SGAT and FLightR. Lastly, shading of the light sensor had an overall 
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negative impact on location estimates. My results show that discrepancies between true and 

calculated locations can to lead to incorrect inferences and, therefore, it is of paramount 

importance to have a strong understanding of which method provides the best estimates.  

INTRODUCTION 
 

Many songbird species breeding in temperate North America migrate twice annually to 

take advantage of seasonal variation in resources. With complicated movement patterns, 

migratory birds are a difficult group to study (Faaborg et al. 2010) but light-level geolocators 

have been instrumental to the field of ornithology, by enabling an estimate of location of 

individual migratory birds. They have provided great insight into year-round movements 

(Cooper et al. 2016, Stutchbury et al. 2009, Wolfe and Johnson, 2015), migratory connectivity 

(i.e. the spatial connection between individuals or populations at breeding and non-breeding 

areas; Stanley et al. 2015, Fraser et al. 2012), overwintering habitat use (Cooper et al. 2016, 

Fraser et al. 2017, Stanley et al. 2015, Wolfe and Johnson, 2015), migration routes (DeLuca et al. 

2015, Egevang et al. 2010, Stutchbury et al. 2009, Wolfe and Johnson, 2015, Hobson and 

Kardynal, 2015, McKinnon et al. 2017), and migration theory (McKinnon et al. 2013). 

Geolocators are currently the least expensive and, thus, most widely used tracking device 

(Rakhimberdiev et al. 2016a). They record ambient light levels and a measure of time. From 

these data, coordinates are calculated using the length of day and solar noon to assign sunset and 

sunrise times on a light curve (Hill and Braum, 2001). Latitude is approximated by sunrise and 

sunset times, and longitude is determined by the time of solar noon (Lisovski et al. 2012). Recent 

miniaturization of geolocators (now weighing < 0.5 g) has enabled year-round tracking of small 

birds (< 10 g, Cooper et al. 2017; DeLuca et al. 2015; Kramer et al. 2017; McKinnon et al. 

2017). As such, the use of geolocators has significantly advanced our understanding of passerine 
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behaviour as it remains the only method that can provide daily estimated coordinates for small 

migratory songbirds year-round.  

Analytical methods have advanced in conjunction with the miniaturization of geolocator 

units. The three most commonly used open source R packages for geolocator analysis are 

GeoLight (Lisovski and Hahn, 2013), SGAT (Sumner MD et al. 2009) and FLightR 

(Rakhimberdiev et al. 2016a). As geolocators record ambient light, they have the inherent 

problem that any element affecting the light intensity reaching the light sensor on the unit, such 

as shading, can affect the positions calculated (Lisovski et al. 2012). Weather, topography, 

vegetation and behaviour can all impact the coordinates that result from analysis by affecting the 

quality of the light data received by the unit. Furthermore, the length of daylight at the vernal and 

autumnal equinoxes is similar around the globe, making it difficult to accurately estimate 

latitudinal coordinates (Lisovski et al. 2012). All three of these open-source packages were 

developed with the aim to increase the accuracy and reproducibility of geolocator analysis and to 

overcome some of the limitations of geolocator data. The three methods nonetheless differ in the 

way they estimate locations.  

GeoLight was developed in 2012 with the goal of being a complete, quick, and 

reproducible method of geolocator analysis (Lisovski et al. 2012). It uses a threshold fit to define 

twilight times; which are measures of where sunrise and sunset time occur as identified light 

levels surpasses a predetermined threshold. This method only requires one data point per 

twilight, sunrise or sunset, to provide a location (Rakhimberdiev et al. 2015). The threshold fit 

method assumes constant shading and no movement between twilight times (Lisovski et al. 

2012). Coordinates are estimated using astronomical equations that use two subsequent twilight 

times. These equations also include a measure of sun elevation angle, which is the angle of the 
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sun relative to the horizon when light levels cross the predetermined threshold (Lisovski and 

Hahn, 2012; Montenbruck and Pfleger, 2000). The correct sun elevation angle can be determined 

for the site of geolocator deployment; however, determining the appropriate sun elevation angle 

for the remainder of estimated (but not explicitly known) locations requires inference. The sun 

elevation angle can be impacted by any number of factors that influence when the unit would 

record sunlight, including: weather, topography, habitat, behaviour, device architecture, and 

sensitivity of the light sensor (Lisovski et al. 2012). Thus, the sun elevation angle calibrated to 

the deployment site may not be suitable for all location data (Lisovski et al. 2012).  

Rather than using a single value for calibration, the SGAT method derives a distribution 

of zenith angles using stationary geolocator data and known coordinates (Cooper et al. 2016). 

The zenith angle is the angle between the sun and the 90º vertical axis of the earth when the sun 

crosses a specified light threshold (Cooper et al. 2016). Functionally, it is equivalent to the sun 

elevation angle; however, the zenith angle differs by 90 degrees, as the sun elevation angle is the 

angle between the sun and the horizon when the sun crosses the light threshold. The SGAT 

method provides location estimates and a measure of precision, while incorporating prior 

information on the typical movement speeds and known geographic range of a species, as well as 

the geolocator data (Sumner et al. 2009). This approach uses a threshold fit in a Bayesian 

framework using a Markov Chain Monte Carlo to determine the most likely location coordinates 

(Sumner et al. 2009). To estimate locations using SGAT, three independent Markov chains are 

used drawing 120,000 estimated locations for burning in and tuning the model. A final 15,000 

estimated locations are used to identify the posterior distribution (Cooper et al. 2016). The 

iterative process generates a distribution of possible location estimates, the spread of which 

indicates credible intervals for every daily coordinate. The use of prior information for a species, 
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such as the known geographic range or migration behaviour can be used to apply a spatial mask 

and behavioural model to the analysis. This can serve to remove unrealistic latitudinal estimates 

(e.g. points falling outside of the known range; Cooper et al. 2016). However, some error still 

remains around the equinoxes.  

FLightR is a hidden Markov chain model that was developed to analyze geolocator data. 

FLightR combines two models: a hidden process animal movement model and an observational 

model of light measurements (the physical observation model) and considers previous and 

subsequent locations (Rakhimberdiev et al. 2015). A posterior is then calculated using a particle 

filter algorithm to determine the most likely position and movement for each twilight period. The 

physical model connects light intensities at twilights recorded by the geolocator with expected 

light intensities at different geographic coordinates (Rakhimberdiev et al. 2015). The physical 

model that is used to determine raw coordinates is based on template fit method that is shown to 

be more robust as it uses not one but many subsequent light measurements and is less prone to 

shading events (Ekstrom, 2007; Rakhimberdiev et al. 2015). The movement model used in 

FLightR is a simplified double model with two behavioural states: sedentary or migratory. 

Movements are modelled to be highly variable with distance, direction and behavioural changes 

to be uncorrelated with time, and to be highly variable between days, and are estimated 

probabilistically (Rakhimberdiev et al. 2015). A spatial behavioural mask controls the change of 

the behavioural state in unfavourable habitat. For example, a land bird can travel over water but 

cannot enter a sedentary state over a waterbody. Additionally, FLightR allows for movements 

between twilights. Thus, FlightR strives to improve location and time estimates in comparison 

with other, previously developed methods (Rakhimberdiev et al. 2016a). 
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Although, FlightR has been described as an improvement over precursory methods (such 

as GeoLight, Rakhimberdiev et al. 2016b), the methods of analysis have not been quantitatively 

or qualitatively compared using small land bird data. Only one previous comparison has been 

made between geolocator analyses types (GeoLight and FLightR) using a single Black-tailed 

Godwit (Limosa limosa) that carried two-tag types, a geolocator and a GPS tag. Based on a 

comparison of precise, satellite-derived locations from the GPS tag and estimates from the 

geolocator, Rakhimberdiev et al. (2016b) concluded that FLightR provided more accurate 

location estimates than GeoLight. As this shorebird species occurs in very open habitats, and as 

the geolocator was leg mounted, the geolocator data used in this study was free from feather and 

habitat shading; a situation rarely attained when tracking smaller songbirds with geolocators. 

Thus, there is a strong need to evaluate primary analysis methods of light data that are 

representative of typical geolocator data collected from songbirds where shading is expected to 

affect spatial position estimates to varying degrees. It is also imperative to identify which 

analysis method is appropriate for the species being studied, and whether it can answer the 

research question asked. This is a major knowledge gap as no comparisons between analysis 

types have been made using geolocator data from small songbirds, and this is particularly 

concerning considering the regularity with which these units are being deployed on light-weight 

songbirds.  

My objective was to quantitatively and qualitatively compare the three main geolocator 

analysis methods (GeoLight, SGAT and FLightR) for four songbird species, which represent a 

spectrum of light data variation that can be expected when tracking songbirds. Accuracy, the 

difference between the actual value and inferred value, and precision, the variation in estimates, 

were compared at the deployment location (i.e. the location where the geolocator was deployed 
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on the bird). At the non-deployment location (i.e. the stationary location the bird migrates to) 

only precision was compared because actual locations were not known. My objective was to 

quantitatively determine the method that 1) provided the most accurate location estimates when 

birds were at a known location (at the deployment site), 2) provided the least amount of variation 

in (i.e. most precise) location estimates at the known, deployment location and 3) provided the 

least amount of variation at the non-deployment sites where locations are inferred based upon 

each analysis. Additionally, I quantitatively determined the effect of differing amounts of 

shading on the location estimates, to determine 4) whether shaded geolocator data impacted the 

accuracy of location estimates at the deployment location, 5) whether shading impacted the 

precision in estimates at the deployment location, and 6) at the non-deployment location. Lastly, 

I qualitatively compared the methods to determine whether they provided the same general 

location estimates for the non-deployment stationary location and whether the general migration 

pattern and migration routes were similar across methods. I predicted that shading would 

increase the amount of variability and thus precision and accuracy in the location estimates for 

all three analyses, and therefore would differ between species. I further predicted that the SGAT 

and FLightR analyses would result in less variable (i.e. higher precision) and more accurate 

location estimates regardless of level of shading present in the data because of the iterative 

process. 

METHODS 
 

Geolocator data from three individuals of each of four different songbird species (Canada 

Warbler (Cardellina canadensis), Fox Sparrow (Passerella iliaca), Mountain Bluebird (Sialia 

currucoides), and Purple Martin (Progne subis)) were analyzed in the primary open access R 

packages (GeoLight (Lisovski et al. 2012), SGAT (Sumner et al. 2009) and FLightR 
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(Rakhimberdiev et al. 2016a). These species were chosen for their differing habitat requirements 

and life history traits which could provide a range of the amount of error and shading expected in 

songbirds. For analysis in FLightR, I followed methods outlined by Rakhimberdiev et al. 

(2016a). For analysis in SGAT, I followed methods provided by Cooper et al. (2016) and for 

analysis in GeoLight, I followed a tutorial by Hallworth (2015). To define twilights, the package 

TwGeos was used (Wotherspoon et al. 2016). The twilightEdit function in TwGeos was used to 

edit or delete possible outliers that deviated from the twilight times over a four-day window by 

over 45 minutes.  

As per the methods outlined by Rakhimberdiev, in the FLightR analysis I set the 

behavioural model so that individuals could not become stationary locations further than 100 km 

from shore over water; however, locations could be assigned anywhere. Similarly, in the SGAT 

analysis, I defined a spatial land mask that included a buffer of 100 km from shore. Locations 

within this land mask were 5 times more likely than estimates on water, as all four species 

considered in this analysis are landbirds and are expected to primarily migrate over land. 

However, location estimates on water were not prohibited altogether as over-water crossings are 

also potentially a component of migratory routes (DeLuca et al. 2015, McKinnon et al. 2017). 

Furthermore, the movement model used in the SGAT analysis reduced unrealistic spatial 

estimates by limiting each subsequent spatial point to within the speed and distance at which a 

songbird can reasonably travel. The movement model used in SGAT analysis was a gamma 

distribution with a mean of 0.45 and a standard deviation of 0.05. This distribution for the 

movement model was selected as it permits a high frequency of short movements and rare long-

distance movements, which would be expected in a migratory species. The probability nears zero 

at approximately 60 km/hr. Faster speeds are still possible, but are unlikely.  
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The Canada Warbler is a ground nesting bird that breeds in dense thickets in mixed wood 

forests in Canada and in northeastern United States. The species migrates through forested areas 

around or across the Gulf of Mexico and through Central America to reach wintering grounds in 

montane areas (cloud forest and rainforest) of northern South America. Canada Warbler habitat 

across its range is characterized by dense undergrowth (Reitsma et al. 2009). The preference of 

Canada Warblers for dense, forested habitat, with a substantial amount of understorey during the 

entire annual lifecycle is predicted to increase shading and the number of false twilights in the 

geolocator data. Furthermore, as it overwinters in montane habitat, topographical relief could 

create a biasing of the location estimates due to a shortening of day length. 

The Fox Sparrow breeds at the edge of coniferous or mixed second growth forests across 

northern and western Canada and the United States. The individuals used in this analysis were 

from the subspecies group P. i. unalaschcensis which breeds on the coast of British Columbia 

and Alaska and nests in dense thickets on or near the ground. They have been reported during 

migration in the eastern deserts of California (Weckstein et al, 2002). Overwintering sites are 

brushy and are characterized by chaparral vegetation on north facing slopes (Weckstein et al, 

2002). As Fox Sparrows occur in dense thickets and brushy vegetation, habitat shading should be 

expected in the geolocator data, but to a lesser extent than in the Canada Warbler data.  

The Purple Martin is a secondary cavity-nester that nests colonially primarily in human-made 

birdhouses, typically preferring riparian areas or forest edges (Brown and Tarof, 2013). The 

Purple Martin migrates through a variety of open habitats, with many birds traversing the Gulf of 

Mexico (Stutchbury et al. 2009). In their wintering grounds, they occupy agricultural areas and 

savannas, roosting in large communal roosts at night (Brown and Tarof, 2013). As the Purple 

Martins is an aerial insectivore which selects  open habitats, this results in fewer daytime shading 
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events caused by tree cover; however, nest box use in breeding season increases the number of 

shading events. As such, shading is expected to be high during the breeding season, but is 

anticipated to be low during the remainder of the life of the tag.  

The Mountain Bluebird is also a secondary-cavity nester, often nesting in human-made nest 

boxes. It nests in prairie-forest ecotones, typically characterized by open fields and pasture. The 

species’ habitat during migration and overwintering are similar to its nesting habitat, with 

overwintering in grasslands or meadows, sometimes with some trees and shrubs (Power and 

Lombardo, 1996). Mountain Bluebirds occur in relatively open habitats but use nest boxes 

during the breeding season. This increases the number of daytime shading events during the 

breeding season. Behavioural changes that take place during the year can impact the quality of 

the light data. The geolocator data is therefore expected to be highest during the breeding season, 

with some shading events during the remainder of the year.  

Three different kinds of geolocators were used: Lotek MK5490 tags (Purple Martins and 

Mountain Bluebirds), Migrate Technology W30 Z11-DIP (Canada Warblers), and Migrate 

Technology P65B114 (Fox Sparrows). The Lotek tags measure light variation up to a maximum 

light threshold every day and therefore provide information on sunrise and sunset, but do not 

record the amount of variation of light intensity within the day beyond the maximum threshold 

(but they do record shading events below this threshold). The Migrate Technology units provide 

more variation based on sun level fluctuations. The units deployed on Purple Martin, Mountain 

Bluebirds and Fox Sparrows all had light stalks, which extend from the surface of the geolocator 

and help to position the light sensor above the feathers of the bird. The MK5490 unit has a stalk 

length of 9 mm and the P65B114 unit has a 14 mm light stalk. The W30 Z11-DIP unit is stalk-

less, and is the smallest tag currently commercially available. This type of tag is becoming 
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commonly used on small songbirds due to its light weight (0.32g). The weight of the P65B114 

unit is 0.75 g and of the MK5490 unit is 1.1 g.  

The geolocators were deployed on each bird using a modified leg-loop harness made of 

polypropylene thread and individually fitted to the bird (Rappole and Tipton 1991). The Canada 

Warbler geolocators were deployed at their breeding grounds in 2014 in Slave Lake Provincial 

Park, AB (55.26, -114.78). The Fox Sparrow geolocators were deployed in their wintering 

grounds in 2014 in Point Reyes Peninsula, CA (37.91, -122.68). The Mountain Bluebird and 

Purple Martin geolocators were deployed on their breeding grounds near Lacombe, AB, in 2014, 

(52.39, -113.61). 

The number of false twilights were determined for each species. Each day should only have 

two twilight events, a sunrise and a sunset.  The number of false twilight events is a measure of 

the number of times light fell below a threshold, indicating a false-positive for sunrise or sunset. 

The variability in the number of false twilights in the geolocator data is the result of a number of 

factors, such as: the behaviour of the species, feather shading, the topography and habitat type, 

sex, and the geolocator model. The number of false twilights can thus be used as a measure of 

the relative shading of the light data based upon the sum effect of these factors. A daily average 

of false twilights was calculated for each species by summing the number of times the light level 

crossed the 1.5 threshold level per day, subtracting two for the true sunset and sunrise, and 

averaging the number of false twilights for the life of the tag. This was also done 30 days after 

deployment while the individual was still at the deployment location and during a period of 30 

days while the individual was at the non-deployment location. The number of false twilights 

between deployment and non-deployment sites were compared using a paired t-test. 
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All individuals remained at the deployment location for 30 days prior to migrating and 

therefore the deployment site values were calculated by averaging data from the first 30 days the 

tag was on the bird. To complement, the non-deployment site values were averaged during 30 

days that the species was at a stationary location (either the breeding or wintering location based 

on the species). The non-deployment periods were determined by referencing previous work that 

reported the approximate arrival at the wintering or breeding grounds (Paynter 1995; Rosenberg 

et al. 1991; Stutchbury et al. 2009; Pulich 1998) and were selected at least two weeks after the 

reported arrival date to ensure they had arrived. December was selected as the non-deployment 

month for the Canada Warbler (wintering ground arrival end of September (Paytner, 1995)) and 

the Purple Martin (wintering ground arrival mid-October (Stutchbury et al. 2009)), November for 

the Mountain Bluebird (wintering ground arrival October (Rosenberg et al. 1991), and June for 

the Fox Sparrow (breeding ground arrival from April to May (Weckstein et al. 2002)).  

To determine the accuracy of spatial estimates at known deployment locations, the 

average estimated deployment location was calculated by averaging the coordinates during the 

first 30 days. The distance between the calculated location and the actual deployment location 

was calculated in ArcGIS, to determine a measure of deployment site accuracy. The distance 

from deployment location values were not normally distributed and were thus transformed to fit 

a normal distribution by performing a log transformation with a base 10 log. Prior to 

transformation the distribution had a right skew, as most distances between the actual and 

estimated deployment locations were typically low with few larger distances. All extreme values 

were considered biologically reasonable and were not removed as outliers. The deployment site 

accuracy was then evaluated by comparing the distance between the known deployment location 

and the coordinates calculated by each package (GeoLight, SGAT and FLightR) using a nested 
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two-way analysis of variance (ANOVA) in R, nesting ID within species (to control for lack of 

independence in samples), and subsequently performing post hoc pair wise comparisons using 

the Tukey’s HSD analysis.  

To compare precision the variance in the estimated latitudinal and longitudinal 

coordinates at the deployment site and non-deployment site were compared across analysis types 

(GeoLight, SGAT and FLightR) using a nested ANOVA in R, with ID nested in species. The 

data were log transformed to fit a normal distribution using base 10 log. Again, as all extreme 

values were biologically reasonable they were not removed as outliers. The amount of variance 

in the longitudinal and latitudinal estimates at the deployment location was also compared using 

a paired t-test. 

Lastly, the overall migration route and stationary location estimates were qualitatively 

compared across analysis methods for each species to determine whether they generally 

matched. The migration routes were qualitatively compared by whether the general pattern was 

the same and whether the route taken was part of the same major flyway. This qualitative 

analysis was summarized in tabular form and was assigned four different rankings: 1) the 

outcome of the three methods usually match, 2) the outcomes occasionally match, 3) the 

outcomes rarely matched and 4) the outcomes did not match. Nine comparisons were made per 

species, three per individual comparing the different methods to one another. The category 

Outcomes “usually match” was defined as 6 - 9 of the possible comparisons between methods 

produce a similar result. “Occasionally match” was classified as 3 - 5 of the methods produce a 

similar result. “Rarely match” was classified as one or two comparisons produce a similar result. 

Lastly, the category of “did not match” was used when none of the comparisons produce a 
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similar result. Matches between analysis results that were out of the species range were not 

considered as agreements between methods as they were seen as impossibilities.  

RESULTS 
 

The geolocator data from the four species ranged in the amount of false twilights (sunrises 

and sunsets) per day. The number of false twilights overall were significantly different by 

species (ANOVA: F3, 8=4.87, P=0.033). Canada Warbler data had the highest number of false 

twilights per day (mean = 7.97 ± 2.32 SE) indicating the most shading, followed by data from 

Mountain Bluebird (mean = 3.41 ± 1.29 SE), and Purple Martin (mean = 2.69 ± 0.90 SE; see 

Figure 1.1). Light data from Fox Sparrows had the least amount of false twilights (mean = 0.59 ± 

0.21 SE). The pair-wise Tukey’s test showed that the Canada Warbler and the Fox Sparrow 

significantly differed from one another (P=0.025).  

The average number of false twilights during the first 30 days of the life of the tag while at 

the deployment location were highest for the Mountain Bluebird, (mean = 7.74 ± 3.93 SE), 

followed by the Purple Martin (mean = 3.60 ± 1.78 SE), Canada Warbler (mean = 0.95 ± 0.24 

SE) and Fox Sparrow (mean = 0.18 ± 0.05 SE; see Figure 1.2). The number of false twilights at 

the deployment location (over 30 days) were not significantly different (ANOVA: F3, 

8=2.50, P=0.13; see Figure 1.2).  

The number of false twilights at the non-deployment location were significantly different by 

species (ANOVA: F3, 8=5.93, P=0.020; see Figure 1.3). Canada Warbler had the highest number 

of false twilights (species mean = 11.27 ± 3.30 SE), followed by the Mountain Bluebird (species 

mean = 3.72 ± 2.61 SE), the Fox Sparrow (mean = 0.67 ± 0.27 SE) and the Purple Martin (mean 

= 0.13 ± 0.074 SE; see Figure 1.3). The Tukey’s HSD analysis showed that the number of false 



30	

twilights for Canada Warbler significantly differed from those for Fox Sparrow (P=0.030), and 

Purple Martin (P=0.024). There was no significant difference in number of false twilights 

between non-deployment and deployment locations (paired t-test: P=0.69).  

The difference in distance (km) from the known deployment location to the estimated 

location did not significantly differ by analysis type or by species (ANOVA: F13, 

22=2.75, P=0.08; see Figure 1.4). Although differences were not statistically significant, the Fox 

Sparrow had the highest difference in distance between actual and inferred deployment location 

(species mean = 461.21 km ± 139.48 SE), followed by the Canada Warbler (species mean = 

284.77 km ± 67.9 SE), the Mountain Bluebird (mean = 226.53 km ± 46.44 SE) and the Purple 

Martin (mean = 214.74 km ± 101.01 SE). Furthermore, GeoLight had the most variation and the 

highest mean differences in distance from known and estimated deployment location (mean = 

493.68 km ± 121.82 SE), albeit not statistically significant (SGAT: mean = 168.95 km ± 23.29 

SE; FLightR: mean =227.81 km ± 41.16 SE; also see Figure 1.4).     

The analysis method had a significant impact on inferred deployment location longitude 

variance (ANOVA: F13, 22= 13.47, P=0.00015); however, species did not (ANOVA: F13, 22=1.86, 

P=0.17; see Figure 1.5). The estimated longitude variance at non-deployment locations differed 

significantly among all three methods. GeoLight significantly differed from FLightR (P=0.05), 

SGAT significantly differed from FLightR (P=0.03), and SGAT significantly differed from 

GeoLight (P=0.0001).  

The analysis method also impacted the variance in the latitudinal estimates of the inferred 

deployment location (ANOVA: F13, 22=15.85, P<0.0001), but species did not (ANOVA: F13, 

22=2.16, P=0.12; see Figure 1.6). The Tukey’s HSD analysis indicated that the variance in the 

latitudinal estimates differed significantly between GeoLight and FlightR (P<0.0001) and 
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GeoLight and SGAT (P<0.0001), but did not significantly differ between FLightR and SGAT 

(P=0.98).  

The variance in longitude coordinates of the non-deployment estimates significantly differed 

by species (ANOVA: F13, 22=18.81, P<0.0001), but not by analysis type (ANOVA: F13, 22=1.46, 

P=0.25; see Figure 1.7). The Tukey’s HSD analysis indicated that there were significant 

differences in variance at the non-deployment location between all species and Purple Martin 

(Purple Martin and Canada Warbler: P<0.0001; Purple Martin and Mountain Bluebird: 

P=0.00043; Purple Martin and Fox Sparrow: P<0.0001). There were no significant differences 

between the other species (Mountain Bluebird and Fox Sparrow: P=0.99; Fox Sparrow and 

Canada Warbler: P=0.064; Mountain Bluebird and Canada Warbler: P=0.09).  

In contrast, the variance in non-deployment location latitude was significantly impacted by 

both species (ANOVA: F13, 22=44.26, P<0.0001) and analysis (ANOVA: F13, 22=5.25, P=0.014; 

see Figure 1.12). The Tukey’s HSD analysis indicated that all species varied significantly from 

each other, excluding the Purple Martin and Fox Sparrow (P=0.25) (Fox Sparrow and Canada 

Warbler: P<0.0001; Mountain Bluebird and Canada Warbler: P<0.0001; Purple Martin and 

Canada Warbler: P<0.0001; Mountain Bluebird and Fox Sparrow P<0.0001; Purple Martin and 

Mountain Bluebird: P<0.0001). The Tukey’s HSD analysis indicated that GeoLight significantly 

differed from FLightR (P=0.023) and SGAT (P=0.031), but that FLightR and SGAT did not 

significantly differ from one another (P=0.99). There was no significant difference in amount of 

variance in longitudinal estimates at both deployment location and non-deployment locations 

within individuals (paired t-test: P=0.21); however, there was a significant difference in the 

amount of latitudinal variance at deployment location and non-deployment location (paired t-

test: P=0.033). 
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Finally, qualitative comparisons of the methods to determine main migration routes and non-

deployment locations generated varying results (Table 1.1 and Table 1.2; Figures 1.9-1.12). 

Estimated Fox Sparrow migration routes were generally consistent across the three analysis 

types, as were the non-deployment locations. During fall migration, unrealistic northern 

movements were calculated by each method, often outside of the expected fall migration range 

(see Table 1.1 and Table 1.2; Figure 1.12).   

The Purple Martin migration tracks were generally similar across analysis type in the spring, 

but the fall migration routes did not match. The SGAT analysis showed a different fall and 

spring migration route (Caribbean and Central American respectively) for two of the three 

individuals, while it showed an indeterminate, or not biologically plausible, fall migration route 

for the last individual. The Purple Martin migration routes estimated using FLightR were the 

same for both spring and fall (Central American route). Results from GeoLight either matched 

with FLightR migration routes or resulted in indeterminate routes. The non-deployment locations 

for Purple Martin generally matched across analysis type with estimated locations in Brazil, with 

the exception of one individual that was estimated to overwinter in Bolivia in the SGAT analysis 

(see Table 1.1 and Table 1.2; Figure 1.11).  

 The Mountain Bluebird migration route estimates provided by GeoLight were out of the 

species range and therefore could not be determined. However, the routes provided by SGAT 

and FLightR were typically in the species range. The SGAT migration routes rarely agreed with 

the migration routes estimated by FLightR being highly variable and not biologically possible. 

The non-deployment locations matched in four cases between analysis type, with GeoLight and 

SGAT matching in two out of three comparisons. Non-deployment estimates from FLightR were 
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typically further north than estimates provided by SGAT and GeoLight (see Table 1.1 and Table 

1.2; Figure 1.10).  

Finally, the Canada Warbler migration tracks could not be determined and/or were dissimilar 

across analysis type. The Canada Warbler non-deployment sites were variable, with analyses 

often providing results out of the range of the species. GeoLight consistently provided non-

deployment locations outside of the species’ range, with all three tags having non-deployment 

location estimates in the Caribbean or over the Atlantic Ocean (whereas the Canada Warbler 

winter range is in northern South America). SGAT provided wintering locations in Colombia and 

Venezuela. FLightR estimated the non-deployment location for one unit in Colombia or 

Venezuela, but the non-deployment location for the other two units were estimated out of the 

species range (see Table 1.1 and Table 1.2; Figure 1.9).  

DISCUSSION 
 

I demonstrated how the three primary methods of geolocator analysis (GeoLight, SGAT, 

and FLightR) respond to data of varying quality provided by four songbird species. No 

difference was observed between analyses when compared at a known location (at the 

deployment site). Furthermore, I found no significant impact of analysis on longitudinal variance 

at either the deployment or non-deployment site. However, a significant difference in the 

latitudinal variance both at the deployment and non-deployment location was detected between 

the analyses. GeoLight provided more variable latitudinal estimates than SGAT and FLightR. 

Lastly, shading in the data had an overall negative impact on location estimates across analysis 

types, as demonstrated by the varied results for species with more shaded light data.  
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My results supported my prediction regarding the effect of shading, as I expected that 

shading would result in an increase in the amount of variability in location estimates regardless 

of analysis method. Given that all of the geolocation analyses rely on the same original light 

data, and on the accurate determination of day length and time of solar noon, this was also 

expected (Lisovski et al. 2012). The three different methods of analysis generally provided 

similar results (location estimates) when the light data had less shading (Table 1.1-1.2; Figures 

1.9-1.12). As I found that species differences could be considered as a proxy for variability in the 

number of false twilights, when the number of false twilights significantly differed, I found a 

significant species effect. Similarly, Lisovski et al. (2012) demonstrated that positions resulting 

from geolocation in species using more dense vegetation were less accurate; however, this 

analysis only considered geolocators that were deployed at stationary locations.  

I also predicted that SGAT and FLightR would perform better than GeoLight, and 

provide less variable and more accurate location estimates. While deployment site and 

longitudinal comparisons were similar across analysis type, I found that SGAT and FLightR had 

less variability in the latitudinal coordinates at the deployment and non-deployment sites than 

GeoLight. This was predicted as SGAT and FLightR both provide a behavioural model 

(constraining unlikely location estimates) and a spatial mask (restricting to land or assigning 

higher probabilities to travel over land) that limit unrealistic location estimates (Sumner et al. 

2009; Rakhimberdiev et al. 2015). For example, the spatial and behavioural mask defined in 

FLightR permits movements over unsuitable habitats without permitting sedentary states in 

unsuitable habitats (Rakhimberdiev et al. 2015). The spatial mask and movement model in 

SGAT also limits the locations calculated by the analysis (Sumner et al. 2009; Cooper et al. 

2017).  
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Thus, FLight R and SGAT can automate the removal of unrealistic movements or 

locations based upon the a priori setting of the model based upon what is known about the 

species and/or what is biologically reasonable. GeoLight does not provide spatial or behavioural 

models to constrain any of the location estimates, but rather produces raw locations based upon 

the light data. Researchers using this program therefore typically remove unrealistic spatial 

estimates, based upon known species ranges or other behavioural parameters, or by scoring light 

curves visually and removing low quality or false twilights (McKinnon et al. 2017). However, 

this requires much more human time, and in the case of restricting locations to a species’ range, 

is not possible where these are not clearly defined or known.  

I found no significant difference in the variability in longitudinal coordinates. Although 

this was not predicted, this is reasonable as longitude is typically robust, even during the 

equinoxes (Lisovski et al. 2012). During the equinoxes day lengths are equal around the world, 

rendering sunrise and sunset times an uninformative measure of location. However, longitude is 

derived from the timing of local solar noon (or midnight) and is therefore reliable even during 

the equinox (Lisovski et al. 2012, Rakhimberdiev et al. 2015, Rakhimberdiev et al. 2017).  

Furthermore, I found no support for an effect of analysis on the distance between the actual 

deployment location and the inferred location. This is likely because all three packages use a 

deployment site calibration for their analysis (Sumner et al. 2009; Lisovski et al. 2012; 

Rakhimberdiev et al. 2015). The deployment coordinates are used to correct for any light 

interferences that could be impacting the light data recorded by the unit (such as calculating a 

zenith angle or sun elevation angle that is appropriate for the deployment location that 

incorporates the impact of light shading).   
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I observed a significant difference in the amount of variance in deployment and non-

deployment locations between the three analysis methods. As the calibration is generated for the 

deployment location and the conditions of topography, weather, and habitat on site, it is unlikely 

that this calibration will be a good fit for the light data at non-deployment locations; however, 

breeding site calibrations are typically used as the location must be known to calibrate the data 

(i.e. the deployment site). Rarely do species experience the same amount of habitat shading and 

exhibit the same behaviours year-round, meaning that having a single value able to effectively 

calibrate the data year-round is unlikely (Lisovski et al. 2012).  As SGAT and FLightR both use 

a distribution of calibration values to estimate coordinates, it increases the likelihood of the 

calibration fitting the data. This further explains why SGAT and FLightR provided less variable 

latitudinal estimates at the non-deployment site. Changes in shading throughout the year 

typically have a more pronounced impact on the latitudinal coordinates as it can more readily 

impact sunrise and sunset times from which latitude is calculated. This could explain why a 

significant difference in analysis was observed in the variability of latitudinal estimates and not 

longitudinal estimates at the non-deployment sites. This could also explain why the variance in 

latitudinal coordinates estimated by GeoLight significantly differs from SGAT and FLightR at 

both the deployment and non-deployment sites. 

 Similar to the stationary locations, when the overall migration route was compared 

between analysis methods they produced similar results when the light data had less shading (i.e. 

fewer false twilights). As the number of false twilights increased, the differences in estimated 

migratory routes became greater. Rakhimberdiev et al. (2016b) deployed two units on a Black-

tailed Godwit, a geolocator and GPS unit, which offered the opportunity to compare FLightR and 

GeoLight derived estimates to precise GPS locations. They found that FLightR was more 
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accurate than GeoLight when the migration track from the analysis was compared to a GPS 

track. Furthermore, the estimates from FLightR were found to be more precise than those 

calculated by GeoLight. These results were comparable to my results, particularly in species with 

few false twilights, where GeoLight migration tracks regularly showed more variability and 

unrealistic location estimates than FLightR. However, in Mountain Bluebirds the migratory route 

output from FLightR analysis could not be determined or was biologically implausible for all 

three units considered (Figure 1.10). Similar issues with FLightR have been reported in other 

studies using the same make of tag in situations in high shading conditions (such as Kramer et al. 

2017). The high number of false twilights observed in the Mountain Bluebird and Purple Martin 

data at the deployment location (Figure 1.2) are primarily the result of breeding behaviour, as 

both species nest in cavities, where sometimes hundreds of entrances and exits each day for nest 

provisioning result in many false sunsets during the daytime. Using the TwilightEdit function 

removed or edited outliers that may have been caused by nest box shading; however, this shading 

may have caused problems during calibration. The results of Kramer et al. (2017) and those of 

this study suggest that FLightR is not able to properly identify twilight times when using highly 

shaded data and a tag that only records compressed, narrow bands of light intensities around 

twilight. As the Lotek style tag provides a daily light curve with a lower amplitude than the 

Migrate Technology Ltd. style units, less data are recorded during the twilight periods with a 

Lotek unit. Rakhimvberdiev et al. (2017) reported that as shading increases, FLightR analysis 

fails more readily when being used to analyze shaded data from narrow band tags set with fixes 

of greater than 5 minute intervals when compared to other tags. FLightR uses the template fit 

method to determine raw coordinates (Rakhimberdiev et al. 2015). As such, it is possible that the 

twilight times cannot be properly identified as the template fit method is unable to fit a curve to 
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the light data at sunrise or sunset due to the high shading and the lower number of points 

collected at twilight. As the same tags were deployed on Mountain Bluebirds and Purple Martins, 

and both species experienced nest box shading but experienced differing levels of shading the 

remainder of the year (Figure 1.3), it is assumed that shading during the course of the remainder 

of the year resulted in FLightR providing reasonable location estimates for Purple Martins 

(Figure 1.11) and not Mountain Bluebirds (Figure 1.10). It is possible that the level of shading 

that results in FLightR providing inconsistent and implausible results exists between the level of 

shading observed in Mountain Bluebirds and Purple Martins. Future studies should be directed at 

examining how shading and lower amplitude light curves impact results using FLightR.  

Although my study is limited in not knowing the true location of the individual outside of 

the deployment locations, I expect that the patterns in the accuracy and precision of location 

estimates that I found will be transferable to other studies with light data of similar quality. The 

results of my study can be used to facilitate the selection of an appropriate analysis method by 

future researchers based on the quality of the data and the question being asked. My results 

highlight, that whenever possible, efforts should be made	to increase the quality of the light data 

to increase the precision in the location estimates. This can be accomplished in a number of 

ways, such as: by limiting studies to species that mostly use open habitats, by deploying units 

after the individual has undergone a body moult to limit the effect of feather shading, by 

deploying units post nesting for cavity nesting species to decrease the influence of shading from 

the cavity, or deploying units with a light stalk to increase the data quality. These measures may 

not always be possible. For example, a specific study species may be of research interest and not 

be able to be substituted for a species that occurs in open habitats. Neotropical migrants are 

typically light-weight and often use dense forested habitats. Furthermore, light stalks typically 
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add weight to the unit and increase drag and are therefore not ideal for smaller species. Lastly, 

deployment following moult can be complicated. If the species undergoes a full body moult prior 

to migration, the unit should be deployed after the moult. For example, Mountain Bluebirds 

undergo a complete moult from mid-July to mid-September. To prevent shading by feathers, the 

unit should be deployed mid-September. Some species, like the Purple Martin, suspend their 

moult over fall migration (Pyle, 1997), meaning they do not replace all of their feathers on the 

breeding grounds. Therefore, deployment of a unit after moult in the breeding grounds is not 

possible for the Purple Martin. Deployment of units on birds following moult can be further 

complicated by migration timing. Most species depart on migration shortly following moult. 

Although these factors to increase the quality of light data may not be feasible, they should be 

considered and implemented if possible.   

Additionally, my results suggest that when more precise latitudinal estimates are required 

SGAT or FLightR should be used preferentially over GeoLight. However, the latitudinal 

estimates provided by GeoLight can be improved by applying behavioural or spatial restrictions 

through post-hoc human effort. Furthermore, if the migratory movement has a strong 

longitudinal component (e.g. Bächler et al. 2010; Stuchbury et al. 2009) and the data have few 

false twilights, the method of analysis may be less important and will likely yield similar results. 

Lastly, as north-south migratory movements often occur during the equinoxes, reducing accuracy 

and limiting latitudinal estimates when most needed, species that have substantial longitudinal 

movements through their migration are better candidates for geolocator research. In such cases, 

the analysis method may be again less important due to the overall robustness of longitude and 

due to the increased variability in latitude as a result of the equinox.    
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Discrepancies between true and inferred locations have the potential to lead to incorrect 

conservation actions. As such, researchers undertaking geolocator-based studies must have a 

strong understanding of the capacity of the technology. Geolocators remain the only method that 

can continuously estimate the start-to-finish migration of small (<15 g) migratory songbirds 

year-round and have the potential to continue to provide incredible new insights into songbird 

migration. Here I have outlined how the quality of light data can lead to inconsistent or more 

variable results and how analysis methods can in turn improve precision. However, my results 

show that the selection of the best analysis method will not solve the problem of poor-quality 

light data resulting from a poorly selected combination of tag type and study species. 

Researchers should ensure they employ our current level of understanding regarding the theory 

of geolocation and the limitations of its use, particularly on songbirds using dense habitats where 

light data quality is typically poor. This will ensure that future studies will efficiently and 

accurately provide new data on the migratory movements and ecology of small songbirds leading 

to more effective research and more informed conservation efforts.  
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TABLES AND FIGURES 

Table 1.1- Comparison of inferred spring and/or fall migration routes by using three different 

geolocator analysis types for four songbird species. Nine comparisons were made per species, 

with three per individual comparing the different methods to one another; ‘usually match’ 

between methods was defined as 6 - 9 of the outputs generated from each method showed the 

same result; ‘occasionally match’ was classified as 3 - 5; ‘rarely match’ was classified as 1 - 2 

and ‘did not match’ was considered when none of the comparisons matched. Matches between 

analysis results that were out of the species range were not considered as agreements between 

methods as they were seen as impossibilities. 

Species Analysis Type Degree of Match  
GeoLight SGAT FLightR 

Fox Sparrow Coastal migration 
route 

Coastal migration 
route 

Coastal migration 
route 

Usually match 

Purple Martin Central American 
route spring, 
indeterminate route 
in fall  

Central American 
route spring,  
Caribbean or 
indeterminate route 
in fall  

Central American 
route with gulf cross 
in spring and fall  

Occasionally match 

Mountain Bluebird Indeterminate, out of 
species range 

Loop migration 
within species range  

Erratic loop migration 
within species range 

Rarely match 

Canada Warbler Indeterminate Caribbean or trans-
Atlantic crossing  

Central American 
route  

Did not match 
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Table 1.2- Comparison of estimated non-deployment sites by three different geolocator analysis 

types for four songbird species. Nine comparisons were made per species, with three per 

individual comparing the different methods to one another. ‘Usually match’ between methods 

was defined as 6 - 9 of the outputs generated from each method showed the same result; 

‘occasionally match’ was classified as 3 - 5; ‘rarely match’ was classified as 1 - 2 and ‘did not 

match’ was considered when none of the comparisons matched. Matches between analysis 

results that were out of the species range were not considered as agreements between methods as 

they were seen as impossibilities.	

Species Analysis Type Degree of match 
GeoLight SGAT FLightR 

Fox Sparrow Coastal or Central 
Yukon  

Coastal Yukon or 
Coastal Alaska 

Coastal Yukon or 
Coastal Alaska 

Usually match 

Purple Martin Central Brazil Central 
Brazil/Bolivia 

Central Brazil  Usually match 

Mountain Bluebird Texas/Central 
United States 

Texas/New Mexico Central United States Occasionally match 

Canada Warbler Out of species range Colombia/Venezuela Out of species range or 
Colombia/Venezuela  

Rarely match 
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Figure 1.1- Average number of false twilights per day per species during the life of the 

geolocator unit. Standard error shown. The number of false twilights per day significantly 

differed between the Canada Warbler and the Fox Sparrow over the life of the tag. 
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Figure 1.2- Average number of false twilights per day per species during the first 30 days of the 

life of the tag while still at the deployment location. Standard error shown. The number of false 

twilights per species during the first 30 days of the life of the tag did not significantly differ 

between species.  
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Figure 1.3- Average number of false twilights per day per species during 30 days while at the 

non-deployment location. Standard error shown. The number of false twilights per day for the 

Canada Warbler significantly differed from the Fox Sparrow and the Purple Martin.  
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Figure 1.4- Boxplots of the distance difference between inferred locations and actual 

deployment location in kilometers. A) demonstrates the distances by analysis methods and B) 

shows the distances by species: Canada Warbler (CAWA), Fox Sparrow (FOSP), Mountain 

Bluebird (MOBL) and Purple Martin (PUMA).  
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Figure 1.5- Boxplots of the variance in the longitudinal estimates at the deployment location. A) 

demonstrates the variances by analysis methods and B) shows the variances by species: Canada 

Warbler (CAWA), Fox Sparrow (FOSP), Mountain Bluebird (MOBL) and Purple Martin 

(PUMA). Stars denote significance.  
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Figure 1.6- Boxplots of the variance in the latitudinal estimates at the deployment location. A) 

demonstrates the variances by analysis methods and B) shows the variances by species: Canada 

Warbler (CAWA), Fox Sparrow (FOSP), Mountain Bluebird (MOBL) and Purple Martin 

(PUMA). Stars denote significance. 
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Figure 1.7 - Boxplots of the variance in the longitudinal estimates at the non-deployment 

location. A) demonstrates the variances by analysis methods and B) shows the variances by 

species: Canada Warbler (CAWA), Fox Sparrow (FOSP), Mountain Bluebird (MOBL) and 

Purple Martin (PUMA). Stars denote significance. 
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Figure 1.8- Boxplots of the variance in the latitudinal estimates at the non-deployment location. 

A) demonstrates the variances by analysis methods and B) shows the variances by species: 

Canada Warbler (CAWA), Fox Sparrow (FOSP), Mountain Bluebird (MOBL) and Purple Martin 

(PUMA). Stars denote significance. 
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Figure 1.9- Example Canada Warbler analysis output from A) GeoLight, the blue line represents 

estimates during the equinox, the crosses represent location estimates and the black line 

represents the track taken by the individual, B) SGAT, the white square shows the deployment 

location, the red line shows the track taken by the individual by plotting means of the posterior 

distribution, and the varying colors demonstrate the probability of residency increasing from 

orange to blue, C) FLightR, coloured dots represent the median of estimated locations for each 

twilight with the colours representing different months of the year as shown in the colour-wheel, 

the track is indicated with a black line that connects the coloured dots. 
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Figure 1.10- Example Mountain Bluebird analysis output from A) GeoLight, the blue line 

represents estimates during the equinox, the crosses represent location estimates and the black 

line represents the track taken by the individual, B) SGAT, the white square shows the 

deployment location, the red line shows the track taken by the individual by plotting means of 

the posterior distribution, and the varying colors demonstrate the probability of residency 

increasing from orange to blue, C) FLightR, coloured dots represent the median of estimated 

locations for each twilight with the colours representing different months of the year as shown in 

the colour-wheel, the track is indicated with a black line that connects the coloured dots. 
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Figure 1.11- Example Purple Martin analysis output from A) GeoLight, the blue line represents 

estimates during the equinox, the crosses represent location estimates and the black line 

represents the track taken by the individual, B) SGAT, the white square shows the deployment 

location, the red line shows the track taken by the individual by plotting means of the posterior 

distribution, and the varying colors demonstrate the probability of residency increasing from 

orange to blue, C) FLightR, coloured dots represent the median of estimated locations for each 

twilight with the colours representing different months of the year as shown in the colour-wheel, 

the track is indicated with a black line that connects the coloured dots. 
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Figure 1.12- Example Fox Sparrow analysis output from A) GeoLight, the blue line represents 

estimates during the equinox, the crosses represent location estimates and the black line 

represents the track taken by the individual, B) SGAT, the white square shows the deployment 

location, the red line shows the track taken by the individual by plotting means of the posterior 

distribution, and the varying colors demonstrate the probability of residency increasing from 

orange to blue, C) FLightR, coloured dots represent the median of estimated locations for each 

twilight with the colours representing different months of the year as shown in the colour-wheel, 

the track is indicated with a black line that connects the coloured dots. 
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CHAPTER 2  

ABSTRACT 
 

To effectively conserve migratory species, the entire range encompassed by their annual 

life cycle needs to be considered. Most research on Neotropical migratory birds has focused on 

the breeding grounds resulting in a general lack of knowledge regarding the wintering and 

migratory periods.	The Canada Warbler (Cardellina canadensis) is a Neotropical migrant that 

has declined range-wide by 2.1% per year from 1966 to 2015. It is listed as threatened in Canada 

(Species At Risk Act, Schedule 1). As with most Neotropical migrants, conservation efforts 

outside the breeding range are limited by a poor understanding of migration routes and the 

connectivity between specific breeding and wintering populations. To determine migratory 

routes of multiple breeding populations of Canada Warbler, we tracked individuals using light-

level geolocators deployed at four sites across the breeding range, spanning approximately 43 

degrees in longitude (Alberta, Manitoba and Québec, Canada, and New Hampshire, USA). 

Twenty-five geolocators with usable data were recovered from three sites and were analyzed 

using Flight R to determine fall migration routes (n=18) and individual wintering sites (n=25). 

Individuals from all breeding populations took a western fall migration route at the Gulf of 

Mexico; with 77.8% of birds taking an overland route around the gulf (97-99° W). We found no 

evidence for population-specific, parallel migration routes. Most individuals (72%) overwintered 

in Colombia. The remaining individuals overwintered in Venezuela. Our results highlight the 

value and importance of stopover sites along an essentially common migration route around the 

western Gulf of Mexico and forests in Colombia as overwintering habitat for this species. 
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INTRODUCTION 
 

More than half of the birds that breed in North America are migratory, and many are 

experiencing rapid population declines due to largely unknown causes (Robbins et al. 1989; 

Faaborg et al. 2010a; Sauer et al. 2017). One third of North American birds have been identified 

as high concern due to small population sizes or pronounced declines (North American Bird 

Conservation Initiative 2016). Long-distance migrants are particularly at risk with steeper 

declines than their short-distance counterparts (North American Bird Conservation Initiative 

Canada 2012). Most research on migratory species has been focused on the breeding grounds 

with migration being the least understood portion of the annual cycle (Faaborg et al. 2010b). As 

such, increasing knowledge of the seasonal geographic distribution of migratory bird species 

around the annual cycle is essential for developing effective conservation strategies. Recent 

innovations now allow for year-round position estimation of migratory songbirds by using 

archival light-level geolocators (Stutchbury et al. 2009; McKinnon et al. 2013). These units 

provide detailed spatio-temporal data for each day that the unit is on the bird and are now 

miniaturized to be able to track small songbird migrants (less than 10 grams), including warblers 

(DeLuca et al. 2015; Streby et al. 2015; Kramer et al. 2016; McKinnon et al. 2017). Tracking 

Species At Risk year-round can yield new insight into the migratory and overwintering ecology 

of the species, providing invaluable information for effectively managing declining populations 

and determining conservation priorities (Stutchbury et al. 2009; Fraser et al. 2012; Stanley et al. 

2014).  

The Canada Warbler (Cardellina canadensis) is a long-distance Neotropical migrant, and 

a Species At Risk listed as Threatened in Canada (COSEWIC 2008). Like most North American 

migratory songbirds and many other at-risk species (Environment Canada 2014; Environment 
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Canada 2015a, Environment Canada 2016), the Canada Warbler breeds across the boreal forest 

in Canada and in the northeastern United States (COSEWIC 2008, Wells et al. 2016) and 

overwinters in northwestern South America from the Amazon Basin into the Andean foothills of 

Venezuela, Ecuador, Colombia, Panama, and Peru (Reitsma et al. 2009). Based on long-term 

Breeding Bird Survey data, this species has declined range-wide by a mean of 2.1% per year 

from 1966 to 2015 (Sauer et al. 2017). Over this period, the annual population decreased by 2.8% 

in Alberta, 0.4% in Manitoba, 3.0% in Québec and 5.2% in New Hampshire (Sauer et al. 2017). 

The cause of these population declines and factors contributing to the varying rates of decline 

across the range are unknown (COSEWIC 2008). These may be driven by factors at any point in 

the annual cycle, including the little-studied migratory and overwintering periods (Lambert and 

Faccio 2005). However, most research on the Canada Warbler to date has been focused at the 

breeding ground (see Goodnow and Reitsma 2011; Hallworth et al. 2008; Reitsma et al. 2008; 

Sleep et al. 2009). Due to the low recovery rates of banded birds (0.19% or 188 of the 98,967 

Canada Warblers banded in Canada and the United States from 1960 to 2015; Canadian Bird 

Banding Office, 2016) knowledge of migratory and overwintering ecology is limited. Only six of 

the band recoveries were obtained during migration (one in Missouri, four in Texas and one in El 

Salvador) and one was recovered during the wintering period in Colombia (Canadian Bird 

Banding Office 2016; Supplemental Figure 2.1), leaving a significant knowledge gap in our 

understanding of migratory routes and connectivity. 

Despite the low recovery rates of banded birds, migration routes for Canada Warbler 

have been proposed primarily by compiling observational data. The migration route of Canada 

Warblers from their breeding grounds in Canada and the Eastern United States has been 

described as primarily overland through Central America (Prins and Debrot 1996), or as south to 
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Texas, along the Gulf Coast to Southern Mexico, through Central America to South America 

(Reitsma et al. 2009; Environment Canada, 2015b). There have been numerous reports of 

Canada Warblers migrating over Central America (see Leyva et al. 2009; Binford 1989; Land 

1970; Monroe 1968; Wolfe et al. 2014; Greenberg and Gradwohl 1980; see also Supplemental 

Table 2.1). Canada Warblers encountered in the Caribbean and Atlantic regions during the 

migratory period have been classified as vagrants and migration routes over the Caribbean 

deemed unlikely (Cramp 1992; Cárdenas-Ortiz et al. 2017; but, see also Curson et al. 1994). 

However, the lack of evidence for a migratory route should not be sufficient for its falsification. 

Trans-Atlantic migration routes have been reported in other songbirds of similar size (DeLuca et 

al. 2015; McKinnon et al. 2017) and are favourable in the fall due to wind currents (Kranstauber 

et al. 2015). Additionally, many occurrences have been excluded from the compiled observations 

used to determine the migration routes for Canada Warbler leaving considerable uncertainty in 

route patterns.  

There are several reports of Canada Warblers in the Caribbean and Atlantic during the 

fall migration period (Bond 1960; Drury and Keith 1962; Gochfeld 1979; Amos 1991; Prins and 

Debrot 1996; Frost and Messiah 2001; Craves and Hall 2003; Raffaele et al. 2010; Brown and 

Collier 2007; BirdLife International 2012; Supplemental Table 2.1). Canada Warblers have been 

reported flying over the Atlantic Ocean, approximately 220 km off the coast of New York 

(Durand 1972), and were recorded during migration by acoustic recorders off the coast of 

Delaware (Adams 2014). Additionally, there are 57 records of Canada Warblers on eBird 

(www.eBird.org) for the Caribbean Islands dating from 1990 to 2016, 51 of which (89%) were 

observed in the fall, and 80% in Bermuda (accessed on February 2016). It remains unclear 
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whether records of Canada Warblers in the Caribbean are all vagrants or if they represent 

evidence for a migration route over the Caribbean or Atlantic. 

Population-specific migration routes and wintering sites (termed strong migratory 

connectivity; Webster et al 2002), and their associated threats, could be driving dissimilar 

population trends across the breeding range of Canada Warbler (Sauer et al. 2017) due to varying 

levels of disturbance or risk associated with different routes and wintering sites. Therefore, 

patterns in migration routes are important to consider in developing effective population-specific 

conservation strategies. Nonetheless, our understanding of migratory connectivity and its 

potential contribution to the conservation and management of habitat along migration routes has 

not been investigated. 

Here, we used light-level geolocators to delineate the complete fall migration routes of 

Canada Warblers originating from different breeding populations. The objectives of this study 

were to determine 1) whether different populations from across the breeding range have non-

overlapping fall migration routes and 2) the overwintering sites of Canada Warblers originating 

in breeding sites across the range. We predicted that Canada Warblers will exhibit population-

specific migration routes with a parallel migration strategy. Such a pattern would minimize the 

distance travelled, reducing the energetic costs of migration (Newton 2008), and has been 

documented by other songbird species (Fraser et al. 2013, Kramer et al. 2017).  

METHODS 

Field Methods 
 

In June of 2014 and 2015, we captured second year (SY) and after-second year (ASY) 

male Canada Warblers on their breeding territories in mist nets (30 mm mesh; 6m x 3m) using a 
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song lure at four different sites: Lesser Slave Lake Provincial Park, Alberta (55.4360° N, 

114.8290° W), Whiteshell Provincial Park, Manitoba (49.917° N, 95.333° W), Canaan, New 

Hampshire (43.676° N, 72.055° W) and Lac Simoncouche, Québec (48.210° N, 71.245° W; 

Table 2.1). Capture locations were recorded using a hand-held GPS unit (GPSMAP 64). Once 

captured, we aged males using feather characteristics (Pyle 1997), took standard morphometric 

measurements, measured mass to the nearest 0.01 g, and banded each bird with a federally issued 

aluminum leg band and up to two color bands for later visual re-identification. We deployed one 

of three different geolocator models on each bird: Migrate Technology Ltd models W30Z11-DIP 

and W50Z11-DIP and Biotrack model P30Z11-7-DIP (referred to as W30, W50 and P30 

respectively hereafter) (Table 2.1).  

We used modified Rappole and Tipton (1991) leg-loop harness made of polypropylene 

thread or Stretch Magic (Table 2.1). We individually fitted the polypropylene thread harnesses to 

birds, whereas we prefabricated the harnesses made with Stretch Magic as recommended by 

Streby et al. (2015b) using an allometric function to reduce handling time (Naef-Daenzer 2007). 

All deployed geolocators weighed less than 5% of the bird’s total body mass including 

harnesses, as suggested by Fair et al. (2010).  

The three models varied in weight, size and battery life (Table 2.2).  The W30 

geolocators with a polypropylene harness made up on average 3.1% of the bird’s total body 

mass, and with a Stretch Magic harness was on average 3.0% of the bird’s total body mass. The 

W50 with a polypropylene harness was on average 4.2%, and with Stretch Magic was on average 

4.1% of the body mass. The P30 units were only deployed using Stretch Magic harnesses and 

were on average 3.7% of body mass.  
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During the year following deployment, we searched for birds with geolocators within 500 

m of the 2014 and 2015 deployment sites (Peterson et al. 2015; Kramer et al. 2017) and 

investigated any male detected visually or audibly. We used the same method for recapture as 

was used for initial capture.  

Statistical and Geolocator Data Analysis 
 

Light-level geolocation approximates geographic coordinates based on solar noon and 

day length variation determined by twilight times recorded by the unit (Hill and Braun 2001). 

We determined twilight times using the ‘BAStag’ Package (Wotherspoon et al. 2013) in R (R 

Core Team, 2013) using the ‘threshold method’ (Lisoviski et al. 2012). The threshold was set to 

1.5 to determine sunset and sunrise times.  

We calculated coordinates from consecutive twilights using the package SGAT in R and 

compared the raw longitude values over the course of the life of the tag between deployment 

sites based. Longitude was compared due to its overall robustness. Longitude estimates are 

reliable year round as longitude is not impacted by equinox as it is derived from the timing of 

local solar noon (or midnight; Lisovski et al. 2012). We plotted the individual longitude 

coordinates for each bird and the average longitudinal coordinates per site and one standard 

deviation over time to compare them visually. To compare the fall migration routes of birds from 

different breeding sites, we determined the most westward longitudinal coordinate during the 

migration period for each bird and then compared these values among breeding sites by 

performing an ANOVA, in R (R Core Team 2013).  

We compared the return rates of birds carrying different units (W30 vs. W50, AB and 

MB; W30 vs. P30 NH) as well as harnesses made of polypropylene thread and Stretch Magic, by 
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using a Fisher’s exact test. We also compared the proportion of ASY and SY birds returning to 

their deployment sites as compared to the ratio at deployment.  

Identification of Migration Routes 
 

To determine the migration routes, we analyzed the data in the package ‘FLightR’ 

(Rakhimberdiev and Saveliev 2016a; Rakhimberdiev et al. 2016b) in R (R Core Team, 2013) 

following methods outlined by Rakhimberdiev et al. (2015). To estimate location coordinates in 

FLightR: 1) we identified twilight events using BAStag, 2) twilight data were imported and read 

with FLightR, 3) data were calibrated using records from the deployment location by defining 

the relationship between the measured and observed light levels, 4) spatial boundaries were 

assigned based on previous knowledge of the species, 5) a proposal was created combining all of 

the four previous items into a complex object that was used in the particle filter run, 6) the 

particle filter was run, which estimates locations with confidence intervals and the likelihood of 

migration for each twilight, and 7)  results were mapped (Rakhimberdiev et al. 2016a). Spatial 

boundaries limited the ability of individuals to stay stationary on water over 100km from land for 

longer than one day. We explored the coordinates derived by FLightR using ArcMap. We 

characterized any coordinates that showed erratic unrealistic movements north towards the 

breeding grounds during the equinox or that placed the individual over water for multiple days as 

outliers. During the mapping process, we removed outliers and the migration route was inferred 

based upon subsequent or previous points. If the results indicated an individual was stationary 

over water for multiple days, we regarded this as analysis error and the migration routes were 

minimally adjusted to line up with land. As longitude coordinates are more robust and reliable 

during equinox or with shading of the light sensor, the latitude coordinates were adjusted in these 

cases. The output from FLightR provides daily median location estimates and a measure of 
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imprecision, as such, the coordinates used for mapping were median location estimates, and all 

adjustments made were within the error range of the results.  

Identification of Overwintering Sites 
 

We determined an estimate of overwintering location for each individual using FLightR, 

and calculated this location by averaging the median latitude and longitude coordinates produced 

as a result of the analysis for the overwintering period. Where FLightR analysis did not generate 

migration routes within the range of Canada Warblers (i.e. the route failed to reach South 

America, n=7), we followed the method used by Kramer et al. (2017) and estimated locations 

based on utilization distributions. This method estimates location coordinates using the physical 

and template fit model along with the land mask without the use of the movement model. This 

method takes the product of the likelihood surfaces for transitions during the wintering period 

created by the FLightR analysis. We determined coordinates with the maximum probability of 

occurrence using R (Kramer et al. 2017) and we reviewed them in ArcMap (ESRI Resource 

Team 2013). We determined the average wintering site by identifying the center of the location 

with the highest probability of utilization. Migration routes could not be confidently determined 

using this method. 

	

RESULTS 
 
 We recovered 4 geolocators in 2015 (Alberta) and 25 in 2016 (8 in Alberta, 11 in 

Manitoba, 6 in New Hampshire and 0 in Québec; Table 2.3). A fifth returning bird was re-

sighted in Alberta in 2015 and two returning males were observed in New Hampshire in 2016, 

but we were not able to recapture these individuals to retrieve the units. In 2016, two birds were 

recaptured in Alberta without their units due to harness failure. Recaptures resulted in a 10% 
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recovery rate in 2015 and a 24% recovery rate in 2016. Return rates for birds recovered carrying 

geolocators in 2015 (4 out of 40; 10%) and 2016 (8 out of 40; 20%) did not significantly differ 

from return rates of banded birds in 2015 (4 out of 87; 4.6%) and 2016 (3 out of 85; 3.5%) at the 

Lesser Slave Lake Bird Observatory (Fisher’s exact test, P > 0.995). We found that the return 

rates of birds with varying styles of units (W30 compared to W50, and P30 compared to W50) 

did not differ significantly at any breeding site (Fisher’s exact test, Alberta 2015: P > 0.995, 

Alberta 2016: P > 0.995, Manitoba 2016: P = 0.68, New Hampshire 2016: P > 0.995; Table 2.1, 

Table 2.2 and Table 2.3). We also found that the return rates of birds harnessed with 

polypropylene thread versus Stretch Magic did not differ significantly for either population 

(Fisher’s exact test, Alberta: P = 0.61, Manitoba: P > 0.995; Table 2.1 and Table 2.2). The 

proportion of ASY and SY birds that returned also did not differ for all sample years and sites 

(Fisher’s exact test, Alberta 2015: P > 0.995, Alberta 2016: P > 0.995, Manitoba 2016: P > 

0.995; see Table 2.1 and Table 2.2). 

Of the 29 retrieved units, 25 units successfully recorded data to the wintering grounds 

and 18 units provided biologically reasonable fall migration routes (i.e. the bird migrated south 

and overwintered in South America). Fall migration routes were deemed unreasonable if the 

migration route did not lead to the wintering range in South America. The migration routes 

deemed biologically reasonable were used to map fall migration routes for individuals from three 

breeding populations. One unit retrieved in New Hampshire provided a spring migration route. 

All 25 units were used to determine wintering sites. During fall migration, all individuals from 

the three different breeding areas migrated south to Mexico then through Central America, either 

crossing or circumventing the Gulf of Mexico, with all longitude values converging at this region 

(Figure 2.1). The median coordinates from the analysis indicate that of the 18 birds, 14 (77.8%) 



71	

travelled overland around the western side of the Gulf, sometimes partially crossing a portion of 

the Gulf, and 4 (22.2%) flew across. However, we have little confidence in discerning finer-scale 

differences in route estimates, such as whether a route circumvented or traversed the Gulf of 

Mexico, given the credible intervals derived by the analysis (Supplemental Figure 2.3 and 

Supplemental Figure 2.4). When comparing the average longitudinal coordinates per breeding 

site, we found a substantial amount of overlap among populations during both the migration and 

overwintering period (Figure 2.1). Longitudinal coordinates showed that most birds overlapped 

at their most western limit of fall migration with no significant difference when we compared the 

raw longitude values among breeding sites at the most western limit of fall migration (Figure 2.2; 

P = 0.2285). The coordinates for the three populations converged during migration and 

overlapped within one standard deviation during the rest of the life of the tags. For visualization 

purposes, we animated the fall routes of three birds from the three breeding sites from which 

individuals were traced (Figure S2.2).  

The median coordinates of the analysis demonstrated that of the 25 birds, 7 overwintered 

in Venezuela, and 18 overwintered in Colombia. Of the 10 Alberta birds that were tracked, 50% 

overwintered in Venezuela, and 50% overwintered in Colombia (Figure 2.3). Of the 9 birds 

recovered in Manitoba, 33.3% overwintered in Venezuela with 66.6% overwintering in 

Colombia. All 6 birds from New Hampshire overwintered in Colombia.  

One of the units deployed in New Hampshire had sufficient battery life to provide a 

complete spring migration route. The spring migration route was the same as for fall migration, 

with the bird taking an overland route westward through Central America and around the Gulf of 

Mexico (Figure 2.2), albeit the migration duration was shorter during the spring. This individual 

travelled 55 days during fall migration, and 30 days during spring migration.   
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DISCUSSION 
 

We demonstrate that fall migration routes largely overlapped for three widely distributed 

breeding populations. We show that all birds took a more western route at the Gulf of Mexico, 

and did not take a more eastern route through Florida, nor engage in a trans-oceanic flight to 

their overwintering sites in South America. Fall routes were primarily overland at the Gulf of 

Mexico, with the median location estimates for most individuals (77.8%) circumventing the Gulf 

of Mexico to the west, and 22.2% flying across a portion of the Gulf.  

Results of analyses using different methods (FLightR and raw longitude values) all show 

a fall migration route via Central America and the Gulf of Mexico. All the raw longitude values 

were within the range for eastern and western limits of the Gulf of Mexico during the portion of 

the migration where we would expect to see the primary differentiation between possible 

migration routes. Despite many records of Canada Warbler on islands in the Caribbean, we did 

not track any birds taking a trans-Atlantic and island route between North and South America, as 

has been shown recently for Blackpoll Warblers and Connecticut Warblers using direct tracking 

(DeLuca et al. 2015, McKinnon et al. 2017). The migration routes for each of our three breeding 

sites did not differ from one another during this period with substantial overlap in the median and 

the range within one standard deviation from the median. We therefore infer that the numerous 

records reported on Caribbean islands may indeed reflect vagrancy and not primary migration 

routes for this species, supporting the findings of Cárdenas-Ortiz et al. (2017). However, to 

confirm this, further eastern-breeding birds need to be tracked, as we may expect eastern 

populations to primarily exhibit this migration route.  

The migration routes observed did not support a parallel migration pattern as individuals 

from all breeding areas showed a convergence in longitude at the Gulf of Mexico. However, we 
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did document some within-population variation in migration routes between breeding sites and 

the Gulf. Three of the four individuals from the Alberta breeding site moved mostly eastward on 

their initial fall migration, reaching the longitudinal range of Manitoba breeding areas prior to 

moving south toward the Gulf. This demonstrates that some individuals may not travel the 

shortest distance to the Gulf, as would be expected in parallel migration (Newton 2008) and as 

has been observed in Veeries (Catharus fuscescens) (Kardynal and Hobson 2017). In the case of 

Alberta breeders, this route may be driven by the open, largely agricultural zone that occurs 

directly to the south of the Alberta breeding site. This may be unsuitable to migrating Canada 

Warblers, which have highly habitat-specific preferences and seek dense cover during migration 

(Power 1971). When comparing habitat use during spring migration in seven habitat types, 

Power (1971) observed 76.5% in floodplain forest while the remaining observations were all in 

oak-hardwood forest. Canada Warblers have been primarily reported in forests with dense shrubs 

and thickets, often near watercourses, during migration (Reitsma et al. 2009). However, non-

direct routes may not necessarily be tied to stopover habitat preferences and may reflect ancestral 

migration patterns that were retained following breeding range expansion, as has been observed 

in the Swainson’s Thrush (Catharus ustulatus) (Ruegg and Smith 2002) and Veeries (Catharus 

fuscescens) (Kardynal and Hobson 2017). 

The eastward movement of birds tracked from Alberta resulted in spatial and temporal 

overlap between the migration routes of the Alberta and Manitoba populations. Following this, 

both populations moved south along similar longitudes. These results suggest that individuals 

that breed in Alberta and Manitoba may share many of the same threats during migration and at 

stopover sites as their migration route is predominantly shared. However, one individual from 

the Alberta population travelled southwest on initial fall migration before overlapping at the Gulf 
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with the routes of the other individuals tracked from Alberta and Manitoba. Observational data 

of Canada Warblers during fall migration through far-western North America have been logged 

on eBird, and are represented in published records (Small 1994; Gilligan et al. 1994). Our results 

suggest, not surprisingly, that birds occurring in these areas during fall may be derived from 

breeding populations in more western portions of the range, such as those in Alberta and 

westward.   

At the Gulf of Mexico, all three breeding populations converged in time and space. Of 

the individuals we tracked from across the breeding range spanning approximately 43 degrees in 

longitude, 77.8% funnelled into a narrow geographic space on the western side of the Gulf 

spanning approximately 3 degrees in longitude (97-99° W) with their migration routes 

overlapping. This overlap indicates that the western lowlands of the Gulf of Mexico may provide 

important habitat for Canada Warblers from across the breeding range. Many banding records, 

eBird records, and band recoveries (Figure S2.1) of Canada Warblers exist for the western coast 

of the Gulf of Mexico during migration, further supporting the potential conservation importance 

of this region for this species during migration. Additionally, Cárdenas-Ortiz et al. (2017) found 

that individuals from across the breeding range converged at the Darién in Northern Colombia, 

and may have funneled through this region from a western migration route. Preservation of 

stopover habitat surrounding the Gulf of Mexico and throughout Central America may therefore 

support breeding populations from across the range, as our results show that it is an important 

thoroughfare for multiple breeding populations. Similar patterns of migration have been 

observed in other species such as the Wood Thrush (Hylocichla mustelina); 73% of the 

individuals tracked from different breeding populations from a widely distributed range funneled 
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through a narrow span on the northern coast of the Gulf of Mexico (between 88-93° longitude) 

during spring migration (Stanley et al. 2014). 	

We found that 33% of all tagged individuals crossed the Gulf. While the resolution of the 

geolocator data does not enable us to determine fall migration routes at a fine scale, the abrupt 

change in median longitude and latitude estimates following an extended stationary period on 

either side of the Gulf, consistent with a crossing, supports a trans-Gulf migration route. It had 

been previously unresolved as to whether Canada Warblers cross the Gulf during migration (but 

see Cardenas et al. 2017). They have been largely considered a circum-Gulf migrant with a 

migration route described as hugging the coast of the Gulf of Mexico (Shackelford et al. 2005). 

Additionally, the Yucatán Peninsula, an area used by many species that perform a trans-Gulf 

migration (Stutchbury et al. 2009; Stanley et al. 2014; Wolfe and Johnson 2015; Hobson and 

Kardynal 2015) is typically considered to be outside of the Canada Warbler migration pathway 

defined by the range map based on observational and occurrence data (Reitsma et al. 2009; 

Environment Canada 2015b). However, there are published reports of Canada Warblers for the 

Yucatán (Paynter 1951; Tellkamp et al. 2015) as well as eBird records. Our results indicate that, 

although it was not the predominant route, the crossing of the Gulf of Mexico is performed by 

some Canada Warblers during fall migration. As such, habitat use by Canada Warblers migrating 

through Central America needs to be further explored, specifically in the Yucatan, and the gulf, 

to better direct conservation in these regions. 

The individual that we tracked during spring migration took a circum-Gulf migration in 

both spring and fall. It has been hypothesized that Canada Warblers may make a trans-Gulf 

crossing in the spring when the wind conditions are more favourable (Able 1999; Kranstauber et 

al. 2015), but the spring migration track for this individual did not support this. The battery life 
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of most light-weight tracking devices currently available for use with small (<15g) birds makes it 

difficult to log spring routes from birds tracked from breeding sites. Additional tracking from the 

wintering grounds should be conducted to further study spring migration routes and potential 

population-level variation in this species. 

While we measured a high degree of overlap in migration routes at the Gulf of Mexico, 

we observed some partitioning of different breeding populations at overwintering sites. 

Generally, we found that the westernmost breeding population overwintered farthest to the east, 

and the easternmost breeding population overwintered farthest to the west. The average 

longitudes of individuals from the western-breeding Alberta population suggest they 

overwintered at greater longitudes (average of approximately 69.5436°W), as compared to 

individuals from the eastern-breeding New Hampshire population (average of approximately 

76.0900°W), with the Manitoba birds falling largely in the middle (average of approximately 

73.2624°W). This contrasts with what has been observed in many songbird species where strong 

parallel patterns of migratory connectivity between breeding and overwintering areas have been 

found (Boulet et al. 2006; Stanley et al. 2014). However, this crossing pattern has been observed 

in other warbler species, like the Yellow Warbler (Witynski and Bonter, 2018). Although we 

detected some evidence for population-specific overwintering locations (i.e. strong connectivity) 

there is some overlap among longitudinal values of the three populations. As such, the strength 

of migratory connectivity will need to be further investigated with a larger sample size to 

identify the level of overlap among the wintering sites of individuals from multiple breeding 

populations. Evidence for strong migratory connectivity has been identified on a smaller scale 

for Canada Warblers across the Andes in Colombia (Gonzalez-Prieto et al. 2016).  
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Most of the individuals we tracked overwintered in the northern Andes, which has 

experienced vast amounts of deforestation (over 90%; Henderson et al. 1991) suggesting the 

conservation value of preserving habitat in this region for birds from across the breeding range. 

Furthermore, the majority of the individuals tracked (72%) overwintered within Colombia. 

Dramatic forest losses have been observed in Colombia (Etter et al. 2000; Cabrera et al. 2011; 

Dávalos et al. 2011) with high rates of deforestation (Hansen et al. 2013) driven largely by 

habitat being cleared for cultivation (Davis et al. 2007). However, some forest recovery has been 

reported in the last decade (Sánchez-Cuervo et al. 2012).  

Our results provide broad scale year-round movements addressing major knowledge gaps of 

migratory ecology and overwintering ecology for this species. These could be complemented by 

future studies focused on determining migratory habitat use at finer-scales, using new 

technologies such as Motus (Taylor et al. 2017), to target precise locations for conservation 

actions. Future studies could also target quantitative measures of range-wide migratory 

connectivity, tracking individuals at the northern and southern limits of the breeding range, 

determining spring migration routes for multiple populations, and migratory strategies of female 

Canada Warblers. We hope that our results provide a starting point and will stimulate more fine-

scale land use and habitat studies to further promote the conservation of habitat for migratory 

species through Central America and South America.  
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TABLES AND FIGURES 
 

Table 2.1- Canada Warbler geolocator deployment information for sites in Alberta, Manitoba, 

New Hampshire and Québec from 2014 to 2015.  

Site 
Deployment  

year 
Number  
deployed 

Models deployed 
Harness method 

deployed 
Age at 

deployment 
W30Z11-

DIP 
W50Z11-

DIP 
P30Z11-

7-DIP 
Poly-

propylene 
Stretch 
Magic SY ASY 

Alberta 2014 40 20 20 - 40 - 13 27 
Alberta 2015 40 20 20 - 20 20 13 27 
Manitoba 2015 41 21 20 - 20 21 13 28 
New 
Hampshire 2015 17 - 10 7 - 17 9 8 
Québec 2015 16 - - 16 - 16 - 16 
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Table 2.2- Canada Warbler geolocator model information for units that were deployed in 2014 

and 2015 at sites in Alberta, Manitoba, New Hampshire and Québec. 

	

	 	

Model Type W30Z11-DIP W50Z11-DIP P30Z11-7-DIP 

Weight  0.30 g 0.42 g 0.36 g 
Approximate battery life 7 months 10 months 7 months 
Light stalk present No No Yes 
Geolocator make Migrate Technology Ltd. Migrate Technology Ltd. Biotrack 
Weight with polypropylene harness 0.320 g 0.440 g - 
Weight with Stretch Magic harness 0.316 g 0.421 g 0.370 g 
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Table 2.3- Canada Warbler geolocator recovery information for sites in Alberta, Manitoba, New 

Hampshire and Québec from 2015 to 2016. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 

  

Site 
Deployment  

year 
Recovery  

year 

Total  
number 

recovered 

Models recovered 
Harness method 

recovered 

Age at 
deployment 

for 
recovered 

birds 
W30Z11

-DIP 
W50Z11

-DIP 
P30Z11-

7-DIP 
Poly-

propylene 
Stretch 
Magic SY ASY 

Alberta 2014 2015 4 3 1 - 4 - 3 1 
Alberta 2015 2016 8 5 3 - 6 2 2 6 
Manitoba 2015 2016 11 7 4 - 5 6 4 7 
New 
Hampshire 2015 2016 6 - 4 2 - 6 2 4 
Québec 2015 2016 0 - - 0 - 0 0 0 
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Supplemental Material Table S2.1- Overview of published Canada Warbler records during the 
migratory period. 

Region Location Reference 
Atlantic Atlantic Ocean Durant 1972 

Carribbean Bermuda Drury and Keith 1962, Amos 
1991 

Carribbean Cuba Craves and Hall 2003 
Carribbean Puerto Rico Bond 1960 

Carribbean Bahamas and West 
Antilles Raffaele et al. 2010 

Carribbean Netherland Antilles Prins and Debrot 1996 
Carribbean Virgin Islands  Gochfeld 1979 
Carribbean St. Martin Brown and Collier 2007 
Carribbean Barbados Frost and Messiah 2001 

Carribbean St. Croix and La 
Guadeloupe Bond 1960 

Carribbean Jamaica and Hispanola Bird Life International 2012 
Central 
America Guatemala Cooke 1905 

Central 
America Guatemala Land 1970 

Central 
America Honduras Monroe 1968 

Central 
America Costa Rica Wolfe et al. 2014 

Central 
America Panama Greenberg and Gradwohl 1980 

Mexico Sierra de Tuxtla Andrle 1966 
Mexico Veracruz Leyva et al. 2009 
Mexico Oaxaca Binford 1989 
Mexico Yucatan state Tellkamp et al. 2015 
Mexico Santa Clara, Yucatan Paynter 1951 
Mexico Eastern Mexico Cooke 1905 
United States Live Oak Grove, Texas Mueller and Sears 1987 
United States Coast of Delaware Adams 2014 
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Figure 2.1- Average longitudinal positions of twenty-five male Canada Warblers tracked with 

light-level geolocators from three different breeding sites in Alberta, Manitoba and New 

Hampshire. The dotted coloured lines around the longitude values indicate plus or minus one 

standard deviation. The approximate timing of fall migration is bracketed by the grey vertical 

lines. The most western and eastern limits of the Gulf of Mexico are indicated by horizontal 

black lines. 
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Figure 2.2- Estimated migration routes for male Canada Warblers tracked from three breeding 

populations across the breeding range from 2014-2016. Blue tracks represent the fall migration 

routes taken by individuals that were tracked from Alberta (A), red tracks represent the fall 

migration routes of individuals from Manitoba (B), green tracks represent the fall migration 

routes of individuals from New Hampshire (C), and the yellow track shows the spring migration 

track taken by an individual returning to New Hampshire (D). Dashed lines show inferred routes 

when latitude estimates were poor. 
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Figure 2.3- Mean overwintering locations during the over-wintering period estimated for 25 

male Canada Warblers from three different breeding sites determined by using light-level 
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geolocators. The breeding and wintering range are indicated with grey shading. The black 

triangles indicate individuals that bred in Alberta (n = 10), white circles indicate individuals that 

bred in Manitoba (n = 9), and the grey squares represent individuals that bred in New Hampshire 

(n = 6).   
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Supplemental Material Figure S2.1- Canada Warbler range map showing where individual 

birds were banded and recovered (connected by black lines) during migration or in the wintering 

grounds from 1960 to 2015. Two individuals were banded and recovered at the same location. 

Data provided by the Canadian Bird Banding Office (2016). 
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Supplemental Material Figure S2.2- Average 95% credible intervals for latitude values derived 

by FLightR analysis for eighteen male Canada Warblers tracked with light-level geolocators 

from breeding sites in Alberta, Manitoba and New Hampshire. The dotted lines around the 

longitude curves indicate plus or minus one standard deviation. The fall equinox is indicated by 

the red vertical line. 
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Supplemental Material Figure S2.3- Average 95% credible intervals for longitude values 

derived by FLightR analysis for eighteen male Canada Warblers tracked with light-level 

geolocators from breeding sites in Alberta, Manitoba and New Hampshire. The dotted lines 

around the longitude curves indicate plus or minus one standard deviation. The fall equinox is 

indicated by the red vertical line. 
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THESIS CONCLUSION  
 

Many migratory songbird species are currently in decline with causes that are largely 

unknown (Sauer et al. 2014). The estimation of geographic position of migratory songbirds using 

light-level geolocators permits a unique opportunity to increase our understanding of their 

ecology and to direct conservation efforts. Geolocators provide a number of advantages over 

other methods, as they are light weight, cost effective and can track individuals year-round 

(Rakhimberdiev et al. 2015). Geolocators are currently the only method available that can 

provide daily estimated coordinates for every day that the unit is on the bird. 

However, any factor that influences the intensity pattern of light reaching the unit can 

cause systematic biases or inaccuracies in the results (Lisovski et al. 2012). Factors such as 

changes in behaviour, changes in habitat and timing of moult can all dramatically affect the 

quality of the light data and subsequent results from geolocation analysis. Large inconsistencies 

between inferred and actual locations can result in inaccurate conclusions and has significant 

implications for conservation (Lisovski et al. 2012).   

My research reviewed the results of the three main open source packages used to analyze 

geolocator data (GeoLight, SGAT and FLightR) using light data from four species of songbirds 

of varying quality. My research demonstrates how the results from each method become 

increasingly dissimilar as the number of false twilights (sunrises and sunsets) increases. 

Furthermore, my results indicate that GeoLight provided more variable and less precise 

latitudinal estimates than FLightR and SGAT. When precise latitudinal estimates are required, 

SGAT and FLightR should be preferentially used during analysis. However, if the migration of 

the species has a strong longitudinal component it is possible that the method of analysis is less 

important.  
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Accuracy, the difference between the actual value and inferred value, was only 

considered at the deployment location and was not tested at the non-deployment location, where 

only precision, or the variation in measurements, was considered. Future research should 

investigate whether the methods have comparable accuracy in their location estimates at the non-

deployment location. This could be done by using different techniques to corroborate the results, 

such as comparing results from isotope analysis with results from geolocator analysis. Due to the 

serious consequences that lack of consistency between inferred and actual coordinates can have, 

researchers conducting geolocator-based studies must have a strong understanding of the 

limitations of the technology and must be careful to not overstate the results of their research. 

The merit of FLightR was exemplified in my research investigating the migration 

tracking of the Canada Warbler (Cardellina canadensis). I identified migration routes and 

wintering sites taken by three different breeding populations from across the breeding range. 

FLightR was used to analyze the geolocator data to minimize the latitudinal variability in the 

location estimates. Furthermore, the migration route provided by FLightR was the most 

consistent of the three methods, and was most likely to provide biologically plausible results 

within the known species range.  

At the Gulf of Mexico, all three populations overlapped in space and time. As such, I was 

able to make recommendation on conservation of habitat that would benefit all three tracked 

breeding populations. However, routes were inferred when latitudinal estimates were poor. Most 

of the individuals we tracked (72%) overwintered in Colombia, suggesting the conservation 

value of preserving habitat in Colombia. Like much of South America, Colombia has 

experienced high rates of deforestation. The highest rate of global forest loss has been identified 

in tropical rainforests, comprising 32% of the total loss. Almost half of this loss was observed in 
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the forests of South America (Hansen et al. 2013). Significant forest loss is caused by forest 

clearing for cultivation (Davis et al. 1997). In Colombia, previous studies have shown dramatic 

forest losses at both the national (Cabrera et al. 2011) and regional scale (Dávalos et al. 2011; 

Etter et al. 2000). Historic rates of forest loss have been dramatic (Cabrera et al. 2011), however, 

forest recovery has been reported in the short term (Sánchez-Cuervo et al. 2012). Due to an 

internal armed conflict, there has been a significant rural to urban migration of the people which 

resulted in forest regeneration in some areas (Sánchez-Cuervo et al. 2012), primarily in the 

Andes (Negret et al. 2017) which is known Canada Warbler habitat (Reitsma et al. 2009). The 

50-year civil war is ending through a peace-agreement that was signed between FARC-EP and 

the Colombian government. This agreement includes a rural land reform that encourages 

displaced people to return to rural areas which will likely result in increased deforestation, 

agriculture and industrial activities in previously inaccessible areas (Negret et al. 2017) that 

could further compromise overwintering Canada Warbler habitat. Considering potential changes, 

it is critical that proactive post-conflict planning take place to ensure the wellbeing of Colombian 

people and the protection of its biodiversity and native habitats, like that of the Canada Warbler. 

My results suggest the conservation value of preserving habitat in Colombia for birds 

from across the breeding range. Based on the results of tracking of the Canada Warbler, areas 

around the Gulf of Mexico and areas in Colombia should be the focus of conservation efforts. 

Future research should be focused on identifying the strength of migratory connectivity in the 

wintering grounds.  

Migratory connectivity is a measure of the strength of spatial connections between 

populations at different periods of the annual cycle, such as between the breeding and 

overwintering periods of migratory birds (Norris and Marra, 2007). For example, if much of the 
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breeding population of a species overwinters in one specific area, most of the population is 

dependent on the one area which needs to be considered to successfully develop a conservation 

plan (Webster et al. 2002). The challenge in determining migratory connectivity is the non-

breeding and breeding areas of a population need to be identified (Webster et al. 2002). 

However, technological advances in tracking units have the potential to increase our knowledge 

of migratory connectivity. Few migratory connectivity studies have been performed on songbirds 

using tracking devices (Faarborg et al. 2010a), due in part to limitations in the necessary range-

wide data needed. Due to the lack of migratory connectivity studies conducted on songbirds of 

conservation concern, there are little data available to guide the conservation of these wide-

ranging species. Restoring threatened or listed species can be very challenging without 

information on migratory connectivity; as such, future research should focus on addressing these 

knowledge gaps. Studies conducted by Stanley et al. (2015) on Wood Thrush and Fraser et al. 

(2012) on Purple Martins are some of the few connectivity studies on a threatened and declining 

songbird species that use direct tracking technologies and data derived from range-wide 

populations. Understanding migratory connectivity is very important as it is difficult to draft a 

conservation plan without knowing the geographic range and habitat requirements of a species 

(Webster et al. 2002, Stanley et al. 2015). While my research provides important new 

information on route selection for three populations of Canada Warbler from across the breeding 

range, to continue to address knowledge gaps on the migration connectivity and the population 

decline of this species, I recommend future research be conducted on quantifying the migratory 

connectivity of the Canada Warbler between breeding and overwintering sites. Future research 

on the migratory connectivity of the species could provide insight into the cause the differential 

declines observed at the breeding grounds. Furthermore, if strong migratory connectivity was 
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present, protection of differing habitat in the wintering grounds could benefit specific breeding 

populations, and could elucidate a stronger understanding of conservation priorities for specific 

populations. 

My research provides important information on the broad scale year-round movements 

addressing major knowledge gaps of migratory ecology and overwintering ecology of the 

Canada Warbler. It exemplifies the value of geolocator data, and its capacity in studying Species 

At Risk. Geolocators are instrumental in determining general route estimations for migratory 

species (Kramer et al. 2017; Cooper et al. 2017; McKinnon et al. 2017; DeLuca et al. 2015) and 

broad connectivity at population scales (Witynski and Bonter, 2018; Fraser et al. 2012), which 

can then be used to direct conservation action.  

The focus of management is to provide enough high-quality habitat to support a species 

(Faaborg et al. 2010a). This requires the preservation of suitable vegetation structure in the 

correct landscape and enough neighbouring habitat in order to preserve a viable population 

(Faaborg et al. 2010b). This is particularly important when considering listed species. 

Management of migratory populations is particularly challenging, as the habitat requirements 

need to be addressed for each stage of their life cycle. Habitat needs are poorly understood for 

many Neotropical migrants making conservation efforts challenging. Much of our understanding 

of their ecology is based on only a few species in a few geographic locations (Faaborg et al. 

2010a). There is a need for the replication of studies in time and space that identify habitat 

requirements across the breeding range to ensure that appropriate habitat is conserved to recover 

listed species. Research is also needed to identify habitat use during migration and the wintering 

period (Faaborg et al. 2010b). There are significant information deficiencies regarding the habitat 

needs of migratory birds during migration and the winter which may be leading to their decline. 
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Through direct tracking of individuals using geolocators it is possible to identify broad-scale 

habitat preferences (Phillips et al. 2004).  

Fine scale spatio-temporal data can be provided through other tracking methods. For 

example, the Motus Wildlife Tracking system (www.motus.org) is a radio-tracking network that 

can provide real time and exact coordinates for migrating birds. This tracking system requires 

three components: small nano-transmitters (weighing less than 0.25 g) that are deployed on 

birds, receiving stations (typically towers) to capture the signal transmitted by the unit on the 

bird, and a data management network to process the data (Francis et al. 2016).  

Another technology that is becoming further developed to track songbirds are satellite 

transmitters that have become miniaturized enough (weighing approximately 1 g) to be carried 

by larger songbirds (approximately 50 g). These units do not transmit any information, and need 

to be recovered by the researcher, but can record up to 130 locations with extreme accuracy. 

These units have already been deployed on larger songbirds, such as the Purple Martin, and have 

been instrumental in defining fine-scale migratory connectivity and habitat selection (Fraser et 

al. 2017). 

Multiple methods of tracking should be considered when studying migratory songbirds. 

As different techniques provide different information, they should be used in combination to 

address different questions. Overall, this thesis demonstrates the value of geolocator research 

when tracking at risk species. However, it also highlights the importance of considering factors 

that could negatively impact the light data and subsequent location estimates. Lastly, this thesis  

makes recommendations that future researchers should contemplate when designing a 

geolocator-based study of small, migratory landbirds.  
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