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ABSTRACT 

Migration timing is important to the reproductive success of birds, as mismatches with peak food 

abundance can lead to reduced fitness and population declines. Birds breeding at northern 

latitudes may be more susceptible to the effects of climate change, as narrower seasonality 

farther north can result in timing mismatches for birds that may rely more on endogenous cues to 

migrate. Few studies have used direct-tracking methods on waterfowl to compare differences in 

migration ecology across a latitudinal gradient. Spatiotemporal tracking data can also be useful 

for conservation and management of waterfowl. Giant Canada Geese (Branta canadensis 

maxima) are increasing in numbers, to the point where they are declared overabundant. Special 

hunting seasons may be opened to increase harvest of this subspecies, but care must be taken to 

avoid non-target goose populations. My first objective was to use direct-tracking data to examine 

differences in migration timing and rate between three goose populations: giant Canada Geese, 

Southern Hudson Bay Canada Geese (B. c. interior), and Cackling Geese breeding across a 

broad latitudinal range (49-65 degrees). My second objective was to apply my findings in 

relation to conserving and managing overabundant Canada Geese, and whether spring migration 

in overabundant Giant Canada Geese and less abundant Cackling Geese overlap with the 

proposed spring hunting season (March 1 to March 31). I found that southern-breeding geese 

migrated earlier and with more variation in spring compared to more northern-breeding geese, 

and in fall the northern-breeding geese migrated earlier compared to more southern-breeding 

geese. I also found that all three goose populations were in Manitoba during the fall hunting 

season, and about 9% of Giant Canada Geese were in Manitoba during the proposed spring 

hunting season. Increasing our knowledge of migration ecology in waterfowl can be useful in 
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conservation of species that may be susceptible to the effects of climate change, or managing 

species that are increasing in numbers in which timing data can aid decisions to open special 

hunting seasons to increase harvest rates. 
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CHAPTER 1: THESIS INTRODUCTION 

 Seasonal migration is a phenomenon in which an animal travels from one region to 

another, and then back again. The reasons for such movements could be to avoid adverse 

environmental conditions, usually colder weather patterns, or to exploit seasonal variation in 

food resources at different regions (Alerstam et al. 2003; Pulido 2007). For many bird species, 

migration is an important part of their life history. However, migration is risky, as it is 

energetically costly to fly long distances in a short time period (Lind et al. 1999), and conditions 

or events during migration can lead to reduced fitness through carry-over effects (Norris and 

Taylor 2006) or increased mortality rates (Pilotte et al. 2014; Rockwell et al. 2017). 

 Migratory patterns can vary between different populations of the same species. For 

instance, when comparing populations at different breeding latitudes, Newton (2009) described 

three different types of migration. The first is chain migration, when the most northern breeding 

birds are also the most northern wintering birds. Leapfrog migration is the opposite to chain 

migration, in which the most northern breeding birds winter the farthest south, and the more 

southern breeding birds winter the farthest north. Lastly, telescopic migration is when birds from 

different breeding latitudes winter together in mixed flocks (Figure 1.1). 

Migration timing or phenology can also differ between populations that are 

geographically separate from each other (Conklin et al. 2010). Birds breeding at more southern 

latitudes tend to migrate earlier than birds breeding at more northern latitudes in response to 

latitudinal variation in environmental phenology (Briedis et al. 2016; Neufeld et al. 2021). These 

differences in timing can be controlled by endogenous or internal cues which signal individuals 

to begin migration (Gwinner 1989), or by environmental and physiological cues (Bowlin et al. 



2 

 

2010). In some long-distance migratory songbirds, endogenous cues tied to photoperiod seem to 

have a larger influence on timing, as they begin migration independent of environmental cues 

from distant breeding sites, or regional changes in temperature and precipitation (Fraser et al. 

2013). In waterfowl such as geese and ducks, environmental cues may have a more substantial 

effect on timing – for example, in the Delta Marsh, Manitoba, many waterfowl species migrating 

from overwintering areas in the United States of America (USA) have advanced their spring 

arrival time with increasing temperatures at their breeding sites (Murphy-Klassen et al. 2005). 

However, long-distance migratory waterfowl that breed in the Arctic may rely more on 

endogenous cues, showing more consistent migration timing (Clausen and Clausen 2013). 

Due to changes in seasonality with latitude, such as shorter breeding seasons in arctic 

regions, birds breeding at higher latitudes may be under stronger selective pressures to optimise 

breeding success by timing their migration and reproduction with peak food abundance 

(Alerstam et al. 2003). Environmental changes brought on by climate change can lead to 

phenological mismatches in peak food abundance for many medium- to long-distance migrants 

that may not be able to adjust their timing in response (Both et al. 2006), ultimately leading to 

population declines due to reduced fitness in individuals (Both et al. 2016). Therefore, the ability 

for migrants to adjust their timing flexibly to unexpected seasonal change can be critical to their 

survival. As arctic regions are also more vulnerable to the effects of climate change, with 

average temperatures greatly increasing (Arctic Goose Joint Venture Strategic Plan 2020), arctic-

breeding populations may therefore be more susceptible to these effects and suffer reduced 

fitness (Brook et al. 2015). 

Little is known about the effect of endogenous cues on many migratory waterfowl 

species, especially across the latitudinal gradient. To date, only a handful of studies have 
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investigated how endogenous cues predict migration timing in birds over the annual cycle (i.e., a 

full year) (Conklin et al. 2010; Briedis et al. 2016; Gow et al. 2019; Neufeld et al. 2021), and 

fewer studies have examined the extent to which endogenous and environmental cues influence 

migration phenology, especially in waterfowl. 

 In Canada, migratory Canada Geese (Branta canadensis) have a vast breeding range 

across the country, with breeding latitudes from as far south as 49° N up to as far north as 

northern Quebec (Jantunen et al. 2015) and longitudes spanning east to west coasts (Mowbray et 

al. 2002a) (Figure 1.2a). In Manitoba, populations breeding closest to Hudson Bay consist 

predominantly of the subspecies B. c. interior, while the more southern temperate-breeding 

populations consist mostly of the giant subspecies B. c. maxima (Mowbray et al. 2002a). 

Cackling Geese (Branta hutchinsii) were previously considered a subspecies of Canada Geese, 

but are now recognised as their own species based on genetic evidence (Banks et al. 2004). They 

breed the farthest north in the Canadian Territories, their southernmost latitudes at about 60° N 

(Mowbray et al. 2002b) (Figure 1.2b). Mid-continent Cackling Geese tend to migrate through 

Manitoba, based on band recovery data. All these populations may mix together during both fall 

and spring migrations, and at wintering sites. 

 Canada Geese and Cackling Geese are mid- to long-distance migrants. In the fall these 

species tend to migrate when environmental conditions become less favourable (Newton 2009). 

They migrate southward and spend the winter season across the central and south-central United 

States (Mowbray et al. 2002a). In spring the more northern breeding populations may follow the 

“green wave”, in which they move northward as the snow melts and vegetation becomes 

available for consumption (van der Graaf et al. 2006), until they reach their breeding grounds to 

nest. 
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 Temperate-breeding Canada Geese (B. c. maxima) are increasing dramatically in 

Manitoba (Smith et al. 2019), raising concerns on goose-human relationships such as crop and 

property damage (Luukkonen and Leafloor 2017), thus promoting management plans to regulate 

their numbers (Ankney 1996). In response, hunting seasons from September to December aim to 

maintain or decrease populations numbers in this subspecies (Shorey et al. 2007). Although 

Cackling Goose populations are also increasing and the more northern Canada Goose 

populations appear to be stable, they cannot be legally hunted in spring because they do not meet 

the criteria for being declared overabundant (Luukkonen and Leafloor 2017). Moreover, 

northern-breeding geese are morphologically similar to the more southern breeding geese, 

making it difficult for hunters to visually distinguish between these populations. To avoid non-

target populations such as the subarctic- and arctic-breeding geese, it would therefore be ideal to 

open hunting seasons during a period when only the overabundant temperate-breeding geese are 

passing through Manitoba and when this population is most vulnerable to the effects of harvest 

(Shorey et al. 2007; Luukkonen and Leafloor 2017). However, more spatial and temporal data 

are needed for changes in policies regarding hunting and management of overabundant geese to 

take place, particularly differences in migration ecology between populations. 

 Population sizes of many bird species, including geese can be estimated through ringing 

or banding individuals (McAlister et al. 2017). Large groups of birds are captured, and a metal 

band with a unique identification code is attached to the tarsus or leg of each bird. The following 

year, birds can be recaptured at the same sites where they were initially banded, and records of 

recaptures are kept. Although band recovery methods are an effective tool for investigating 

population abundance, harvest and survival rates (Buderman et al. 2014), and spatial components 

of migration such as flyways (Buhnerkempe et al. 2016), they are limited to where the bird is 
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recovered, and are therefore not as effective for examining finer-scale temporal components such 

as migration timing, especially during the spring when there few band recoveries. 

 New technologies provide the opportunity to track migration behaviour at a finer scale 

(McKinnon and Love 2018). Bio-loggers such as GPS tags, Motus tags, and light-level 

geolocators can be attached directly to the animal with minimal costs to the carrier (Lameris et 

al. 2018; Brlík et al. 2019). Light-level geolocators detect and record light intensity over time 

(Lisovski and Hahn 2012). Upon retrieval, light data can be extracted from the devices, and from 

these data changes in light level are used to determine sunrise and sunset times (twilights). R 

packages such as ‘GeoLight’, ‘SGAT’ and FLightR’ can be used with these light data to estimate 

geographical coordinates, which in turn can be used to estimate departure and arrival dates from 

specific locations. 

Most geolocators have enough battery life to collect light data over an entire year, 

covering the annual cycle of a tracked individual (Stutchbury et al. 2009). Some of the larger 

geolocators, such as the ones deployed on leg- or neck-bands on larger birds, can collect light 

data for up to four years due to longer battery life and are therefore ideal for obtaining repeat 

tracks on long-lived individuals. With large migratory waterfowl such as geese, geolocators may 

be preferred over other tracking devices such as GPS and radio transmitters, as geolocators are 

cost-effective, especially for populations that are banded annually or harvested, and have fewer 

transmitter effects on the individual (Brlík et al. 2019). Since geese favour open environments, 

the reduction in shade makes calibrating (during moult where their locations are known) and 

tracking their locations easier. 
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Few studies on waterfowl have used fine-scale tracking data to examine migratory 

behaviour, especially the influence of breeding location on migration timing and flexibility (Bêty 

et al. 2004; Hupp et al. 2018). By using animal-deployed trackers such as geolocators, we can get 

more precise estimates of when and where the individual is moving over a longer time period. 

We can also gather more information on migration ecology, both at the spatial level such as 

migratory connectivity (Stanley et al. 2015; Kölzsch et al. 2019) and at the temporal level such 

as migration timing and duration (Hupp et al. 2018; Pedersen et al. 2019). 

 My thesis contains three chapters in addition to this introduction. The second chapter 

examines differences in migration timing among populations of Canada geese and cackling 

geese. The third chapter compares spatiotemporal data for these three populations to the timing 

of proposed hunting seasons, to aid in decisions concerning conservation and management of 

goose populations that are increasing in numbers, particularly the temperate-breeding giant 

Canada Geese. The fourth and final chapter summarizes the main findings of my thesis and 

further contextualizes my main results. By investigating all the above, as well as having a large 

sample size spanning multiple years and a large spatial scale, I hope to achieve a better 

understanding of waterfowl migration strategies and phenology and contribute this knowledge to 

waterfowl conservation. 
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Figure 1.1. Types of migratory movements for populations at varying breeding regions (Newton 

2009, pp. 686). 
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Figure 1.2. Range maps for (a) Canada Geese (Branta canadensis) (Mowbray et al. 2002a) and 

(b) Cackling Geese (Branta hutchinsii) (Mowbray et al. 2002b). 

 

(b) 
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CHAPTER II: DIFFERENCES IN MIGRATION TIMING AND RATE AMONG 

CANADA GOOSE AND CACKLING GOOSE POPULATIONS. 

 

Abstract 

Migration timing is important to the reproductive success of birds, as mismatches with peak food 

abundance can lead to reduced fitness and population declines. Birds breeding farther north may 

be more susceptible to mismatches, as their timing around the breeding grounds may be more 

constrained by shorter seasons with increasing latitude. The migration and breeding of migratory 

geese may be strongly influenced by seasonal phenology, but how timing may vary for 

populations breeding at different latitudes is little known. Using light-level geolocators, I tracked 

88 individuals from three populations of migratory geese breeding across 20 degrees of latitude: 

a giant Canada Goose population Branta canadensis maxima (n = 34) breeding in southern 

Manitoba, a Southern Hudson Bay population B. c. interior (n = 39), and arctic-breeding 

Cackling Geese Branta hutchinsii (n = 15). I ran generalized linear mixed models to test for 

differences in migration departure timing, arrival timing, and overall rate for both fall and spring 

migration, and for differences in the timing of breeding. During spring migration, more southern-

breeding Canada Geese departed on their spring migration 9-13 days earlier and arrived at their 

breeding grounds 32-57 days earlier than Cackling Geese, but departed 20-26 days later on fall 

migration. Therefore, the breeding period was 39% later and 55% shorter for more northern-

breeding birds. Canada Geese spent 50-90 more days at their breeding sites than Cackling Geese. 

Generally, there were no differences in migration rate among the populations. Overall, I found 

large differences in timing for populations breeding at different latitudes that extended across the 

annual cycle. This variation will be important to consider in ongoing conservation and 

management. 
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Introduction 

Due to differences in seasonality across latitude, such as shorter breeding seasons in 

arctic regions, birds breeding at higher latitudes may therefore be under stronger selective 

pressures to optimise breeding success by timing their migration and reproduction with peak 

food abundance (Alerstam et al. 2003, Brook et al. 2015). Environmental changes brought on by 

climate change, such as an earlier spring, can lead to phenological mismatches between peak 

food abundance and the timing of breeding (Visser and Gienapp 2019). Many medium- to long-

distance migrants may not be able to adjust their timing in response to new conditions due to 

physiological constraints such as the energy required for good body condition during migration 

(Aagaard et al. 2018), or time constraints at the breeding grounds to match peak food abundance 

(Both et al. 2006), ultimately leading to reduced fitness in individuals and population declines 

(Both et al. 2016). Furthermore, delays in spring migration timing may also affect subsequent 

offspring survival. For example, mismatches in timing between breeding phenology and peak 

nitrogen content in plants negatively affected gosling body size in Greater Snow Geese (Anser 

caerulescens atlantica, Doiron et al. 2015). Similarly, later grazing times in the season can lower 

forage quality for growing Black Brant goslings (Branta bernicla nigricans, Beard et al. 2019). 

Therefore, the ability for migrants to adjust their timing to variation in seasonal phenology is 

critical to their survival. 

 Previous studies have shown that in general, populations breeding at more southern 

latitudes tend to migrate earlier in spring than populations breeding at more northern latitudes 

(Conklin et al. 2010, Briedis et al. 2016, Gow et al. 2019, Neufeld et al. 2021). This is because 

spring phenology is closely tied to populations such that arrival at their breeding grounds is 

timed with optimal conditions at those sites. These differences in migration timing may carry 

throughout the year, such that earlier migration in one season may lead to earlier migration in 
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subsequent seasons (Briedis et al. 2016, Åkesson et al. 2020). Although there have been a few 

studies examining the influence of latitude on migration timing in songbirds and a shorebird 

(Conklin et al. 2010, Briedis et al. 2016, Gow et al. 2019, Åkesson et al. 2020, Neufeld et al. 

2021), little is known about how breeding latitude may influence waterfowl migration timing, 

especially around the annual cycle (i.e., the full calendar year), and to date no studies have 

directly compared waterfowl populations breeding at different latitudes. 

 Canada Geese (Branta canadensis) and Cackling Geese (Branta hutchinsii) are mid- to 

long-distance migratory waterfowl. Temporally, little is known about fall and spring migration 

timing in these species, and how variable their timing is. Spatially, Canada Goose fall migratory 

routes are known for a few regions (Mowbray et al. 2002a). However, our knowledge of these 

routes is mainly based on recoveries from birds shot by hunters and are thus influenced by hunter 

distribution and intensity. Furthermore, little is known about Canada Goose and Cackling Goose 

spring routes (Arctic Goose Joint Venture Strategic Plan 2020). Few to no studies have 

investigated migration timing around the calendar in waterfowl species, and how it may differ 

among geographically distinct populations. 

Few studies on waterfowl have used fine-scale tracking data to examine migratory 

behaviour, especially the influence of breeding location on migration timing (Bêty et al. 2004, 

Hupp et al. 2018). Using animal-deployed trackers such as light-level geolocators, we can get 

more precise estimates of when and where an individual is moving over a long time period. In 

addition, geolocators can be attached to an individual using benign methods (Brlík et al. 2019), 

therefore we can obtain multiple years of tracking data from the same individuals. We can also 

gather more information on migration ecology, both at the spatial level such as migratory 
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connectivity (Stanley et al. 2015, Kölzsch et al. 2019) and stopover locations, and at the temporal 

level such as migration timing and duration (Hupp et al. 2018, Pedersen et al. 2019). 

 My main objective was to investigate differences in migration ecology between 

geographically distinct goose populations that breed across a broad latitudinal range (49-65 

degrees). For temporal analyses, I hypothesized that populations breeding at more northern 

locations experienced shorter breeding seasons compared to populations breeding at more 

southern locations. I therefore predicted that northern populations would depart for fall migration 

earlier than southern populations. I also predicted that northern populations would depart from 

their wintering grounds later than southern populations to avoid the costs of early migration such 

as unexpected cold spells and lower food quality (Alerstam et al. 2003). In terms of migration 

rate, I predicted that more northern Geese would migrate slower in fall compared to more 

southern breeders, due to a shifting focus on survival owing to relaxed selection on reproductive 

fitness (Nilsson et al. 2013) and larger distances between breeding and wintering grounds 

resulting in longer duration and therefore lower rates (Newton 2009). I also predicted that 

northern Geese would migrate faster in spring, due to being time-selected to fly faster after 

departing later for migration (Alerstam 2011). Although the spatial portion of my study was 

exploratory in nature (due to a lower sample size from the Cackling Goose population), based on 

the tendency for geese to flock together during migration and at wintering grounds, and what is 

currently known about migratory flyways in waterfowl, I predicted that the three goose 

populations should travel similar routes through Manitoba and winter in the same regions in the 

United States. 
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Methods 

Geolocator deployment and data retrieval 

 Light-level geolocators were deployed on individual geese from three geographically 

distinct populations: the temperate-breeding giant Canada Geese (B. c. maxima) from southern 

Manitoba, Canada (retrieved n = 34); the Southern Hudson Bay (SHB) Canada Geese (B. c. 

interior) from Churchill, Manitoba, Canada (retrieved n = 39); and the arctic-breeding Mid-

continent Cackling Geese (B. hutchinsii) from Baffin Island, Nunavut, Canada (retrieved n = 15) 

(Table 2.1). Geolocators were deployed during annual pre-hunting season banding operations, 

led by the Province of Manitoba and the Canadian Wildlife Service (CWS) from 2016 to 2020. 

Brood flocks consisting of adults and goslings were corralled into pens (during which they are 

undergoing their moult, are flightless and therefore easier to capture and band), either by air via 

helicopter or by water and land via kayaks and ground personnel. Geolocators (type Intigeo-

C330, Migrate Technology Ltd.) weighing about 0.3% of the bird’s body weight (during which 

they were at their lightest, in the summer season) were attached to the tarsus of individuals via 

zip tie on a plastic leg band (Supplementary Table S2.1). In addition, each individual was given 

an aluminum leg band with a unique number for identification. Only adult females (identified by 

examining cloaca) with brood patches (a spot on the ventral side of the body where there are 

fewer/thinning feathers; aids in heat transfer during incubation (Hanson 1959)) were given 

geolocators to ensure the tagged individuals were part of the breeding population in question 

(and not migrants from elsewhere). Geolocators were then retrieved either by recapturing the 

individuals in large broods in subsequent years, or were shot by hunters and reported in to the 

USGS Bird Banding Laboratory. 

Data processing and analyses were performed in R (version 3.6.3) using Rstudio (version 

1.2.5019, R Core Team 2020). The BAStag (version 0.1.3, Wotherspoon et al. 2016) and 
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GeoLight (version 2.0.0, Lisovski and Hahn 2013) packages were used to process light data for 

analyses via the threshold method (Lisovski and Hahn 2013). Due to the possibility of geese 

sitting on their geolocators and blocking light sources, sunrise and sunset times (twilights) were 

determined at threshold 2; however, in situations where there was a relatively large amount of 

light pollution (peaks of light in dark periods) the threshold was increased to 12. The FLightR 

package (version 0.5.0, Rakhimberdiev et al. 2016) was then used to further process and refine 

the data: for each individual track, the calibration period (needed for estimating geographical 

coordinates) consisted of an interval shortly after geolocator deployment, where the individual 

remained stationary or flightless (usually at the breeding grounds and during moult), spanning 3-

4 weeks (Rakhimberdiev et al. 2016). Data were run through the ‘run.particle.filter’ function at 1 

million particles to obtain a final result file containing all the variables needed for analyses. The 

Leaflet package (version 2.0.2, Cheng et al. 2018) was used to plot migration tracks on maps. 

Migration timing dates were determined using the ‘stationary.migration.summary’ 

function in the FLightR package, except in cases where the individual was moving too slow for 

the function to detect movement as outside a stationary period, in which case timing dates were 

manually estimated by examining the time and location data from the FLightR result file. Fall 

departure date was estimated as the first point when the individual moved away from its breeding 

region (usually southward) and fall arrival date was estimated as the point when the individual 

entered the first stationary period in its wintering region about 2 degrees below 44° N (Mowbray 

et al. 2002a). Spring departure date was estimated as the first point passing 44° N. For Canada 

Geese, spring arrival date was estimated as the point when the individual reached its approximate 

breeding region (± 1 degree latitude) before the incubation period, which is estimated at points 

when light levels were almost completely dark as the individuals sat on the geolocator to 
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incubate their eggs, blocking out light. Because Cackling Geese, like other Arctic-breeding 

geese, nest beyond the Arctic Circle (66.5° N) where there is near-constant sunlight, spring 

arrival date was estimated at the first point when there was no shading in the light data. 

Temporal analyses 

 Generalized linear mixed models (GLMMs) were run using the lme4 package (version 

1.1-25, Bates et al. 2015). My response variables were departure and arrival dates for both fall 

and spring migration. My fixed effect was population, and my random effects were geolocator 

ID (to account for individual-level variation) and the year in which the track began (to account 

for annual variation). Since all tracked individuals were adult females, it was unnecessary to 

control for sex in these models. Specific age is unknown and could not be controlled for. 

Marginal (deviance explained by fixed effects) and conditional (deviance explained by whole 

model) R2 values were estimated using the MuMIn package (version 1.43.6, Barton 2019). I 

checked the residuals of each model for normality and equal variance, to ensure parametric 

assumptions were met (Zuur et al. 2010). 

Migration distance and rates 

 From the ‘stationary.migration.summary’ function from the FLightR package I obtained 

stationary periods (including stopovers) for each migratory track. Outliers that were not removed 

through the ‘run.particle.filter’ in FLightR were estimated as points where the individual moved 

over 400 km between 2 twilights (~24 hours) in an easterly or westerly direction, or over 600 km 

in about 48 hours, indicating points that were likely outside of potential travel distances based on 

previous satellite transmitter data on Canada Goose migration (B. Luukkonen, unpubl. data). 

Points or sets of points meeting these criteria were removed. To estimate wintering locations for 

individual geese, I took the longest stationary period between fall arrival and spring departure 

dates and calculated the mean latitude and longitude from this period. I visualized migratory 
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tracks using the R packages ggplot2 (version 3.3.2, Wickham 2016), ggmap (version 3.0.0, 

Wickham and Kahle 2013), and Leaflet. I calculated the ratio between time spent in stationary 

periods (i.e., stopovers) and time spent moving during both fall and spring migration by dividing 

the total stopover duration by the total number of days spent in movement (which was in turn 

determined by subtracting stopover duration from total migration duration). 

 I estimated travel distance for both fall and spring migration by calculating the length 

between medians from sets of coordinates (i.e., latitude and longitude) along each migratory 

route (adapted from Hill and Renfrew 2019) using the packages sp (version 1.4-4, Bivand et al. 

2013) and geosphere (version 1.5-10, Hijmans 2019). Migration rate (km/day) for both fall and 

spring was estimated by dividing migration distance by the total number of days spent in the 

migratory period (including stopovers). 

I ran generalized linear mixed models on fall and spring migration rates, with population 

and the stopover-movement ratio (fall ratio for fall rate, and spring ratio for spring rate) as my 

fixed effects, and my random effects were individual and year of deployment. One outlier for fall 

migration rate was removed, as it was indicated to be an extreme observation by a Bonferroni 

Outlier Test (adjusted p-value < 0.001) on the model. I checked for parametric assumptions on 

the model residuals (Zuur et al. 2010). Both fall and spring migration rates had residuals that did 

not meet assumptions (positively skewed) and were log transformed (base 10). 

To explore changes in rate throughout fall and spring migration for SHB Canada Geese 

and Cackling Geese, I partitioned the total rate into sections: the northernmost section, running 

from Baffin Island to the southern shores of Hudson Bay (the northern zone, ~54-56° N) for 

Cackling Geese; the mid-latitude section, running from Hudson Bay (for Cackling Geese) or the 
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SHB Canada Geese breeding sites to southern Manitoba (the mid-latitude zone, ~49-51° N), and; 

the southernmost section, running from southern Manitoba to the wintering region 

(Supplementary Figure S2.1). These sections represent each leg of migration and reflect natural 

borders where the landscape changes (e.g., coastal wetlands vs. prairies), and which may serve as 

key stopovers for the northern goose populations (Warnock 2010). I observed the raw tracking 

data to estimate cut-off dates for each section of the migration season. For fall distances and 

duration from which rates were calculated, the northernmost section was estimated from the start 

of fall migration for Cackling Geese until entering the northern zone; the mid-latitude section 

was estimated as starting either after the individual left the northern zone, or when fall migration 

began for SHB Canada Geese, and ending when the individual left the mid-latitude zone, and; 

the southernmost section was estimated by subtracting the mid-latitude and northernmost 

sections from the total distance and duration (Supplementary Figure S2.1). For spring distances 

and duration, the southernmost section was estimated from the start of spring migration to when 

the individual first arrives in the mid-latitude zone; the mid-latitude section was estimated either 

by subtracting the southernmost section from the total distance and duration (for SHB Canada 

Geese), or continuing from the mid-latitude zone to the end of the northern zone (Cackling 

Geese), and; the northernmost section was estimated by subtracting the mid-latitude and 

southernmost sections from the total distance and duration (Supplementary Figure S2.1). 

Breeding phenology 

 The number of days spent in the summer season was estimated as fall departure date from 

one year subtracted by the spring arrival date from the same year; therefore, only individuals 

with more than one year of tracking data were used to examine differences in summer season 

duration. Nesting duration was estimated as the start date for incubation (the first point when 
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over 50% of light data are dark at the breeding grounds) (Hupp et al. 2018) subtracted from the 

end date (the last point when over 50% of light data are dark) (Supplementary Figure S2.2). The 

arrival-breeding interval, the time between arrival at the breeding grounds and the start of the 

nesting period, was calculated as the difference between nest initiation date and spring arrival 

date. 

 I ran generalized linear mixed models (GLMMs) on summer season duration, nesting 

duration, and the arrival-breeding interval. My fixed effect was population (a factor with 3 

groups: Cackler, SHB, and Giant), and my random effects were geolocator ID (to account for 

individual variation) and the year the individual nested (to account for annual variation). I 

checked for parametric assumptions on the model residuals (Zuur et al. 2010). The residuals for 

nesting duration (negatively skewed) and arrival-breeding interval (positively skewed) did not 

meet assumptions and were therefore transformed. Nesting duration was reflected, and then 

square roots were calculated from the reflected values. Arrival-breeding interval values were log 

transformed (base 10). 

Results 

 A total of 155 full-year tracks for 88 individuals were retrieved across all three 

populations, with years spanning between 2016 and 2020 (Tables 2.1 and 2.2). Of the 88 

individuals, 52 had light data spanning more than one year (repeat tracks), with 29 repeat tracks 

for the SHB Canada Goose population, 15 for giant Canada Geese and 8 for the Cackling Goose 

population (Table 2.2). 

Fall migration timing 

 Across all years, giant Canada Geese departed from their breeding grounds around 

September 29 (standard deviation ± 38 days) and arrived at their wintering grounds around 
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December 6 (± 17 days). Southern Hudson Bay (SHB) Canada Geese departed from their 

breeding grounds around September 22 (± 7 days) and arrived at their wintering grounds around 

November 21 (± 18 days). Cackling Geese departed from their breeding grounds around 

September 3 (± 7 days) and arrived at their wintering grounds around November 12 (± 9 days) 

(Figure 2.1a). 

The timing of fall departure differed between the populations. The most southern 

breeding Canada Geese on average departed from their breeding grounds about 26 days later 

than the most northern breeding Cackling Geese. The most northern breeding Canada Geese on 

average departed from their breeding grounds about 20 days later than Cackling Geese. For 

arrival at their wintering grounds, the most southern breeding Canada Geese on average arrived 

at their wintering grounds about 19 days later than the most northern breeding Cackling Geese. 

Marginal R2 values ranged between 0.01 and 0.15, and conditional R2 values ranged between 

0.61 and 0.70 (Table 2.3). 

Spring migration timing 

Generally, temperate-breeding Canada Geese were earlier in their spring migration 

timing compared to the more northern breeding Canada Geese and Cackling Geese. Across all 

years, giant Canada Geese departed from their wintering grounds around March 17 (± 18 days) 

and arrived at their breeding grounds around April 12 (± 10 days). Southern Hudson Bay Canada 

Geese departed from their wintering grounds around March 24 (± 12 days) and arrived at their 

breeding grounds around May 8 (± 8 days). Cackling Geese departed from their wintering 

grounds around April 2 (± 11 days) and arrived at their breeding grounds around June 9 (± 3 

days) (Figure 2.1b). 
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 During spring migration, the most southern breeding Canada Geese on average departed 

their wintering grounds the earliest compared to the other goose populations, departing about 13 

days earlier than Cackling Geese, which departed the latest. The most northern breeding Canada 

Geese on average departed from their wintering grounds about 9 days earlier than Cackling 

Geese. For spring arrival at their respective breeding grounds, the most southern breeding 

Canada Geese on average arrived at their breeding grounds about 57 days earlier than the most 

northern breeding Cackling Geese. The most northern breeding Canada Geese on average arrived 

at their breeding grounds about 32 days earlier than Cackling Geese. Marginal R2 values ranged 

between 0.08 and 0.85, and conditional R2 values ranged between 0.44 and 0.88 (Table 2.3). 

Migration rates 

 Generally, all goose populations were faster in spring compared to fall. In fall, the 

northernmost-breeding Cackling Geese were faster overall than Canada Geese, but in spring the 

southernmost-breeding giant Canada Geese were faster than the more northern populations. 

Giant Canada Geese spent about 65 days on fall migration, and 26 days on spring migration. 

Sub-arctic (SHB) Canada Geese spent about 60 days on fall migration, and 46 days on spring 

migration. Cackling Geese spent about 70 days on fall migration, and 67 days on spring 

migration. On average during fall migration, the southernmost breeding population traveled 2043 

km, and the northernmost breeding population traveled 4608 km. During spring migration, on 

average the southernmost breeding population traveled 1324 km, and the northernmost breeding 

population traveled 4483 km (Table 2.4). Throughout the entire fall and spring migration 

periods, the southernmost breeding geese traveled average rates of about 61 km/day and 79 

km/day, respectively, and the northernmost breeding geese traveled average fall and spring rates 

of about 66 km/day and 68 km/day, respectively (Figure 2.2, Table 2.4). 
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 Cackling Geese traveled fastest through the southernmost section of migration as 

compared to SHB Canada Geese, with average rates of 283 km/day and 122 km/day in fall and 

spring, respectively, while SHB Canada Geese traveled average rates of 201 km/day and 79 

km/day in fall and spring, respectively. In the mid-latitude section of migration, SHB Canada 

Geese traveled fastest compared to Cackling Geese, with average rates of 71 km/day and 115 

km/day in fall and spring, respectively, while Cackling Geese traveled average rates of 52 

km/day and 61 km/day in fall and spring, respectively. In the northernmost section of migration, 

Cackling Geese traveled average rates of 86 km/day and 276 km/day for fall and spring, 

respectively. Across both SHB Canada Geese and Cackling Geese, during fall migration 

southernmost section rates spanned minimum 18 km/day and maximum 849 km/day, mid-

latitude section rates spanned 14 and 627 km/day, and northernmost section rates spanned 11 and 

225 km/day. During spring migration, southernmost section rates spanned 16 and 560 km/day, 

mid-latitude section rates spanned 20 and 775 km/day, and northernmost section rates spanned 

66 and 663 km/day (Supplementary Figure S2.3). 

 Fall migration rates did not differ between Cackling Geese and SHB Canada Geese; 

however, fall migration rate differed between Cackling Geese and giant Canada Geese, with the 

latter population having a lower rate of 1.87 km/day compared to the former population. There 

was a negative trend between the stopover-movement ratio and fall migration rate: as the ratio 

increased, rate decreased by 1.03 km/day. Spring migration rates did not differ among the three 

populations. There was a negative trend between the stopover-movement ratio and spring 

migration rate: as the ratio increased, rate decreased by 1.06 km/day (Table 2.3). For fall and 

spring models respectively, marginal R2 values were 0.28 and 0.15, and conditional R2 values 

were 0.50 and 0.41. 
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Breeding phenology 

 A total of 85 observations were used to examine differences in summer season duration, 

and 155 observations were used to examine differences in nesting duration and the arrival-

breeding interval. Generally, the northernmost-breeding geese had the shortest breeding season, 

while the southernmost-breeding geese had the longest breeding season. Across all years, giant 

Canada Geese summer seasons (which included both breeding and moulting) ranged between 

March 30 and November 9, SHB Canada Geese summer seasons ranged between May 19 and 

October 5, and Cackling Geese summer seasons ranged between June 4 and September 11. 

Across all years, giant Canada Geese began nesting between April 4 and May 11, and were on 

the nest between April 4 and June 3. Southern Hudson Bay (SHB) Canada Geese began nesting 

between May 11 and June 7, and were on the nest between May 11 and July 6. Cackling Geese 

began nesting between June 9 and June 23, and were on the nest between June 9 and July 20 

(Figure 2.3, Table 2.4). 

 Duration of the summer season differed between Cackling Geese and the other 2 

populations, with the SHB Canada Goose season being about 49 days longer than Cackling 

Geese, and the giant Canada Goose season being about 88 days longer than Cackling Geese 

(Table 2.3). Time spent in the nesting period (i.e., sitting on eggs) did not differ between the 3 

populations. For breeding season and nesting duration models respectively, marginal R2 values 

were 0.69 and 0.03, and conditional R2 values were 0.94 and 0.13. 

 The arrival-breeding interval differed between Cackling Geese and SHB Canada Geese, 

with the latter population having a shorter log interval of 0.35 compared to the former 

population. There were no differences in the arrival-breeding interval between Cackling Geese 
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and giant Canada Geese (Figure 2.4, Table 2.3). The marginal R2 value was 0.26, and the 

conditional R2 value was 0.35. 

Breeding and wintering latitudes 

A total of 85 individuals were tracked, which include 14 Cackling Geese, 38 Southern 

Hudson Bay Canada Geese, and 33 giant Canada Geese. Across all populations, breeding 

latitudes ranged between 47° N and 67° N, and breeding longitudes ranged between -98° W and -

73° W (Table 2.5a). Populations breeding at different latitudes wintered relatively closer 

together, with latitudes ranging between 36° N and 46° N, and longitudes ranging between -99° 

W and -89° W (Table 2.5b). 

Generally, Cackling Geese departing from their breeding grounds crossed Hudson Bay, 

migrated through northwestern Ontario or northeastern Manitoba, and crossed the Canada-USA 

border through Manitoba into North Dakota. They then migrated southward and wintered in 

South Dakota, Nebraska, or Kansas (Supplementary Figure S2.4a). From these wintering sites 

the Cackling Geese began migrating northward, crossing the border from North Dakota into 

Manitoba or Saskatchewan. From there, they migrated north-easterly through northwestern 

Ontario or northeastern Manitoba, stopping along the shores of Hudson Bay before crossing the 

bay to reach their breeding grounds (Supplementary Figure S2.4b). 

Southern Hudson Bay Canada Geese migrated southward from their breeding grounds, 

generally staying in Manitoba. Some individuals performed reverse migrations, where they 

moved northward and then south again. Most individuals crossed the U.S. border from Manitoba, 

after which they moved southward through Minnesota, North Dakota, South Dakota, and Iowa. 

They wintered in Kansas, Missouri, or Illinois (Supplementary Figure S2.5a). From their 

wintering sites, SHB Canada Geese migrated northward through North Dakota, South Dakota, 
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Minnesota, Iowa, and Wisconsin. Most border crossings occurred through Manitoba, with some 

individuals crossing Ontario, and continued northward through these provinces up to northern 

Manitoba to breed (Supplementary Figure S2.5b). 

Giant Canada Geese departing for fall migration either moved southward and crossed the 

border in Manitoba, or performed reverse fall migrations northward before crossing through 

Manitoba. Migration routes generally became more spread out in the United States of America, 

as individuals migrated southward through North Dakota, South Dakota, Minnesota, Iowa, and 

Wisconsin, before wintering in Nebraska, Kansas, Iowa, Missouri, and Illinois (Supplementary 

Figure S2.6a). From wintering sites in Kansas, Missouri, and Iowa, giant Canada Geese 

generally migrated northward through Iowa, Minnesota, South Dakota, and North Dakota. They 

then crossed the border into southern Manitoba to breed (Supplementary Figure S2.6b). 

Discussion 

 I have investigated differences in migration ecology between three geographically 

distinct waterfowl populations, and found that breeding latitude may be driving patterns in 

migration timing across these populations. As predicted for spring migration, goose populations 

breeding farther north departed from their wintering grounds and arrived at their breeding 

grounds later than geese breeding farther south. The northernmost-breeding geese also had 

shorter breeding seasons and departed from their breeding grounds earlier than the southernmost- 

breeding geese. My findings for spring migration timing support the latitudinal patterns found in 

long-distance migratory songbirds such as Collared Flycatchers (Ficedula albicollis, Briedis et 

al. 2016), Tree Swallows (Tachycineta bicolor, Gow et al. 2019), Common Swifts (Apus, 

Åkesson et al. 2020), and Purple Martins (Progne subis, Neufeld et al. 2021). Bar-tailed Godwits 

(Limosa lapponica) are a shorebird species that also follow these latitudinal patterns (Conklin et 
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al. 2010). To date, my study is the first to directly compare waterfowl breeding in latitudinally 

different regions, at both interspecific (B. canadensis and B. hutchinsii) and intraspecific (B. c. 

maxima and B. c. interior) levels. 

 My findings that more northern breeding birds were consistently later in their spring 

migration timing relative to more southern breeding birds (i.e., departing and arriving later), may 

suggest that circannual, endogenous cues affect migration phenology in Canada Geese and 

Cackling Geese. Canada Geese and Cackling Geese breed at different latitudes, but on average 

winter at similar latitudes and therefore experience similar environmental conditions and cues 

(Table 2.5b), which also suggests that circannual cues brought on by breeding latitude may have 

a larger effect on spring migration timing than environmental or social cues at wintering areas. 

These findings for geese are similar to other long-distance migratory birds such as Purple 

Martins, which also winter in the same regions but depart for spring migration at separate times 

depending on where they breed (Neufeld et al. 2021). 

The timing of the arctic-breeding populations in particular may be more influenced by 

endogenous cues (Kelly et al. 2016), as Cackling Geese showed more consistency in their spring 

arrival date (indicated by the relatively narrower boxplot in Figure 2.1b). Indeed, other arctic-

breeding birds such as Greater Snow Geese (Anser caerulescens atlanticus) were more 

repeatable in their spring arrival dates (Bêty et al. 2004). Due to much narrower seasonality and 

the potential for more endogenously controlled spring migration routines at more northern 

latitudes (Conklin et al. 2010), birds breeding at these latitudes may therefore be more 

susceptible to the effects of climate change, as timing mismatch may occur if they cannot adjust 

their routines accordingly to such changes (Clausen and Clausen 2013). Moreover, arctic regions 

are more vulnerable to the effects of climate change compared to other regions, and can 
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negatively affect breeding populations in terms of fitness or reproductive success (Brook et al. 

2015, Saalfeld et al. 2019). 

Previous studies examining the effect of breeding latitude on migration timing around the 

calendar (i.e., spring and fall migration) have shown that spring migration timing may have 

carry-over effects on fall migration timing (Briedis et al. 2016, Neufeld et al. 2021). Unlike those 

studies, in which northern-breeding birds with later spring migrations resulted in later fall 

migrations, the opposite was seen in geese. The northernmost-breeding Cackling Geese departed 

earliest as compared to the most southern giant Canada Geese, suggesting that selection for 

spring migration timing does not extend to fall migration timing. However, there may be some 

cascading effects on fall arrival date, as Cackling Geese arrived at their wintering grounds earlier 

than giant Canada Geese (Table 2.3); a similar pattern observed for spring migration in Tree 

Swallows (Gow et al. 2019). Fall migration timing differences in geese could be driven more by 

seasonal changes rather than by selection on breeding arrival, as the breeding or summer season 

is shorter in more northern regions (as supported by my model results in Table 2.3, and the 

boxplots in Figure 2.3a) and may induce stronger selective pressure on spring timing. 

Contrary to the spring migration, when selective pressures to reach the breeding grounds 

may be stronger on migration timing, in the fall selection on timing may be more relaxed as birds 

prioritize good body condition over reproductive fitness (Menu et al. 2005), and more northern 

breeding birds may begin fall migration in response to cooling temperatures (Newton 2009). 

Over the course of the fall migration, herbivorous birds may also rely more on local 

environmental cues, stopping to forage in regions where food is plentiful, and only resuming 

migration when food becomes scarcer due to either cover from snowfall, or by reduced access to 

open water (Shariatinajafabadi et al. 2014, Si et al. 2015b). Migratory birds may also be time-
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selected based on which climate regions they breed in (such as the Köppen-Geiger Climate 

Classification KGCC based on temperature and precipitation, Peel et al. 2007), as suggested for 

Purple Martins breeding north of about 46 degrees latitude, for example (Neufeld et al. 2021), or 

by the time it takes for their young to fully fledge and be ready for migration, as for example 

goslings in larger-bodied geese (such as B. c. maxima) take longer to develop (Mowbray et al. 

2002a). Although endogenous cues may help to explain broad differences in migration timing 

between populations breeding at different latitudes, it has also been shown that the migration 

timing of geese may be flexible to environmental and/or social factors encountered en route. For 

example, the Green Wave Hypothesis posits that the timing of herbivorous bird migration is 

affected by the timing of vegetation “green-up” when forage quality is at its peak, as birds 

closely follow changes in vegetation (Van Der Graaf et al. 2006). This hypothesis has been used 

to help predict spring timing in a few arctic-breeding migratory birds, including Barnacle Geese 

(Branta leucopsis) (Van Der Graaf et al. 2006, Najafabadi et al. 2015) and Greater White-

Fronted Geese (Anser albifrons, van Wijk et al. 2012). For birds breeding in more temperate 

regions, the Green Wave Hypothesis may be less influential compared to more northern breeding 

birds, as they rely more on changes in temperature rather than the timing of “green-up” (Kelly et 

al. 2016). 

Arctic-breeding birds sometimes gather the required energy for reproduction during 

migration (capital breeding), and may arrive at their breeding sites before snowmelt, therefore 

overtaking “green-up” (Najafabadi et al. 2015, Si et al. 2015a). Cackling Geese may exhibit this 

migratory behaviour, as they frequently stop at staging areas to build energy reserves prior to 

arriving at their breeding sites (Mowbray et al. 2002b). Many of the tracked individuals in this 

study stopped along Hudson Bay before migrating non-stop northward to Baffin Island 
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(Supplementary Figure S2.4b), which may be a key staging area for this population (Warnock 

2010). Cackling Geese also had a smaller arrival-breeding difference compared to Canada Geese, 

with the average number of days between spring arrival and nest initiation being 7 ± 3 days 

(Table 2.4), suggesting this species may rely more on energy obtained at Hudson Bay before 

spring arrival for egg production. My findings on Cackling Geese are like that of another arctic-

breeding waterfowl, Black Brant, which arrived later compared to other arctic-breeding geese, 

had a shorter arrival-breeding interval of about 15 days, and relied more on capital resources for 

reproduction (Hupp et al. 2018). Therefore, Cackling Geese may be capital breeders, rather than 

income breeders that obtain energy for reproduction at their breeding grounds. Little is known 

about Mid-continent Cackling Geese breeding strategies compared to Alaskan Cackling Geese 

(Mickelson 1975), hence future studies could investigate this aspect further. 

I generally found a difference in fall migration rate between Cackling Geese and giant 

Canada Geese, but not with SHB Canada Geese (Table 2.3). Birds breeding further north (i.e., 

arctic and sub-arctic) appear to have similar rates compared to birds breeding further south, with 

lower rates in the first legs of migration, and faster rates in the last leg (Supplementary Figure 

S2.3a). Furthermore, geese traveling shorter distances to reach their wintering grounds may not 

stop as frequently as geese traveling longer distances and spend less time in migration, or may 

perform reverse fall migrations which can lengthen the migration period (Mowbray et al. 2002a), 

therefore showing more varied migration rates. Although there were no differences in overall 

spring migration rate, there appeared to be higher rates in the last legs of migration for SHB 

Canada Geese and Cackling Geese (Supplementary Figure S2.3b), suggesting some level of 

time-selection in spring migration for these populations (Alerstam 2011). 
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Cackling Geese were faster from Northern Ontario to Baffin Island, compared to rates 

between wintering departure and arrival at the sub-arctic (Supplementary Figure S2.3b). All 

individuals from this population crossed Hudson Bay during both fall and spring migrations 

(Supplementary Figure S2.4); however, migration rate at this area in spring was higher compared 

to fall (Supplementary Figure S2.3). These findings suggest that Cackling Geese may practice 

sprint migration, in which birds on the last leg of migration fly faster to reach their breeding 

grounds sooner (Alerstam 2006). Since migration at higher rates is energetically costly, it would 

therefore make sense for individuals to refuel and prepare for the breeding season at their staging 

grounds (Mowbray et al. 2002b), and then fly across Hudson Bay to reach their nesting sites. 

Cackling Geese are also territorial at their breeding grounds (Mickelson 1975) and may race to 

nesting sites that would be beneficial for reproductive success (Kokko 1999). 

For the first time, I used direct tracking to determine migration routes for Cackling 

Geese, including their movements during both the fall and spring migrations, thereby addressing 

an important knowledge gap for this species (Supplementary Figure S2.4). Generally, Cackling 

Geese appear to winter in latitudinally similar locations as the Canada Geese populations. 

However, Cackling Geese tended to winter more westerly compared to Canada Geese (Table 

2.5b). Therefore, while these populations display telescopic migratory patterns (Newton 2009), 

Cackling Geese winter in locations longitudinally separate from Canada Geese. Based on 

tracking data, Cackling Geese migrate more westerly through southern Manitoba compared to 

Canada Geese, before migrating straight south to their wintering grounds (Supplementary 

Figures S2.4a, S2.5a and S2.6a). This arrival at a different terminus before continuing south may 

account for differences in wintering longitude. Cackling Geese may have also been driven by 

exploratory behaviours between years to search for other areas migrate to or to forage, the latter 
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of which was speculated for Pink-Footed Geese (Anser brachyrhynchus) (Clausen et al. 2018). 

Future studies could examine where the three Goose populations winter in more detail, and what 

types of habitats they are using (i.e., agriculture, wetlands), as forage quality may also affect 

choices for wintering sites. 

 The Southern Hudson Bay Canada Geese followed their flyway south and wintered in 

regions similar to banding data from previous studies (e.g., Sheaffer et al. 2004), and appear to 

winter together with giant Canada Geese (Supplementary Figures S2.5 and S2.6). Cackling 

Geese and SHB Canada Geese also stop along Hudson Bay Lowlands to refuel and/or breed. 

These regions are important because they provide high quality nutrients for migrating and 

breeding waterfowl (Thomas and Prevett 1982), and as mentioned may be an important staging 

site for Cackling Geese. However, over-grazing by abundant Snow Geese (Chen caerulescens) 

have resulted in habitat degradation in the Hudson Bay Lowlands in terms of vegetation 

(Peterson et al. 2013), which in turn can lead to reduced body conditions in other waterfowl that 

rely on the Lowlands for key nutrients for migration or breeding. 

Conclusion 

 In summary, my results show that phenology associated with breeding latitude is an 

important factor driving differences in migration timing between Canada Geese and Cackling 

Geese. In spring, geese breeding farther north migrate later than geese breeding farther south, 

while in fall the inverse occurs, with the more southern breeding geese migrating later than more 

northern breeding geese. Although there seems to be no change in overall migration rate between 

goose populations, northern-breeding geese may be faster during their first leg of fall migration, 

and may be faster on the last leg of their spring migration, compared to the more southern-

breeding geese. Moreover, the Hudson Bay Lowlands may be an important staging area for 
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Cackling Geese, and may affect the fitness of the northern-breeding populations if altered. The 

timing of migration is important for many bird species, whether they migrate long or short 

distances. Expanding our knowledge of when and where migratory waterfowl go in relation to 

other populations can be used for conservation, especially when populations increase in numbers 

and decisions are to be made for managing these populations. 

References 

Aagaard, K. J., W. E. Thogmartin, and E. V Lonsdorf. 2018. Temperature-influenced energetics 

model for migrating waterfowl. Ecological Modelling 378:46–58. doi: 

10.1016/j.ecolmodel.2018.04.001 

Åkesson, S., P. W. Atkinson, A. Bermejo, J. de la Puente, M. Ferri, C. M. Hewson, J. Holmgren, 

E. Kaiser, L. Kearsley, R. H. G. Klaassen, H. Kolunen, G. Matsson, F. Minelli, G. Norevik, 

H. Pietiäinen, N. J. Singh, F. Spina, L. Viktora, and A. Hedenström. 2020. Evolution of 

chain migration in an aerial insectivorous bird, the common swift Apus apus. Evolution 

74:2377–2391. doi: 10.1111/evo.14093. 

Alerstam, T. 2006. Strategies for the transition to breeding in time-selected bird migration. Ardea 

94:347–357. 

Alerstam, T. 2011. Optimal bird migration revisited. Journal of Ornithology 152:5–23. doi: 

10.1007/s10336-011-0694-1. 

Alerstam, T., A. Hedenström, and S. Åkesson. 2003. Long-distance migration: Evolution and 

determinants. Oikos 103:247–260. doi: 10.1034/j.1600-0706.2003.12559.x. 

Arctic Goose Joint Venture Strategic Plan. 2020. Unpubl. Rept. [c/o AGJV Coordination Office, 

CWS, Edmonton, Alberta]. 63pp. 



39 

 

Barton, K. 2019. MuMIn: Multi-Model Inference. R package version 1.43.6. https://CRAN.R-

project.org/package=MuMIn. 

Bates, D., Maechler, M., Bolker, B., and S. Walker. 2015. Fitting Linear Mixed-Effects Models 

Using lme4. Journal of Statistical Software 67:1–48. doi:10.18637/jss.v067.i01. 

Beard, K. H., R. T. Choi, A. J. Leffler, L. G. Carlson, K. C. Kelsey, J. A. Schmutz, and J. M. 

Welker. 2019. Migratory goose arrival time plays a larger role in influencing forage quality 

than advancing springs in an Arctic coastal wetland. PLoS ONE 14:1–21. doi: 

10.1371/journal.pone.0213037. 

Bêty, J., J. F. Giroux, and G. Gauthier. 2004. Individual variation in timing of migration: Causes 

and reproductive consequences in greater snow geese (Anser caerulescens atlanticus). 

Behavioral Ecology and Sociobiology 57:1–8. doi: 10.1007/s00265-004-0840-3. 

Bivand, R.S., Pebesma, E., and V. Gomez-Rubio. 2013. Applied spatial data analysis with R, 

Second edition. Springer, NY, USA. 

Both, C., R. G. Bijlsma, and J. Ouwehand. 2016. Repeatability in Spring Arrival Dates in Pied 

Flycatchers Varies Among Years and Sexes. Ardea 104:3–21. doi: 10.5253/arde.v104i1.a1. 

Both, C., S. Bouwhuis, C. M. Lessells, and M. E. Visser. 2006. Climate change and population 

declines in a long-distance migratory bird. Nature 441:81–83. doi: 10.1038/nature04539. 

Briedis, M., S. Hahn, L. Gustafsson, I. Henshaw, J. Träff, M. Král, and P. Adamík. 2016. 

Breeding latitude leads to different temporal but not spatial organization of the annual cycle 

in a long-distance migrant. Journal of Avian Biology 47:743–748. doi: 10.1111/jav.01002. 

Brlík, V., J. Koleček, M. Burgess, S. Hahn, D. Humple, M. Krist, J. Ouwehand, E. L. Weiser, P. 



40 

 

Adamík, J. A. Alves, D. Arlt, S. Barišić, D. Becker, E. J. Belda, V. Beran, C. Both, S. P. 

Bravo, M. Briedis, B. Chutný, D. Ćiković, N. W. Cooper, J. S. Costa, V. R. Cueto, T. 

Emmenegger, K. Fraser, O. Gilg, M. Guerrero, M. T. Hallworth, C. Hewson, F. Jiguet, J. A. 

Johnson, T. Kelly, D. Kishkinev, M. Leconte, T. Lislevand, S. Lisovski, C. López, K. P. 

McFarland, P. P. Marra, S. M. Matsuoka, P. Matyjasiak, C. M. Meier, B. Metzger, J. S. 

Monrós, R. Neumann, A. Newman, R. Norris, T. Pärt, V. Pavel, N. Perlut, M. Piha, J. 

Reneerkens, C. C. Rimmer, A. Roberto-Charron, C. Scandolara, N. Sokolova, M. Takenaka, 

D. Tolkmitt, H. van Oosten, A. H. J. Wellbrock, H. Wheeler, J. van der Winden, K. Witte, 

B. K. Woodworth, and P. Procházka. 2019. Weak effects of geolocators on small birds: A 

meta-analysis controlled for phylogeny and publication bias. Journal of Animal Ecology 

89:207–220. doi: 10.1111/1365-2656.12962. 

Brook, R. W., J. O. Leafloor, K. F. Abraham, and D. C. Douglas. 2015. Density dependence and 

phenological mismatch: consequences for growth and survival of sub-arctic nesting Canada 

Geese. Avian Conservation and Ecology 10:1–15. doi: 10.5751/ACE-00708-100101. 

Cheng, J., Karambelkar, B., and Y. Xie. 2018. Leaflet: Create Interactive Web Maps with the 

JavaScript ‘Leaflet’ Library. R package version 2.0.2. https://CRAN.R-

project.org/package=leaflet. 

Clausen, K. K., and P. Clausen. 2013. Earlier Arctic springs cause phenological mismatch in 

long-distance migrants. Oecologia 173:1101–1112. doi: 10.1007/s00442-013-2681-0. 

Clausen, K. K., J. Madsen, F. Cottaar, E. Kuijken, and C. Verscheure. 2018. Highly dynamic 

wintering strategies in migratory geese: Coping with environmental change. Global Change 

Biology 24:3214–3225. doi: 10.1111/gcb.14061. 



41 

 

Conklin, J. R., P. F. Battley, M. A. Potter, and J. W. Fox. 2010. Breeding latitude drives 

individual schedules in a trans-hemispheric migrant bird. Nature Communications 1:1–6. 

doi: 10.1038/ncomms1072. 

Doiron, M., G. Gauthier, and E. Lévesque. 2015. Trophic mismatch and its effects on the growth 

of young in an Arctic herbivore. Global Change Biology 21:4364–4376. doi: 

10.1111/gcb.13057. 

Gow, E. A., L. Burke, D. W. Winkler, S. M. Knight, D. W. Bradley, R. G. Clark, M. Bélisle, L. 

L. Berzins, T. Blake, E. S. Bridge, R. D. Dawson, P. O. Dunn, D. Garant, G. Holroyd, A. G. 

Horn, D. J. T. Hussell, O. Lansdorp, A. J. Laughlin, M. L. Leonard, F. Pelletier, D. Shutler, 

L. Siefferman, C. M. Taylor, H. Trefry, C. M. Vleck, D. Vleck, L. A. Whittingham, and D. 

Ryan Norris. 2019. A range-wide domino effect and resetting of the annual cycle in a 

migratory songbird. Proceedings of the Royal Society B: Biological Sciences 286:1–9. doi: 

10.1098/rspb.2018.1916. 

Van Der Graaf, S., J. Stahl, R. H. Drent, A. Klimkowska, and J. P. Bakker. 2006. Surfing on a 

green wave - How plant growth drives spring migration in the Barnacle Goose Branta 

leucopsis. Ardea 94:567–577. 

Hanson, H. C. 1959. The Incubation Patch of Wild Geese: Its Recognition and Significance. 

Arctic 12:139-150. 

Hijmans, R. J. 2019. geosphere: Spherical Trigonometry. R package version 1.5-10. 

Hill, J. M., and R. B. Renfrew. 2019. Migratory patterns and connectivity of two North 

American grassland bird species. Ecology and Evolution 9:680–692. doi: 



42 

 

10.1002/ece3.4795. 

Hupp, J. W., D. H. Ward, D. X. Soto, and K. A. Hobson. 2018. Spring temperature, migration 

chronology, and nutrient allocation to eggs in three species of arctic-nesting geese: 

Implications for resilience to climate warming. Global Change Biology 24:5056–5071. doi: 

10.1111/gcb.14418. 

Kelly, J. F., K. G. Horton, P. M. Stepanian, K. M. De Beurs, T. Fagin, E. S. Bridge, and P. B. 

Chilson. 2016. Novel measures of continental-scale avian migration phenology related to 

proximate environmental cues. Ecosphere 7:1–13. doi: 10.1002/ecs2.1434. 

Kokko, H. 1999. Competition for Early Arrival in Migratory Birds. Journal of Animal Ecology 

68:940–950. 

Kölzsch, A., G. J. D. M. Müskens, P. Szinai, S. Moonen, P. Glazov, H. Kruckenberg, M. 

Wikelski, and B. A. Nolet. 2019. Flyway connectivity and exchange primarily driven by 

moult migration in geese. Movement Ecology 7. doi: 10.1186/s40462-019-0148-6. 

Lisovski, S., and S. Hahn. 2013. GeoLight – processing and analysing light-based geolocation in 

R. Methods of Ecology and Evolution 3:1055-1059. doi:10.1111/j.2041-210X.2012.00248.x. 

Menu, S., G. Gauthier, and A. Reed. 2005. Survival of young Greater Snow Geese (Chen 

caerulescens atlantica) during fall migration. The Auk 122:479–496. doi: 10.1642/0004-

8038(2005)122[0479:SOYGSG]2.0.CO;2. 

Mickelson, P. G. 1975. Breeding Biology of Cackling Geese and Associated Species on the 

Yukon-Kuskokwim Delta, Alaska. Wildlife Monographs. 

Mowbray, T. B., C. R. Ely, J. S. Sedinger, and R. E. Trost. 2002a. Canada Goose (Branta 



43 

 

canadensis), version 2.0. Page in A. F. Poole and F. B. Gill, editors. The Birds of the World 

Online. Cornell Lab of Ornithology, Ithaca, N.Y., USA. doi: https://doi-

org.uml.idm.oclc.org/10.2173/bna.cangoo.02. 

Mowbray, T. B., C. R. Ely, J. S. Sedinger, and R. E. Trost. 2002b. Cackling Goose (Branta 

hutchinsii), version 2.0. Page in A. F. Poole and F. B. Gill, editors. The Birds of the World 

Online. Cornell Lab of Ornithology, Ithaca, N.Y., USA. doi: https://doi-

org.uml.idm.oclc.org/10.2173/bna.cacgoo1.02. 

Najafabadi, M. S., R. Darvishzadeh, A. K. Skidmore, A. Kölzsch, A. Vrieling, B. A. Nolet, K. 

M. Exo, N. Meratnia, P. J. M. Havinga, J. Stahl, and A. G. Toxopeus. 2015. Satellite- versus 

temperature-derived green wave indices for predicting the timing of spring migration of 

avian herbivores. Ecological Indicators 58:322–331. doi: 10.1016/j.ecolind.2015.06.005. 

Neufeld, L.R., Muthukumarana, S., Fischer, J.D., Ray, J.D., Siegrist, J., and K.C. Fraser. 2021. 

Breeding latitude is associated with the timing of nesting and migration around the annual 

calendar among Purple Martin (Progne subis) populations. Journal of Ornithology:1-16. 

doi:10.1007/s10336-021-01894-w. 

Newton, I. 2009. The migration ecology of birds. Page Journal of Chemical Information and 

Modeling. Elsevier-Academic Press, Amsterdam, London. doi: 

10.1017/CBO9781107415324.004. 

Nilsson, C., R. H. G. Klaassen, and T. Alerstam. 2013. Differences in Speed and Duration of 

Bird Migration between Spring and Autumn. The American Naturalist 181:837–845. doi: 

10.1086/670335. 



44 

 

Pedersen, L., N. M. Jakobsen, R. Strandberg, K. Thorup, and A. P. Tøttrup. 2019. Sex-specific 

difference in migration schedule as a precursor of protandry in a long-distance migratory 

bird. Science of Nature 106. doi: 10.1007/s00114-019-1637-6. 

Peel, M. C., B. L. Finlayson, and T. A. McMahon. 2007. Updated world map of the Köppen-

Geiger climate classification. Hydrology and Earth System Sciences 11:1633–1644. doi: 

10.5194/hess-11-1633-2007. 

Peterson, S. L., R. F. Rockwell, C. R. Witte, and D. N. Koons. 2013. The legacy of destructive 

snow goose foraging on supratidal marsh habitat in the hudson bay lowlands. Arctic, 

Antarctic, and Alpine Research 45:575–583. doi: 10.1657/1938-4246.45.4.575. 

R Core Team. 2020. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 

Rakhimberdiev, E., Saveliev, A., Piersma, T., and J. Karagicheva. 2017. FLightR: An R package 

for reconstructing animal paths from solar geolocation loggers. Methods of Ecology and 

Evolution 8:1482-1487. doi:10.1111/2041-210X.12765. 

Saalfeld, S. T., D. C. McEwen, D. C. Kesler, M. G. Butler, J. A. Cunningham, A. C. Doll, W. B. 

English, D. E. Gerik, K. Grond, P. Herzog, B. L. Hill, B. J. Lagassé, and R. B. Lanctot. 

2019. Phenological mismatch in Arctic-breeding shorebirds: Impact of snowmelt and 

unpredictable weather conditions on food availability and chick growth. Ecology and 

Evolution 9:6693–6707. doi: 10.1002/ece3.5248. 

Shariatinajafabadi, M., T. Wang, A. K. Skidmore, A. G. Toxopeus, A. Kölzsch, B. A. Nolet, K. 

M. Exo, L. Griffin, J. Stahl, and D. Cabot. 2014. Migratory herbivorous waterfowl track 



45 

 

satellite-derived green wave index. PLoS ONE 9:1–11. doi: 10.1371/journal.pone.0108331. 

Sheaffer, S. E., D. H. Rusch, D. D. Humburg, J. S. Lawrence, G. G. Zenner, M. M. Gillespie, F. 

D. Caswell, S. Wilds, and S. C. Yaich. 2004. Survival, movements and harvest of eastern 

prairie population Canada Geese. Wildlife Monographs 156:1–54. 

Si, Y., Q. Xin, W. F. De Boer, P. Gong, R. C. Ydenberg, and H. H. T. Prins. 2015a. Do Arctic 

breeding geese track or overtake a green wave during spring migration? Scientific Reports 

5:1–6. doi: 10.1038/srep08749. 

Si, Y., Q. Xin, H. H. T. Prins, W. F. de Boer, and P. Gong. 2015b. Improving the quantification 

of waterfowl migration with remote sensing and bird tracking. Science Bulletin 60:1984–

1993. doi: 10.1007/s11434-015-0930-9. 

Stanley, C. Q., E. A. Mckinnon, K. C. Fraser, M. P. Macpherson, G. Casbourn, L. Friesen, P. P. 

Marra, C. Studds, T. B. Ryder, N. E. Diggs, and B. J. M. Stutchbury. 2015. Connectivity of 

wood thrush breeding, wintering, and migration sites based on range-wide tracking. 

Conservation Biology 29:164–174. doi: 10.1111/cobi.12352. 

Thomas, V. G., and J. P. Prevett. 1982. The Role of Horsetails (Equisetaceae) in the Nutrition of 

Northern-Breeding Geese. Oecologia 53:359–363. 

van Wijk, R. E., A. Kölzsch, H. Kruckenberg, B. S. Ebbinge, G. J. D. M. Müskens, and B. A. 

Nolet. 2012. Individually tracked geese follow peaks of temperature acceleration during 

spring migration. Oikos 121:655–664. doi: 10.1111/j.1600-0706.2011.20083.x. 

Visser, M. E., and P. Gienapp. 2019. Evolutionary and demographic consequences of 

phenological mismatches. Nature Ecology and Evolution 3:879–885. doi: 10.1038/s41559-



46 

 

019-0880-8. 

Warnock, N. 2010. Stopping vs. staging: The difference between a hop and a jump. Journal of 

Avian Biology 41:621–626. doi: 10.1111/j.1600-048X.2010.05155.x. 

Wickham, H., and D. Kahle. 2013. ggmap: Spatial Visualization with ggplot2. The R Journal 

5:144-161. 

Wickham, H. 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, NY, USA. 

Wotherspoon, S., Sumner, M., and S. Lisovski. 2016. BAStag: Basic data processing for light 

based geolocation archival tags. R package version 0.1.3. 

Zuur, A. F., E. N. Ieno, and C. S. Elphick. 2010. A protocol for data exploration to avoid 

common statistical problems. Methods in Ecology and Evolution 1:3–14. doi: 

10.1111/j.2041-210x.2009.00001.x. 

 

 

  



47 

 

Table 2.1. Number of geolocators deployed and retrieved for each goose population. 

Year Number 

deployed 

Number retrieved 

through 

recapture 

Number 

retrieved by 

hunters 

Temperate-breeding giant Canada Geese 

2016 42 -- 1 

2017 56 7 4 

2018 23 6 10 

2019 0 13 3 

2020 0 0 1 

Southern Hudson Bay Canada Geese 

2016 58 -- 0 

2017 131 3 18 

2018 63 4 3 

2019 0 13 4 

2020 0 5 5 

Baffin Island Cackling Geese 

2016 50 -- 1 

2017 124 0 4 

2018 62 2 1 

2019 0 6 3 

2020 0 0 3 
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Table 2.2. Summary table of annual migration tracks analysed for each goose population. 

 

Year track started Giant Canada 

Goose (Branta 

canadensis maxima) 

Southern Hudson 

Bay Canada Goose 

(Branta canadensis 

interior) 

Baffin Island 

Cackling Goose 

(Branta hutchinsii) 

2016 18 11 3 

2017 19 29 7 

2018 16 28 12 

2019 1 8 3 

Total tracks: 54 76 25 

 

Grand total: 155 

Total number of individuals tracked: 88 

Total number of individuals with repeat tracks (2+ years): 52 

    

 Giant Canada 

Goose 

Southern Hudson 

Bay Canada Goose 

Baffin Island 

Cackling Goose 

Individuals with 

repeat tracks by 

population 
15 29 8 
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Table 2.3a. Generalized linear mixed model results for the relationship between fixed effects 

and the response variable. The Cackling Goose population was the reference group from which 

the other populations are compared. Fixed effects highlighted in bold have 95% confidence 

intervals that do not cross zero. 

Response 

variable 
Fixed effect Estimate 

Standard 

error 

Lower 

confidence 

value 

Upper 

confidence 

value 

Marginal 

R2 

Conditional 

R2 

Fall 

departure 

Intercept 245.038 5.810 233.725 256.346 

0.118 0.700 Population (SHB) 19.541 6.798 6.310 32.777 

Population (Giant) 26.017 6.990 12.411 39.623 

Fall arrival 

Intercept 319.002 4.806 309.608 328.482 

0.152 0.605 Population (SHB) 6.312 4.208 -1.898 14.607 

Population (Giant) 18.694 4.409 10.156 27.533 

Spring 

departure 

Intercept 89.430 4.695 79.845 98.859 

0.081 0.442 Population (SHB) -9.215 3.360 -15.827 -2.658 

Population (Giant) -13.456 3.563 -20.605 -6.557 

Spring 

arrival 

Intercept 159.972 2.151 155.788 164.213 

0.848 0.876 Population (SHB) -31.576 1.858 -35.206 -27.930 

Population (Giant) -57.119 1.977 -61.111 -53.327 

Breeding 

duration 

Intercept 87.132 5.693 76.078 98.186 

0.704 0.943 Population (SHB) 50.019 6.595 37.213 62.823 

Population (Giant) 89.514 7.227 75.482 103.544 

Nesting 

duration 

(refl. sq. 

root) 

Intercept 4.327 0.266 3.801 4.849 

0.031 0.149 
Population (SHB) -0.347 0.223 -0.779 0.094 

Population (Giant) -0.557 0.236 -1.009 -0.082 

Fall rate 

(log) 

Intercept 1.894 0.047 1.802 1.985 

0.280 0.504 

Population (SHB) -0.087 0.052 -0.188 0.013 

Population (Giant) -0.271 0.054 -0.375 -0.167 

Stopover:Movement 

Ratio 
-0.013 0.002 -0.017 -0.008 

Spring rate 

(log) 

Intercept 1.888 0.059 1.769 2.003 

0.152 0.406 

Population (SHB) -0.019 0.044 -0.104 0.067 

Population (Giant) -0.067 0.047 -0.159 0.023 

Stopover:Movement 

Ratio 
-0.026 0.005 -0.035 -0.017 

Nest 

initiation 

Intercept 167.107 2.281 162.570 171.664 

0.881 0.925 Population (SHB) -22.448 1.752 -25.850 -18.993 

Population (Giant) -55.469 1.839 -59.084 -51.890 

Arrival-

Breeding 

interval 

(log) 

Intercept 0.824 0.069 0.691 0.956 

0.259 0.348 
Population (SHB) 0.349 0.072 0.210 0.497 

Population (Giant 0.025 0.076 -0.120 0.180 
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Table 2.3b. Generalized linear mixed model results of random effects for each response variable. 

Response variable Random effect Variance Standard deviation 

Fall departure 

Geolocator ID 373.70 19.33 

Year 0.00 0.00 

Residual 192.80 13.89 

Fall arrival 

Geolocator ID 108.77 10.43 

Year 38.49 6.20 

Residual 128.08 11.32 

Spring departure 

Geolocator ID 36.74 6.06 

Year 52.94 7.28 

Residual 138.70 11.78 

Spring arrival 

Geolocator ID 4.71 2.17 

Year 7.68 2.77 

Residual 54.90 7.41 

Breeding duration 

Geolocator ID 300.20 17.33 

Year 0.00 0.00 

Residual 71.48 8.46 

Nesting duration 

Geolocator ID 0.00 0.00 

Year 0.13 0.35 

Residual 0.90 0.95 

Fall rate 

Geolocator ID 0.01 0.11 

Year 0.00 0.00 

Residual 0.03 0.16 

Spring rate 

Geolocator ID 0.005 0.07 

Year 0.01 0.08 

Residual 0.03 0.16 

Nest initiation 

Geolocator ID 8.35 2.89 

Year 11.17 3.34 

Residual 33.22 5.76 

Arrival-breeding 

interval 

Geolocator ID 0.007 0.08 

Year 0.003 0.05 

Residual 0.069 0.26 
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Table 2.4. Mean values for fall and spring migration variables, mean incubation dates, and mean 

pre-nesting intervals among all three goose populations. 

 Fall migration Spring migration  

Population 
Distance 

(km) 

Rate 

(km/day) 

Stopover 

duration 

(days) 

±SD 

Distance 

(km) 

Rate 

(km/day) 

Stopover 

duration 

(days) 

±SD 

Incubation 

duration 

(days) 

Cackling 

Goose 
4608 66 15 ± 4 4483 68 12 ± 5 22 

SHB 

Canada 

Goose 

2960 54 20 ± 11 2773 66 10 ± 5 24 

Giant 

Canada 

Goose 

2043 61 20 ± 16 1324 79 10 ± 12 25 

Population 
Incubation start 

date 

Standard 

deviation 

(days) 

Pre-nesting interval (days) 

Standard 

deviation 

(days) 

Cackling 

Goose 
June 16 4 7 3 

SHB 

Canada 

Goose 

May 26 6 17 8 

Giant 

Canada 

Goose 

April 21 9 10 7 
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Table 2.5. A range and mean of geographic coordinates for each goose population. 

(a) Breeding location 

Population Minimum 

latitude 

(°N) 

Maximum 

latitude 

(°N) 

Mean 

latitude 

(°N) 

Minimum 

longitude 

(°W) 

Maximum 

longitude 

(°W) 

Mean 

longitude 

(°W) 

Cackling 

Goose 

65.452 66.917 66.259 -74.250 -72.917 -73.299 

SHB Canada 

Goose 

57.077 59.393 58.361 -93.898 -92.193 -93.075 

Giant Canada 

Goose 

47.471 50.170 49.844 -98.292 -94.200 -97.149 

 

(b) Wintering location 

Population Minimum 

latitude 

(°N) 

Maximum 

latitude 

(°N) 

Mean 

latitude 

(°N) 

Minimum 

longitude 

(°W) 

Maximum 

longitude 

(°W) 

Mean 

longitude 

(°W) 

Cackling 

Goose 

36.892 43.321 39.440 -99.071 -96.749 -97.700 

SHB Canada 

Goose 

36.150 43.825 39.680 -96.441 -89.663 -93.698 

Giant Canada 

Goose 

36.671 46.252 40.549 -96.567 -88.529 -94.025 
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Supplementary Table S2.1. Mean body weights with standard deviation for each goose 

population. Geolocators weighed 8 grams for Cackling Geese, and weighed 9 grams for Canada 

Geese. 

Population 
Mean body weight 

(grams) 
Standard deviation 

Proportion of 

geolocator to body 

weight 

Cackling Geese 1639 131.5 0.005 

Southern Hudson 

Bay (SHB) Canada 

Geese 

2906 226.6 0.003 

Giant Canada Geese 3747 327.6 0.002 
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Figure 2.1. Box-and-whisker plots for (a) fall migration timing and (b) spring migration timing 

among the three breeding goose populations. 

 

(a) 

(b) 
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Figure 2.2. Box-and-whisker plots for (a) fall migration rate and (b) spring migration rate 

among the three breeding goose populations. 

 

(a) 

(b) 
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Figure 2.3. Box-and-whisker plots for (a) duration at the breeding grounds and (b) duration of 

nesting period among the three breeding goose populations. 

 

(a) 

(b) 
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Figure 2.4. Box-and-whisker plots for (a) nest initiation date and (b) the interval between arrival 

at the breeding site and nest initiation among the three breeding goose populations. 

(a) 

(b) 
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Supplementary Figure S2.1. Map of an example Cackling Goose migration path, showing the 

latitudinal zones at which sections of migration rates are cut. 

 

 

 

 



59 

 

 

 

Supplementary Figure S2.2. Light data showing the start and end of an incubation period. In 

this example, the start date would be June 16, 2019, and the end date would be July 12, 2019. 
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(b) 

(a) 
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Supplementary Figure S2.3. Box-and-whisker plots showing differences in partitioned 

migration rates for (a) fall migration and (b) spring migration between Canada Goose (Branta 

canadensis) and Cackling Goose (Branta hutchinsii) populations. 

 

 

(a) 
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Supplementary Figure S2.4. Map of individual migratory routes for (a) fall migration and (b) 

spring migration in Cackling Geese (Branta hutchinsii). 

 

(b) 
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(a) 
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Supplementary Figure S2.5. Map of individual migratory routes for (a) fall migration and (b) 

spring migration in Southern Hudson Bay Canada Geese (Branta canadensis interior). 

 

(b) 
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Supplementary Figure S2.6. Map of individual migratory routes for (a) fall migration and (b) 

spring migration in giant Canada Geese (Branta canadensis maxima). 

 

 

(b) 
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CHAPTER III: EXPLORING SPATIO-TEMPORAL MOVEMENT DATA FROM 

CANADA GEESE AND CACKLING GEESE TO AID IN MANAGEMENT PLANS FOR 

OVERABUNDANT SPECIES. 

 

Abstract 

In Manitoba, Canada, the number of giant Canada Geese (Branta canadensis maxima) is 

increasing rapidly. As a result, this subspecies has been declared overabundant. Proposed 

management actions include an additional hunting season in spring to allow an increased harvest 

of overabundant Canada Geese, while avoiding non-target Canada Geese (Branta canadensis 

interior) and Cackling Geese (Branta hutchinsii). To investigate how migration timing data 

relates to existing and additional hunting seasons, I used light-level geolocators to track the 

timing and locations of three goose populations year-round. I ran generalized linear mixed 

models to investigate potential differences in border crossing (provincial and national) timing 

between goose populations. During the fall hunting season, all three goose populations were 

present in Canada at some point in time. During the spring hunting season (March 1 to March 

31), about 9% of giant Canada Geese were in Canada, 2% of non-target subarctic-breeding 

Canada Geese were in Canada, and no Cackling Geese were in Canada. Although there were no 

differences in fall border crossing timing among the three populations, in spring both Canada 

Geese populations crossed the border into Canada about 14 days earlier than Cackling Geese. 

Moreover, about 10% of tracked individuals (all from Canada Geese populations) crossed the 

border into Canada before the end of the spring hunting season. My findings provide some 

groundwork for future decision making regarding overabundant Canada Goose management, 

including the potential to extend hunting seasons to increase harvest rates. 
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Introduction 

Since the implementation of stricter hunting regulations, such as the Migratory Birds 

Convention Act (MBCA), game species that were previously harvested to near-extinction have 

since rebounded in population numbers (Anderson and Padding 2015). Sometimes, species can 

grow in numbers to the point where they become a problem, both ecologically through impacts 

such as habitat degradation (Peterson et al. 2013), and economically such as through crop 

damage (Ankney 1996). As a result, these ‘overabundant’ species may be under management to 

reduce their population numbers, rather than increase them. Overabundant species that are 

currently managed include waterfowl such as Snow Geese (Anser caerulescens) and Canada 

Geese (Branta canadensis) (Canadian Wildlife Service (CWS) Waterfowl Committee 2020a). 

Other overabundant vertebrates that may also be under management include White-tailed Deer 

(Odocoileus virginianus) (Vercauteren et al. 2011, Hewitt 2015). 

The most common method of managing overabundant species is harvesting individuals, 

particularly adults, through hunting. For waterfowl, regular hunting seasons in Canada open in 

fall, from September 1 to December 6 for most species (CWS Waterfowl Committee 2020b). For 

species deemed overabundant, special hunting seasons may be opened in addition to the regular 

hunting seasons to help reduce population numbers in these species. For example, Sheaffer et al. 

(2005) studied Canada Goose survival during a hunting season that opened earlier in fall. They 

found that, between 1987 and 1994 when the early hunting season was opened, harvest rates for 

subarctic-breeding Geese during the early seasons were relatively lower. However, harvest rates 

for Canada Geese during early hunting seasons were confounded by changes in regular hunting 

seasons to increase harvest. Although lower harvest rates in northern-breeding geese may be due 

to seasonal differences, as these populations depart for fall migration earlier than more southern-

breeding geese based on direct-tracking data (L. Neufeld, unpubl. data) and may miss both 
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additional and regular hunting seasons, the lower rates are likely due to differences in regulations 

across states and provinces (Sheaffer et al. 2005). Additional hunting seasons set in spring could 

affect harvest rates in overabundant species, as seen with Greater Snow Geese (Anser 

caerulescens atlantica), in which adult survival decreased with increasing harvest rates (Calvert 

and Gauthier 2005). Little is known about the extent to which spring hunting seasons could 

affect non-target migratory geese. 

Temperate-breeding giant Canada Geese (Branta canadensis maxima) are currently 

increasing in numbers (Smith et al. 2019), at an average rate of about 9% each year (CWS 

Waterfowl Committee 2020c), and are becoming a concern in Manitoba. In urban areas, they can 

have a negative relationship with humans, as they have caused damage to crop and property 

(Ankney 1996, Luukkonen and Leafloor 2017) and impose risks to human safety such as aircraft 

collisions (Fairaizl 1992, Bradbeer et al. 2017). As a result, giant Canada Geese have been 

proposed to be designated as overabundant (CWS Waterfowl Committee 2020b). Non-target 

populations such as the subarctic-breeding Southern Hudson Bay (SHB) Canada Geese (Branta 

canadensis interior) and the Mid-continent arctic-breeding Cackling Geese (Branta hutchinsii) 

often mix with the temperate-breeding population, and are morphologically similar to each other, 

making it difficult for hunters to distinguish between them. Additional hunting seasons in 

Manitoba could be opened to help reduce giant Canada Geese numbers, but a lack of knowledge 

regarding the spatiotemporal movements of these groups limits the ability to target overabundant 

Canada Geese. Ideally, spring hunting seasons for overabundant Canada Geese should open only 

when this population is migrating through Manitoba. Knowing where and when each population 

passes through Manitoba will help with decision making regarding when the spring hunting 

season should open. 
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Using animal-deployed trackers such as geolocators, we can obtain more precise 

estimates of when and where the individual is moving over a long time period (McKinnon and 

Love 2018). We can also gather more information on migration ecology, both at the spatial level 

such as migratory routes and stopovers (Kölzsch et al. 2019), and at the temporal level such as 

migration timing, duration, and rate (Hupp et al. 2018). This information, obtained from a large 

set of tracking data, can in turn be used to inform decision making in conservation management, 

by altering the timing of additional hunting seasons to maximize harvest on the overabundant 

population, while minimizing harvest on the other populations. 

 My study involved three objectives. My first objective was to investigate how much time 

is spent in seasons of the annual cycle among three Goose populations: the giant Canada Geese, 

the Southern Hudson Bay Canada Geese, and the Baffin Island breeding Cackling Geese. My 

second objective was to examine how these annual cycle seasons overlap with current 

management plans. My third objective was to use spatiotemporal data and season partitioning 

from populations of Canada Geese and Cackling Geese to provide data that can assist in 

decision-making regarding hunting seasons in Manitoba, to target giant Canada Geese while 

avoiding non-target species. 

Methods 

Geolocator deployment and data retrieval 

A total of 88 individuals were tracked using light-level geolocators, deployed and 

retrieved from three geographically distinct populations: the temperate-breeding giant Canada 

Geese (B. c. maxima) from southern Manitoba, Canada (retrieved n = 34); the Southern Hudson 

Bay (SHB) Canada Geese (B. c. interior) from Churchill, Manitoba, Canada (retrieved n = 39); 
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and the arctic-breeding Mid-continent Cackling Geese (B. hutchinsii) from Baffin Island, 

Nunavut, Canada (retrieved n = 15). 

Geolocators were deployed during annual pre-hunting season banding operations, led by 

the Province of Manitoba and the Canadian Wildlife Service (CWS). Brood flocks consisting of 

adults and goslings were corralled into pens (during which they are undergoing their moult, are 

flightless and therefore easier to capture and band), either by air via helicopter or by land via 

kayaks and ground personnel. Geolocators (type Intigeo-C330, Migrate Technology Ltd.) 

weighing about 0.3% of the bird’s body weight (during which they were at their lightest, in the 

summer season) were attached to the tarsus of individuals, chosen at random, via zip tie on a 

plastic leg band. In addition, each individual was given an aluminum leg band with a unique 

number for identification. Only adult females (identified by examining cloaca) with brood 

patches (a spot on the ventral side of the body where there are fewer/thinning feathers; aids in 

heat transfer during incubation (Hanson 1959)) were given geolocators to ensure the tagged 

individuals were part of the breeding population in question (and not migrants from elsewhere). 

Geolocators were then retrieved either by recapturing the individuals in large broods in 

subsequent years, or were shot by hunters and reported in to the USGS Bird Banding Laboratory. 

Using R (version 3.6.3) in Rstudio (version 1.2.5019, R Core Team 2020), light data were 

processed using the FLightR package (version 0.5.0, Rakhimberdiev et al. 2016). All plots were 

made using the ggplot2 package (version 3.3.2, Wickham 2016). 

Annual Cycle Partitioning 

 For each individual track, fall migration duration was calculated by subtracting fall 

departure date from fall arrival date, and spring migration duration was calculated by subtracting 

spring departure date from spring arrival date. Duration at wintering grounds was calculated by 
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summing spring departure date and fall arrival date (subtracted first from the final day of year 

365). Breeding or summer season duration was calculated by subtracting fall, spring, and winter 

duration from the full year. I then calculated the mean and standard error duration in each season 

for the three populations, and estimated the percentages spent in each season by dividing the 

mean duration by 365. 

Migration Overlap Exploration 

 Timing of spring and fall migration (i.e., date of departure, border crossing, and arrival) 

were estimated using the ‘stationary.migration.summary’ function in the FLightR package. The 

means and standard errors for timing dates were calculated for each population to estimate when 

the population is in the United States of America or Canada. Date ranges for both the open 

hunting season in Canada (September 1 to December 6) and the proposed Manitoba hunting 

season for giant Canada Geese (March 1 to March 31) were compared to migration 

spatiotemporal data for each population. 

 To investigate where individuals are at the end of the spring hunting season, I recorded 

the latitude on March 31 for each migratory track. I ran generalized linear mixed models 

(GLMMs), using the lme4 package (version 1.1-25, Bates et al. 2015), to examine potential 

differences in the timing of the border crossing for each of the three populations, my response 

variables being the dates at which the individual exited and entered Canada (crossing 49° N 

latitude). In a conservation context, the border crossing is important in estimating when each 

goose population enters Manitoba, and thus can be used to estimate when to open or close 

hunting seasons, in compliance with the Migratory Birds Convention Act (MBCA) and its 

regulations (MBCA 1994), to maximize target population harvests and minimise non-target 

harvests. My fixed effect was population, and my random effects were geolocator ID and the 
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year in which the track began. Marginal and conditional R2 values (variances explained by fixed 

effects and whole model, respectively) were estimated using the MuMIn package (version 

1.43.6, Barton 2019). 

 To ensure parametric assumptions were met, I checked the model residuals for normality 

and equal variance (Zuur et al. 2010). The fall border crossing date had residuals that did not 

meet assumptions (negatively skewed); these values were therefore reflected (subtracting each 

value from 1 plus the maximum value), and then transformed with a square root transformation. 

Results 

 Across all populations, mean fall departure dates ranged between September 3 and 

September 29, mean fall border crossing dates ranged between November 1 and November 10, 

and mean fall arrival dates ranged between November 12 and December 6 (Table 3.1). Mean 

spring departure dates ranged between March 17 and April 2, mean spring border crossing dates 

ranged between April 9 and April 30, and mean spring arrival dates ranged between April 12 and 

June 9 (Table 3.1). 

Annual Cycle Partitioning 

 Generally, Canada Geese (i.e., SHB and giant populations) spent between 16-19% of the 

annual cycle in fall migration, between 28-34% in their wintering season, between 7-13% in 

spring migration, and between 37-47% in their summer or breeding season (Figure 3.1). 

Cackling Geese spent about 19% of the annual cycle in fall migration, 39% in their wintering 

season, 19% in spring migration, and 24% in their breeding season (Figure 3.1). 

Migration Overlap with Manitoba Hunting Seasons 

During the open hunting season between September 1 and December 6, all three 

populations were undergoing fall migration through Canada and the United States, and a short 
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portion of this hunting season was spent in Manitoba. These populations spent most of their fall 

migration in Canada, though the Cackling Goose and SHB Canada Goose populations spent 

more time migrating through Canada compared to the giant Canada Goose population (Figure 

3.2). During the proposed Manitoba hunting season between March 1 and March 31, across all 

years neither population was present in Canada, based on average position estimates for all 

tracked individuals. However, the latitudes for individuals from all three populations on March 

31 (i.e., end of proposed Manitoba spring hunting season) ranged between 33 °N and 53 °N, most 

of which were below 49 °N. Of the 155 tracks, 17 individuals (3 from the SHB population and 14 

from the giant population) were observed at latitudes higher than 49 °N (Figure 3.3). The mean 

population of giant Canada Geese spent most of the spring hunting season migrating through the 

United States, while the mean SHB Canada Geese and the mean Cackling Geese populations 

were still wintering. 

Border crossing timing 

 Across all years, giant Canada Geese entered the U.S.A between August 8 and December 

11, and entered Canada between March 21 and April 27. Southern Hudson Bay (SHB) Canada 

Geese entered the U.S.A. between September 17 and December 8, and entered Canada between 

March 27 and May 10. Cackling Geese entered the U.S.A between October 2 and November 20, 

and entered Canada between April 6 and May 15 (Figure 3.4). After March 31, giant Canada 

Geese began crossing the border into Canada, followed by SHB Canada Geese and Cackling 

Geese (Figure 3.4). Of the 155 tracks, 15 individuals (1 from the SHB population and 14 from 

the giant population) crossed the border before or on March 31. 

 Based on the 95% confidence intervals, there were no differences at the fall border 

crossing among the three goose populations. However, there were differences at the spring 
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border crossing. Compared to Cackling Geese, SHB Canada Geese on average crossed about 7 

days earlier than Cackling Geese, and giant Canada Geese crossed about 20 days earlier than 

Cackling Geese (Table 3.1). The marginal R2 values for fall and spring crossing dates were 0.014 

and 0.323, respectively, while the conditional R2 values for fall and spring crossing dates were 

0.607 and 0.692, respectively. 

Discussion 

 My results obtained from light-level geolocators have shown approximately when and 

where Canada Geese (temperate- and subarctic-breeding populations) and Cackling Geese are 

during both the regular fall hunting season and the proposed Manitoba hunting season in spring. 

Canada Geese spent the most of their annual cycle (37-47%) in the breeding season, while 

Cackling Geese spent the most of their annual cycle (39%) in the wintering season. All three 

populations spent the least of their annual cycle in spring migration. Generally, all populations 

were in Canada at some point during the regular fall hunting season, and few individuals from 

target and non-target Canada Geese were in Canada during the proposed Manitoba spring 

hunting season. 

My generalized linear mixed model results showed no differences in the timing of border 

crossing into the US between Canada Geese and Cackling Geese, thus fall hunting seasons likely 

are unable to specifically target the overabundant population. Selection on fall migration timing 

may be more relaxed, as survival becomes more important than reproduction (Menu et al. 2005, 

Nilsson et al. 2013). Moreover, as populations respond to food scarcity over the course of the fall 

migration (Shariatinajafabadi et al. 2014), they may rely more on environmental cues at 

stopovers to resume migration. Relaxed selection on fall timing, combined with greater response 
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to environmental cues like food availability en route, may therefore increase variation (and 

similarities) between goose populations. 

Across all years, about 9% of giant Canada Geese were in Canada during the proposed 

harvest season (March 1 to March 31). Of the non-target populations, about 2% of subarctic-

breeding Canada Geese were in Canada, and no Cackling Geese were in Canada. Although my 

tracking data reflect general proportions in the populations as a whole, the range of birds tagged 

may not account for potential variation in migratory patterns outside this range. For example, 

some migratory birds may perform reverse migrations in response to unexpected environmental 

changes (Newton 2009). In fall, these migrants travel elsewhere to areas with lower predation 

risks or competition for food, especially if their body conditions are relatively lower (Åkesson et 

al. 1996). In geese, reverse-migrating individuals could travel farther north to replenish energy 

stores, and then migrate back south to resume migration, during which they could re-enter the 

United States or Canada. The border crossing dates for my study were recorded as the date when 

geese either stayed in the United States (for fall) or stayed in Canada (for spring). However, there 

were some instances where geese crossed the border a few times before continuing their 

migration, during which these individuals could have reverse migrated. Geese may also follow 

snowmelt in spring, as proposed by the Green Wave Hypothesis (Van Der Graaf et al. 2006). 

With variation in “green-up” timing, variation in goose migration timing may follow, therefore 

they may not arrive in Manitoba at the same time year after year. 

Reverse migrations are different from moult migrations, in which geese may travel 

farther north to moult and re-grow their feathers (Krohn and Bizeau 1979). From geolocator data 

obtained from individuals with multiple years of tracking, these migrations took place during the 

summer breeding season between June and September. Some individuals even showed both 
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moult migration and reverse fall migration, completing moult migration prior to the fall 

migration where reverse movements were seen (Supplementary Figure S3.1). Both moult 

migration and reverse migration may result in an increased overlap between the three 

populations as giant Canada Geese may remain in Manitoba longer and mix with incoming 

subarctic-breeding Canada Geese and Cackling Geese, complicating management of these 

species in the fall hunting season. 

In spring, there were differences in border crossing timing into Canada between Cackling 

Geese and Canada Geese, as giant Canada Geese entered Manitoba earlier than non-target 

Canada Geese and Cackling Geese. With these timing differences in mind, Manitoba spring 

hunting seasons may be adjusted to increase harvest for giant Canada Geese while avoiding the 

other populations. Spring migration rates from wintering sites to southern Manitoba were similar 

among the three populations, and populations breeding farther north departed from their 

wintering grounds later than the southern, temperate-breeding population. Therefore, the timing 

differences seen at the border crossing could be affected more by endogenous cues, as departure 

date from wintering grounds in turn affected border crossing date. Knowledge of when the three 

populations enter Canada can be used to further aid decisions regarding spring harvest seasons, 

particularly that the overabundant Canada Geese enter Canada before the other non-target 

populations. 

Most individuals from all three populations were estimated to be in the United States at 

the end of the proposed Manitoba spring hunting season. However, credible intervals could 

suggest that some of these individuals may be in Canada at this time (Supplementary Figure 

S3.2). Latitudes at crossing dates may also be more variable (Table 3.2), depending on where an 

individual was at before and after these dates. For example, geese may be in southern Manitoba 
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one day, but in North or South Dakota the next as they are currently migrating, resulting in a 

larger credible interval, whereas geese stopping to refuel closer to the border may result in a 

smaller credible interval when they finally cross to continue migration. From examining the raw 

data, most intervals span 10-15 degrees latitude, hence it is possible for an individual to be at any 

latitude between this latitudinal span, and may be either in Canada or the US during this time. 

Due to the short length of spring migration across all three populations (Figure 3.1), it 

will be important to time the Manitoba spring hunting season to coincide with the timing of 

geese arriving in Canada. As most geese from all three populations crossed the border into 

Canada after the proposed March 31 end date for the spring hunting season (Figure 3.4b), 

adjustments to this season may be needed to increase the targeted harvest of overabundant 

Canada Geese. However, while it may be beneficial to extend the spring hunting season past 

March 31 to ensure more giant Canada Geese are harvested, there will always be the risk of 

hunting non-target Canada Geese and Cackling Geese. The next steps to aiding decision-making 

to avoid these non-target goose populations would therefore be to compare where each of these 

populations are at in the weeks following the proposed hunting period (i.e., April 7th and April 

14th). As shown by the border crossing results, SHB Canada Geese on average crossed on April 

24 (± 1 day standard error), Cackling Geese crossed on April 30 (± 3 days), and giant Canada 

Geese crossed on April 9 (± 2 days) (Table 3.2). Moreover, only about 10% of all tracked 

individuals were in Canada by March 31, many of which were from the giant Canada Geese 

population, hence extending the hunting season into April may increase harvest rates for this 

population. In addition, deploying and retrieving more tracking devices across the populations’ 

breeding ranges can be used to confirm similar timing to previously tracked individuals, 

therefore strengthening our knowledge of timing differences at the population level. 
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Conclusion 

 Canada Geese and Cackling Geese tend to overlap in fall such that the regular hunting 

season targets all three goose populations. In spring, however, the timing between these 

populations differs, providing potential for spring harvest seasons to target a specific population 

(namely the overabundant giant Canada Geese). My findings therefore provide groundwork for 

future decision-making regarding the conservation of these Canada Goose and Cackling Goose 

populations. As more geolocators are retrieved, more data will be available to expand our 

understanding of migratory patterns in Canada Geese, including stopover locations and duration 

to investigate whether geese stop in refuges to avoid hunting pressures, for example. Migration 

timing and locations estimated from additional tracking data can also be used to further refine the 

opening of additional hunting seasons to overlap with giant Canada Geese, therefore improving 

management of these overabundant species while avoiding non-target subarctic- and arctic-

breeding geese.  
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Table 3.1. Generalized linear mixed model results for the relationship between fixed effects and 

border crossing dates for fall and spring migration. The Cackling Goose population was the 

reference group from which the other populations were compared. Fixed effects highlighted in 

bold have 95% confidence intervals that did not cross zero. 

Response 

variable 
Fixed effect Estimate 

Standard 

error 

Lower 

confidence 

value 

Upper 

confidence 

value 

Marginal 

R2 

Conditional 

R2 

Fall 

crossing 

(refl. sq. 

root) 

Intercept 6.191 0.610 4.976 7.556 

0.014 0.607 Population (SHB) 0.112 0.290 -0.455 0.684 

Population (Giant) -0.317 0.307 -0.928 0.286 

Random effect Variance 
Standard 

deviation 
    

Geolocator ID 0.25 0.50     

Year 1.39 1.18     

Residual 1.09 1.04     

Response 

variable 
Fixed effect Estimate 

Standard 

error 

Lower 

confidence 

value 

Upper 

confidence 

value 

Marginal 

R2 

Conditional 

R2 

Spring 

crossing 

Intercept 118.992 3.598 111.531 126.356 

0.323 0.692 Population (SHB) -6.688 2.277 -11.170 -2.235 

Population (Giant) -19.609 2.437 -24.454 -14.871 

Random effect Variance 
Standard 

deviation 
    

Geolocator ID 24.36 4.94     

Year 35.74 5.98     

Residual 50.24 7.09     
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Table 3.2. Means and standard errors of annual cycle duration (in number of days), migration timing dates (in calendar day of year), 

and 95% credible intervals at border crossing dates (in degrees latitude) for giant Canada Geese, Southern Hudson Bay (SHB) Canada 

Geese, and Cackling Geese. 

Population Fall duration (± SE) Winter duration (± SE) Spring duration (± SE) Summer duration (± SE)   

Cackler 71 (1.93) 141 (3.25) 68 (2.32) 86 (1.41)   

SHB 60 (2.19) 123 (2.60) 46 (1.73) 136 (1.19)   

Giant 68 (5.58) 101 (3.25) 26 (2.22) 170 (5.63)   

       

Population Spring departure (± SE) Spring crossing (± SE) Spring arrival (± SE) Fall departure (± SE) Fall crossing (± SE) Fall arrival (± SE) 

Cackler 92 (2.26) 120 (2.65) 160 (0.58) 246 (1.37) 306 (2.15) 316 (1.71) 

SHB 83 (1.43) 114 (0.92) 128 (0.87) 265 (0.81) 305 (2.02) 325 (2.06) 

Giant 76 (2.47) 99 (1.50) 102 (1.35) 272 (5.15) 314 (2.61) 340 (2.33) 

       

Population Fall crossing lower CI 
(± SE) 

Fall crossing upper CI 
(± SE) 

Spring crossing lower CI 
(± SE) 

Spring crossing upper CI 
(± SE) 

  

Cackler 42.7 (0.61) 52.3 (0.31) 46.1 (0.34) 52.4 (0.50)   

SHB 42.6 (0.34) 52.0 (0.21) 46.0 (0.20) 53.6 (0.31)   

Giant 44.2 (0.34) 51.7 (0.21) 44.6 (0.27) 51.1 (0.28)   
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Figure 3.1. Pie charts showing percentages of the annual cycle spent in each season for the 

three Goose populations. 
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Figure 3.2. Circular plot of the annual cycle showing mean fall and spring migratory periods (± 

SE for departure and arrival dates) for each population. The area shaded in yellow is the open 

hunting season for resident and non-resident waterfowl in Canada, and the area shaded in orange 

is the proposed Manitoba spring hunting season for giant Canada Geese. 
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Figure 3.3. Box-and-whisker plots showing the latitudes at the end of the proposed spring 

hunting season (March 31) for each population. The red line indicates the Canada-United States 

border at 49° N. 
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Figure 3.4. Box-and-whisker plots comparing the border crossing timing among the three 

Cackling Goose and Canada Goose populations for (a) fall migration and (b) spring migration. 

The red line indicates the end of the proposed spring hunting season of March 31. 

 

(a) 

(b) 
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Supplementary Figure S3.1. Example of a giant Canada Goose showing both moult migration 

and reverse fall migration. Note the small northward movement in reverse migration compared to 

the larger northward moult migration. 
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Supplementary Figure S3.2. Latitudes on March 31 for each individual in the (a) giant Canada 

Goose population, (b) Southern Hudson Bay (SHB) Canada Goose population, and (c) Cackling 

Goose population. Upper and lower credible intervals (in blue and red, respectively) were 

estimated using FLightR processes. 

 

(a) 

(c) 

(b) 
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THESIS CONCLUSION 

Understanding migration timing and ecology are important for species conservation. 

Birds breeding the farthest north may be under stronger selective pressures to optimise their 

timing of arrival at their breeding grounds to reproductive success due to shorter seasonality with 

increasing breeding latitude. Moreover, the management of overabundant populations requires 

careful consideration of when and where these populations are during both the regular hunting 

season and proposed hunting seasons, such that harvest of target populations can be maximised 

while minimising harvest of non-target populations. Using direct-tracking methods, we can 

estimate the timing and locations for tagged individuals, investigate differences in migration 

ecology between multiple individuals from different populations, and compare these data to 

hunting seasons, which in turn can aid management decisions regarding the duration of special 

hunting seasons. 

First, my findings on differences in migration timing and rate further contribute to our 

understanding of migration timing and ecology in waterfowl, particularly Canada Geese (two 

subspecies: Branta canadensis maxima and Branta canadensis interior) and Cackling Geese 

(Branta hutchinsii). Generally, in spring southern breeding geese migrate earlier than more 

northern breeding geese, and in fall southern breeding geese migrate later than more northern 

breeding geese. These differences may be due to endogenous cues linked to breeding latitude or 

seasonality, especially in spring when timing differences are more apparent. Cackling Geese also 

had shorter breeding seasons compared to Canada Geese. There were little to no differences in 

spring and fall migration rate between populations, the only difference being in fall when 

Cackling Geese had higher migration rates than giant Canada Geese. 
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Second, I used tracking data from retrieved light-level geolocators to compare timing 

dates to hunting seasons intended to harvest overabundant giant Canada Geese. Generally, all 

three goose populations were in Canada during the regular fall hunting season, and about 9% of 

Giant Canada Geese were in Canada during the proposed spring harvest season (i.e., March 1 to 

March 31). Although there were no differences in border crossing date in fall between the three 

populations, in spring the southernmost-breeding geese crossed the border into Canada earlier 

than the northernmost-breeding geese, providing potential to expand the spring hunting season 

into April to increase harvest of giant Canada Geese while avoiding non-target northern-breeding 

Canada Geese and Cackling Geese. 

While endogenous cues may have a stronger effect on migration timing in more northern 

breeding birds, the extent to which they affect timing is also important. Phenotypic plasticity or 

flexibility in a migratory context is the ability of an individual to adjust its phenology to changes 

in its environment (Tarka et al. 2015). The degree of flexibility depends on either endogenous 

cues (Pedersen et al. 2018), changes in the environment (Schmaljohann et al. 2017), or possibly 

both (van Wijk et al. 2016). The lack of flexibility or repeatability in migration timing has been 

studied recently – Greater Snow Geese (Anser caerulescens atlanticus, Bêty et al. 2004), Pied 

Flycatchers (Ficedula hypoleuca, Both et al. 2016), and Wood Thrushes (Hylocichla mustelina, 

Stanley et al. 2012) have shown more consistent spring migration timing as compared to the rest 

of the annual cycle. Many other bird species have also been reported to show some repeatability 

in migration timing at some point during their annual cycles (Both et al. 2016). 

 Climate change can also impact these populations differently. For instance, populations 

breeding at more northern latitudes may not be as flexible in their migration timing compared to 

more southern breeding populations (Fraser et al. 2013). The lack of flexibility in response to 
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environmental changes can make individuals more vulnerable to the effects brought on by 

climate change (Calvert et al. 2012), especially those that breed at higher latitudes where changes 

are more extreme (Brook et al. 2015). Phenotypic plasticity could be investigated in Canada 

Geese and Cackling Geese, as many individuals from my dataset have more than one year of 

tracking data that can be used to estimate repeatability scores in migration departure and arrival 

dates (e.g., Both et al. 2016). 

The migration timing of geese may also be flexible to environmental and/or social factors 

encountered en route. For example, the Green Wave Hypothesis posits that the timing of 

herbivorous bird migration is affected by the timing of vegetation “green-up” when forage 

quality is at its peak, as birds closely follow changes in vegetation (Van Der Graaf et al. 2006). 

This hypothesis has been used to help predict spring timing in a few arctic-breeding migratory 

birds, including Barnacle Geese (Branta leucopsis) (Van Der Graaf et al. 2006; Najafabadi et al. 

2015) and Greater White-Fronted Geese (Anser albifrons, van Wijk et al. 2012). For birds 

breeding in more temperate regions, the Green Wave Hypothesis may be less influential 

compared to more northern breeding birds, as they rely more on changes in temperature rather 

than the timing of “green-up” (Kelly et al. 2016). Future studies on the geolocator data used in 

my analyses could investigate whether the three goose populations adjust their migration timing 

with temperature changes or annual “green-up”, by comparing spring locations estimated from 

my FLightR analyses to local weather variables such as temperature and precipitation, Green 

Wave Indices (GWI; Najafabadi et al. 2015) or Normalized Difference Vegetation Indices 

(NDVI). 

There were data extracted from the geolocators that I did not have time to investigate in 

my analyses, but may be used for future research regarding waterfowl ecology. For instance, 
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Canada Geese that do not breed or suffer nest failure may undergo a moult migration in addition 

to seasonal migration (Newton 2009), in which they travel north (as far as >1000 km) to moult 

and re-grow their feathers (Krohn and Bizeau 1979). Breeding Canada Geese may also moult-

migrate if they lose their young (Dieter and Anderson 2009). Moult-migrating individuals often 

return to their breeding grounds to join other flocks of geese for the following fall migration 

(Luukkonen et al. 2008). From my geolocator data, moult migrations were seen in both giant and 

Southern Hudson Bay (SHB) Canada Geese. Data for SHB Canada Geese are especially novel 

as, although temperate Canada Geese are known to moult-migrate, it was previously unknown 

whether subarctic Canada Geese (Branta canadensis interior in particular) moult-migrate, and 

where or how far they may go if they do indeed moult-migrate. 

Individuals that moult-migrate prior to the fall migration may be more vulnerable to 

hunting pressures compared to those that did not, because their fall migration may be delayed 

and movements away from their breeding grounds may increase their exposure to fall hunting 

seasons (Sheaffer et al. 2007; Luukkonen et al. 2008), though more studies should be done to 

further examine the effects of moult migration on survival rates, especially during hunting 

seasons. Additionally, the effects of moult migration on seasonal migration timing through carry-

over effects could also be examined, as changes in migration timing throughout the annual cycle 

can affect the timing of the spring hunting season. Some arctic-breeding geese such as Snow 

Geese (Anser caerulescens) also undergo moult migration upon nest failure (Reed et al. 2003), 

and future research could examine whether Cackling Geese also moult-migrate during the 

summer season upon nesting failure, though they may not travel as far compared to more 

southern-breeding Canada Geese. 
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One of the additional advantages of attaching light-level geolocators to the tarsus of an 

individual is the ability to obtain non-location data, particularly what goes on during the nesting 

period. Incubation duration can be estimated when the individual sits on the eggs and by 

extension the geolocator, blocking out light that would have otherwise been detected. For remote 

nesting birds such as Cackling Geese, studies involving nesting ecology are often time 

consuming and expensive as people and equipment would need to be transported to locations 

where humans are often absent, and brood surveys may not be conducted as often compared to 

surveys of more southern locations (Canadian Wildlife Service (CWS) Waterfowl Committee 

2020), hence the potential for geolocators to obtain nesting data from birds that would be 

difficult to monitor. Moreover, nesting data could be used alongside moult migration data to 

investigate the likelihood of an individual to moult-migrate upon nest failure, which may be 

indicated by a relatively shorter incubation period, furthering our understanding of migration 

ecology in waterfowl. 

In conclusion, my findings, and the data that produced them, provide a bedrock for future 

studies concerning migratory Canada Geese and Cackling Geese. With more geolocators being 

retrieved through recaptures or by hunters, this dataset will continue to grow and help provide 

more insight on migration and breeding phenology for these species, as well as management 

decisions regarding harvest of overabundant Canada Geese while minimising harvest of non-

target Canada Geese and Cackling Geese. 
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