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Abstract

Caribou (Rangifer tarandus) are vital to terrestrial ecosystems and central to traditional
economies throughout their circumpolar distribution. Migratory tundra caribou undertake
the longest known terrestrial migrations, and they do so annually through some of the
Arctic and Boreal regions that have undergone the most rapid warming on Earth.
Movement behaviour, such as migration, is critical to survival and reproduction in
variable environments. This thesis investigates how environmental change focused on
lake ice phenology and monitoring tools focused on GPS collars, influence caribou
movement behaviour and, potentially, survival. In Chapter 1, | synthesize current
knowledge linking caribou survival and movement ecology to: (i) broader environmental
changes occurring in the Arctic, (ii) shifts in spring lake ice phenology and the remote
sensing tools currently available for monitoring environmental change, and (iii) short-
term effects of captures required for GPS collar monitoring programs. In Chapter 2, |
produce fine-scale large extent maps of spring lake ice phenology by developing an
Open Pixel-based Earth eNgine Ice (OPEN-ICE) remote sensing algorithm implemented
in Google Earth Engine’s (GEE) cloud computing platform. OPEN-ICE combines
imagery from 3 different optical sensors to enable monitoring of freshwater lake ice
phenology in both small and large waterbodies over the large geographical expanses
typical of migratory caribou ranges. | evaluated the accuracy of the OPEN-ICE data
product over a 9-year period by comparing breakup start and end dates in 105 lakes
monitored by the Canadian Ice Service and found a mean bias error of -1.10 and -0.69
days, respectively. In Chapter 3, | used the OPEN-ICE data product to evaluate the
behavioural responses of female barren-ground caribou to shifting lake ice conditions
during their spring migration. Caribou selection or avoidance varied with the
phenological state (open water, breaking ice, ice) and size of encountered waterbodies.
Specifically, during spring migration females exhibited strong avoidance of areas with
breaking ice in small and especially in large waterbodies, and to a lesser extent,
avoidance of open water areas. Instead, they selected migration paths through areas
with smaller ice-covered lakes, while tending to avoid exposed crossings of very large
ice-covered lakes. In Chapter 4, | investigated the effects of GPS collar capture events
on post-release movement and survival of barren-ground caribou. To assess capture
impacts within a single-capture study design, | developed statistical modelling strategies
that allow comparisons of recently captured individuals to population baselines
accounting for seasonal patterns, sex, inter-annual and inter-individual differences.
Captures impacted caribou movement for up to 4 days after capture and capture event
duration combined with blood cortisol concentration predicted suspected cases of
capture-related mortality. This research provides important remote sensing tools and
statistical strategies for monitoring lake ice, studying movement patterns of migratory
caribou, and evaluating the impacts of environmental change and handling stress on an
ecological and cultural keystone species that faces an uncertain future.
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Résumé

Dans I'ensemble de son aire de répartition circumpolaire, le caribou (Rangifer tarandus)
est vital pour les écosystémes terrestres et central aux économies traditionnelles. Les
caribous de la toundra entreprennent les plus longues migrations observées dans les
habitats terrestres, et ils le font chaque année a travers les régions arctiques et
boréales qui ont subi le réchauffement le plus rapide de la planéte. Le comportement de
déplacement, y compris la migration, est essentiel a la survie et a la reproduction dans
des environnements variables. Cette thése étudie comment les changements
environnementaux, en particulier les changements dans la phénologie de la glace de
lac, et les outils de surveillance, en particulier les colliers GPS, influencent le
comportement de déplacement des caribous et, potentiellement, leur survie. Dans le
chapitre 1, je fais une synthése de nos connaissances actuelles liant la survie du
caribou et I'écologie du mouvement: (i) aux changements environnementaux plus
généraux qui se produisent dans I'Arctique, (ii) aux changements dans la phénologie
des glaces de lac au printemps et aux outils de télédétection actuellement disponibles
pour surveiller les changements environnementaux, et (iii) aux effets a court terme des
captures effectuées dans le cadre des programmes de surveillance par collier GPS.
Dans le chapitre 2, je produis des cartes a échelle fine de la phénologie de la glace des
lacs de printemps en développant un algorithme de télédétection Open Pixel-based
Earth eNgine Ice (OPEN-ICE) mis en ceuvre dans la plateforme informatique en nuage
de Google Earth Engine (GEE). OPEN-ICE combine des images provenant de trois
capteurs optiques différents pour permettre la surveillance de la phénologie de la glace
des lacs d'eau douce dans les petites et grandes masses d'eau sur les grandes
étendues géographiques typiques des aires de répartition du caribou migrateur. J'ai
évalué la précision du produit de données OPEN-ICE sur une période de 9 ans en
comparant les dates de début et de fin de la fonte des glaces dans 105 lacs surveillés
par le Service canadien des glaces et j'ai trouvé un biais systématique moyen de -1,10
et -0,69 jours, respectivement. Dans le chapitre 3, j'ai utilisé le produit de données
OPEN-ICE pour évaluer les réponses comportementales des caribous de la toundra
femelles aux conditions transitoires de la glace de lac pendant leur migration
printaniére. J'ai constaté que la sélection ou I'évitement des caribous variait en fonction
de I'état phénologique (eau libre, glace en fonte, glace) et de la taille des plans d'eau
rencontrés. Plus précisément, au cours de la migration printaniere, les femelles
évitaient fortement les zones ou la glace se brisait dans les petits et surtout dans les
grands plans d'eau et, dans une moindre mesure, les zones d'eau libre. Elles ont plutdt
choisi des chemins de migration a travers des zones avec des petits lacs couverts de
glace, tout en ayant tendance a éviter les traversées exposées des trés grands lacs
couverts de glace. Dans le chapitre 4, j'ai étudié les effets de la capture et des colliers
GPS sur les déplacements et la survie des caribous de la toundra aprés leur remise en
liberté. Pour évaluer les impacts de la capture dans le cadre d'une étude a capture
unique, j'ai développé des stratégies statistiques qui permettent de comparer les
individus récemment capturés aux niveaux de référence de la population en tenant
compte des tendances saisonniéres et des différences sexuelles, interindividuelles et
interannuelles. Les captures ont un impact sur les déplacements des caribous jusqu'a
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quatre jours aprés la capture et la durée de la capture combinée a la concentration de
cortisol dans le sang permettent de prédire les cas présumés de mortalité liee a la
capture. Cette recherche fournit des outils de télédétection et des stratégies statistiques
importants pour la surveillance des glaces de lac, I'étude des déplacements des
caribous migrateurs et I'évaluation des impacts des changements environnementaux et
du stress lié a la manipulation sur une espéce clé au niveau écologique et culturelle et
dont I'avenir demeure incertain.
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Contribution to original knowledge

Throughout this thesis, | have endeavoured to: (i) create a high-resolution
freshwater ice data product to track spring breakup in small and large lakes across
broad spatial scales, (ii) investigate the impacts of shifts in freshwater ice phenology on
barren-ground caribou migratory behaviour, and (iii) assess the effects of capture and
GPS collars on short-term movements and survival of caribou. As part of pursuing these
avenues of investigation, | have made several original contributions to knowledge

across different fields of study.
1) Big data approaches to remote sensing and movement ecology

We have entered an era defined by data abundance, an era in which advances in
scientific inquiry increasingly rely on methods and strategies to distil, aggregate, and
summarize massive datasets into usable and insightful products. Migratory caribou
roam far and wide, and studying the spatio-temporal relationship between their
movement behaviour and the remote landscapes they inhabit exemplifies the need for
large datasets and commensurate analytical strategies. As such, this thesis has
contributed to big data approaches in remote sensing and movement ecology (Chapter
2, 3, and 4) by developing and describing tools to distil unfathomably large datasets into
useful aggregate products and easily interpretable visualizations and results. In Chapter
2, | capitalized on the abundance of open-access high resolution optical satellite
imagery and the availability of cloud computing platforms to develop the OPEN-ICE
algorithm with which | have successfully processed almost a petabyte of satellite

imagery into a data product that provides continental-scale pixel-based estimates for

XVii



freshwater breakup dates. In Chapter 3, | studied the effects of lake ice phenology on
spring migration by comparing the size and phenology states of waterbodies
encountered along 274 spring migration paths (followed by 153 collared females) and
8,220 random paths between winter ranges and calving grounds for two barren-ground
caribou herds. Using a cloud computing platform, | summarized phenological data from
the OPEN-ICE product in over 2 million caribou steps representing a combined area of
over 100 million square kilometres. Overall, | have described methodologies capable of
handling and analyzing the large Earth observation and GPS collar datasets that will

become increasingly common in wildlife studies.

2) Phenology of lake ice in a period of climate change

Lakes are important sentinels of environmental and climate change. While ice
phenology in larger and culturally significant lakes have been recorded in written
archives and, more recently, by satellite imagery archives, the study of ice phenology in
small, remote lakes is often limited, despite accounting for the majority of Earth’s
freshwater surface area. In this thesis, | provide the first high-resolution (30-metre),
large extent product that provides freshwater spring ice phenology observations for
lakes spanning many orders of magnitude in size across all of Canada, the most lake-
dense region of the world (Chapter 2). This provides an important contribution to many
fields, effectively allowing the inclusion of lake ice phenology in broad-scale studies in
limnology, weather and climate science (including biogeochemical, water, and carbon
cycles), and terrestrial (e.g., Chapter 3) and aquatic ecology. In addition, spring lake ice

phenology records across a range of lake sizes can also contribute tools to inform ice
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safety in winter with implications for ice road networks and safe access to traditional

territories.

3) Migratory caribou movement ecology in a period of population decline

While migratory caribou are the Arctic’s most abundant large mammal, several
herds have undergone drastic population declines in recent decades. This thesis
provides original contributions to our understanding of this ecological and cultural
keystone species that faces an uncertain future in a period of unprecedented
environmental change. In Chapter 1, | provide an in-depth overview of movement
behaviour and key periods in migratory caribou’s annual cycle that have important
implications for their survival, reproductive success, and population dynamics. Because
spring migration immediately precedes calving, delayed timing of spring migration can
have important effects on calf survival. In Chapter 3, | contribute original knowledge to
our understanding of how environmental changes linked to climate and lake ice
phenology impact caribou spring migrations. Showing that migrating females strongly
avoid breaking ice and to a lesser extent open water, that avoidance increases with
water body size, and that migration duration increases by more than a week when
females encountered more breakup conditions offers new insight into caribou
vulnerability to environmental change. One such insight is the importance of protecting
terrestrial corridors between lakes that will become more important as the availability of
lake ice declines during the spring migration season. In Chapter 4, | further investigate
the impacts of tools that caribou monitoring programs rely on to study population

movements and dynamics, contributing the first estimates of short-term effects of
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capture stress on barren-ground caribou movement rates and the first documented link

between a female caribou’s capture-related stress response and her survival outcomes.

4) Strategies to evaluate impacts of wildlife captures and biologging

Wildlife ecology has entered a new era in which the ubiquity of biologgers has
provided new insights into energetics, nutrition, ecology, behaviour, and movement of
many species. Technological advances are improving biologging devices over time, for
example by reducing their mass and increasing the quality and frequency of recorded
data. However, it remains poorly understood for most species-biologger combinations
how biologgers and the capture and handling required to deploy (and in some cases
recover) them affect the energetics, behaviour, and survival of monitored individuals.
Indeed, across many wildlife monitoring studies, the effects of an initial capture are hard
to estimate because there exists no individual behavioural baseline. In Chapter 4, |
explore this problem and describe some statistical strategies that enable comparisons
of recently capture individuals to population-level baselines of previously captured
individuals. The approaches | develop compare the duration and magnitude of any post-
release behavioural discrepancies, while accounting for large sources of variability in
biologging datasets such as highly non-linear seasonal or daily cycles and inter-annual
or inter-individual differences. | also describe some statistical strategies to evaluate the
impacts of capture-related stress on survival outcomes in the period following release,
using data that can be readily recorded (e.g., handling time) and sampled (e.g., stress
indicators in blood serum) within the constraints of single-capture study designs.
Together, these two methods contribute important methods to provide continuous

information to researchers conducting biologging studies and stakeholders concerned
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about the impacts of these approaches about the extent of impacts and how to reduce
bias in sampled observations and improve health and survival outcomes for studied

individuals.
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Chapter 1 - General introduction and literature review

1.1 General introduction

In the past decades, many barren-ground caribou (Rangifer tarandus
groenlandicus) herds have undergone stark population declines (Gunn, 2016; Uboni et
al., 2016; Vors and Boyce, 2009). Migratory caribou are, in many ways, emblematic of
Canada’s North (Hummel and Ray, 2008). During this period of caribou decline, the
regions caribou inhabit have warmed at an alarming rate, casting additional uncertainty
on how they will cope and adapt to the rapid environmental changes unfolding in their
habitats. Some of these changes have directly observable consequences, such as shifts
in plant phenology (Post & Forchhammer 2008) or increased insect harassment (Witter
et al. 2012), which result in reduced foraging opportunities. Many other changes,
however, can be difficult to understand because their influence on caribou herds are
indirect or occur at spatial and temporal scales that are harder to observe given current

remote sensing technologies.

Freshwater lakes in Canada’s North, as well as throughout the Northern
Hemisphere, can serve as accurate sentinels of the rapid changes unfolding in these
regions. However, freshwater lakes are many and varied and we need to be able to
detect what they are telling us. Over the past few decades, warmer air temperatures in
the North have accelerated ice break up in spring and delayed freeze-up in autumn,
resulting in a longer ice-free season (Duguay et al. 2006; Latifovic & Pouliot 2007). The
prevalence of freshwater systems in many northern regions means that these changes

in ice phenology have important effects beyond the aquatic ecosystems they shelter



(Prowse et al. 2011). Namely, barren-ground caribou undertake the longest terrestrial
migrations in the world through these regions, where freshwater lakes typically cover
15-40% of the landscape (Duguay et al. 2003). Even for a highly vagile species like
caribou, movement can be facilitated or impeded by the presence of ice or open water
over the abundant hydrological features characteristic of the North (Leblond et al. 2016).
During migration, lake ice offers caribou an easier surface for travelling than the deeper
snow typically covering the surrounding landscape during winter and spring (Fancy &
White 1987). In contrast, even though caribou are excellent swimmers, the thin ice or
large expanses of open water present between melt onset in spring and freeze-up in
autumn can prove to be formidable obstacles, and can potentially lead to exhaustion,
injury, or death (Miller & Gunn 1986). Throughout their yearly cycle, caribou’s dynamic
use of space determines how they experience environmental conditions and acquire
resources in their seasonal ranges. As ice phenology shifts and the ice-free season
gradually encroaches into caribou migration periods, herds may be required to adapt
the timing of migration and the predominant routes travelled to successfully relocate

between calving grounds, summer ranges, and winter ranges.

GPS collars provide information crucial to studying animal movement, effectively
allowing us to explore spatial processes and habitat selection. Nonetheless, capturing
and collaring wildlife is not without risk (Arnemo et al. 2006) and can produce bias in the
acquired data (Dechen Quinn et al. 2012). As caribou herds rapidly decline throughout
the North, wildlife management agencies in several jurisdictions have expanded their

collar deployment programs to track changes in behaviour and survival. Understanding



and quantifying the effects of GPS collars on their movement and post-capture survival

is a crucial component of caribou research and management.

This thesis focuses on the movement ecology of two migratory barren-ground
caribou herds — the Bluenose-East and Bathurst herds — in northern Canada, including
an evaluation of the impacts of freshwater ice phenology and the effects of capture and
collaring events on their movement and migratory patterns. This thesis’ objectives are
to: (i) improve temporal and spatial resolution of classifying spring breakup in both small
and large lakes at continental scales by developing sensor-specific ice-water
classifications for multiple open-access optical satellite imagery repositories and fusing
them into a coherent freshwater ice phenology time series (Chapter 2), (ii) to use this
ice phenology time series to examine the fine-scale movement of caribou in response to
ice, breaking ice, and open water conditions in the thousands of lakes traversed during
their spring migration (Chapter 3), and (iii) to evaluate how capturing and collaring

barren-ground caribou impacts their movement and survival (Chapter 4).

In the following sections of this chapter, | review literature focused on migratory
tundra caribou and, more specifically, barren-ground caribou populations trends, their
seasonal cycles and movement ecology, and the unprecedented environmental
changes unfolding in their ranges. | then provide an overview of current literature on the
remote sensing techniques and data products, which are essential to studying species
with ranges as massive as those of migratory caribou. Particular attention is dedicated
to the challenges of monitoring freshwater ice phenology. Finally, | review literature on
wildlife monitoring techniques, and how the impacts of these techniques can influence

the behaviour and survival scientists wish to study.



1.2 Literature review

1.2.1 What are migratory caribou?

Caribou and reindeer are, respectively, North American and Eurasian
representatives of Rangifer tarandus, a single, circumpolar species within the deer
family Cervidae and the even-toed ungulate order Artiodactyla (Harding, 2022). In North
America, caribou are divided into three main ecotypes based on distinctive habitats and
calving behaviours: the migratory tundra ecotype, the mountain ecotype, and the boreal
woodland ecotype (Mallory and Hillis, 1998). The main distinction between them are
their respective habitats and calving behaviour (Bergerud et al., 2008). In spring,
migratory tundra migrate to higher latitudes to calve on the tundra in the safety of larger
aggregations (COSEWIC, 2016). In contrast, woodland boreal caribou are generally
sedentary and spread apart to calve alone in secluded and sheltered areas of the boreal
forest (COSEWIC, 2002). Mountain caribou herds may, depending on the region, either
calve together in alpine zones or spread apart in subalpine zones. Migratory tundra
caribou form massive herds, sometimes numbering more than half a million individuals,
that roam vast expanses from the northernmost reaches of subarctic taiga to arctic
tundra, including even the islands of Canada’s High Arctic. Migratory caribou herds are
composed of multiple social groupings that are bound together by the fidelity of females
to a common traditional annual calving ground (Skoog, 1968). Migratory tundra herds of
Canada are generally classified into: (i) the eastern migratory herds (e.g., George and
Leaf River herds of Quebec) belonging to the woodland subspecies Rangifer tarandus
tarandus, (ii) the barren-ground caribou herds of the Northwest Territories and Nunavut

(e.g., Bluenose-East and Bathurst herds) that form their own distinct subspecies



Rangifer tarandus groenlandicus, (iii) the subspecies Rangifer tarandus granti that calf
on the coastal plains of Alaska (e.g., Porcupine herd of Yukon and Alaska), and (iv) the
Peary Island caribou herds of the High Arctic of the subspecies Rangifer tarandus
pearyi. Given the diversity of Rangifer sp., understanding the distinctions between
ecotypes, subspecies, and herds is tedious and complex (Harding, 2022), and indeed
has been the subject of much research and debate on the morphological (Banfield,
1961), genetic (Klutsch et al., 2016), behavioural (Nagy et al., 2011), and demographic
(Adamczewski et al., 2015; Gunn et al., 2011b) differences between groups. However,
delineating ecotypes, subspecies, and herds remains an essential exercise that allows
wildlife co-management partners to assess the demographic trends for well-defined
conservation units (COSEWIC, 2011), implement conservation strategies (Serrouya et
al., 2019) and land-use planning at appropriate spatial scales (Government of the
Northwest Territories, 2019), and assess the similarities and differences in the
challenges faced across herds and regions (COSEWIC, 2016). As such, while this
thesis focuses on barren-ground caribou, and more specifically the Bluenose-East and
Bathurst herds of the NWT and Nunavut, | frequently draw from broader knowledge and
research on caribou and reindeer from other herds and subspecies, and inversely, |
draw conclusions from my own research with broader implications for other herds.
Throughout this thesis, | may refer to migratory caribou, migratory tundra caribou, and
barren-ground caribou interchangeably. As | will soon discuss, the threats faced by
many migratory herds and the challenges associated with studying them are shared in

being defined by their massive annual ranges, spanning thousands of square kilometres



in remote regions, and the movement and migratory behaviours that connect individuals

to these ranges.

1.2.2 Why do caribou migrate, and why are these migrations important?

Throughout the planet, long-distance migrations are an important adaptation to
seasonality (Alerstam et al., 2003) and predation (Kubelka et al., 2022; McKinnon et al.,
2010) and migratory caribou epitomize the evolution of this life history trait in terrestrial
habitats (Joly et al., 2019). Migratory caribou typically overwinter in the northern
reaches of the boreal forest where they dig for their preferred source of winter food,
lichens buried in the snow (Webber et al., 2022). In fact, their North American name is
most likely derived from “xalibu”, their name in the Mi’kmaq language which describes
their pawing behaviour when digging in snow, a winter behaviour observed in all
Rangifer subspecies and ecotypes. As the spring approaches, females migrate
hundreds of kilometres northward to coastal areas in the tundra of the Arctic (Bergerud
et al., 2008), aggregating in the thousands at calving grounds distinct to each herd
(Gunn and Miller, 1986). Migratory tundra caribou distinguish themselves from other
ecotypes by gathering into large groups instead of spreading apart during calving
season, as is more typical of their woodland ecotype counterparts. This gregarious
reproductive strategy serves two main purposes: it reduces predation pressure on
neonates (Bergerud, 1996) and, if timed correctly with the northward march of the arctic
spring’s “green wave” (Mysterud, 2013), it provides fresh and abundant high-quality
forage during lactation, both of which ultimately promote calf health and survival in their
first few weeks of life (Bergerud et al., 2008). In the post-calving period and during the

following summer months, caribou slowly spread out into smaller groups while seeking



forage in tundra south of their calving grounds. However, their grazing may be
interrupted several times by periods of severe insect harassment, typical of short arctic
summers, which drive them into large social aggregations in higher exposed rocky
terrain as they seek wind and refuge in numbers (Johnson et al., 2022). As the fall
commences, caribou gather once again for the rut season. During the fall and rut
period, caribou migrate southward on their return journey to their wintering grounds, a
more gradual and less synchronous migration relative to spring migration. Annual round
trips often cover thousands of kilometres and constitute the longest terrestrial migration

in the world (Fancy et al., 1989; Joly et al., 2019).

As the most abundant large mammal in Arctic terrestrial ecosystems, caribou are
not only an ecological keystone species (Mills et al., 1993), but also a cultural keystone
species (Garibaldi and Turner, 2004). Caribou migrations and cycles and have been a
central part of life, language, culture, and spirituality for Indigenous peoples of the Arctic
for thousands of years (Bourgeon et al., 2017; Jacobsen, 2011; Zoe, 2012). Caribou
meat remains one of the main sources of protein and an important contributor to food
security for both Inuit (Kenny et al., 2018) and First Nation (Schuster et al., 2011)
communities in Canada’s North. In addition to its close relationship with Indigenous
peoples, migratory caribou are an important part of Arctic food webs, providing an
important source of nutrition for many predators and scavengers, including grey wolves
(Canis lupus), grizzly bears (Ursus arctos), black bears (Ursus americanus), Arctic fox
(Vulpes lagopus), wolverines (Gulo gulo), lynx (Lynx canadensis), golden eagles (Aquila
chrysaetos), and bald eagles (Haliaeetus leucocephalus) (COSEWIC, 2016). Like many

large herbivores, migratory caribou and wild reindeer herds play an important role in



shaping tundra and taiga through trampling, grazing, and nitrogen cycling (Henry and
Gunn, 1991; Joly et al., 2007; Olofsson et al., 2001). They also play an important role in
aquatic ecosystems, whereby the larvae of biting insects, whose productivity heavily
depends on caribou blood (Joly et al., 2020), form important trophic links in freshwater
food webs, and fecal pellets that accumulate on lake ice during winter form important
influxes of nitrogen into freshwater ecosystems (COSEWIC, 2016). As such, the future
of the Arctic and its First Peoples are closely intertwined with the future of migratory

caribou herds and the rhythms of their seasonal migrations (Hummel and Ray, 2008).

1.2.3 What is the current status of migratory caribou herd populations?

Important population declines have been observed across several large
migratory caribou and wild reindeer herds in recent decades (Gunn, 2016; Uboni et al.,
2016; Vors and Boyce, 2009). Since aerial surveys and photo census methods became
more widely adopted for monitoring large caribou herds in the 1970s, wildlife biologists
have counted individuals during calving or post-calving aggregations and observed
population peaks and subsequent crashes. For example, an aerial photocensus
conducted during post-calving of the aggregations of the George River herd, an eastern
migratory herd in Quebec and Labrador, suggest it was composed of more than
823,000 individuals in 1993 (Couturier et al., 1996), while the latest photocensus in
2022 estimates the population to be 7200, a staggering population drop of 99% over 29
years (Brodeur et al., 2021). Over the same period, several large barren-ground caribou
herds of the Northwest Territories and Nunavut have declined at a similar pace. As of
the last survey in 2021, the Bathurst herd has declined by approximately 98% since its

population peaked in 1984 at 472,000 (Adamczewski et al., 2022). Surveys of the



Bluenose-East herd suggest it peaked in 2010 at approximately 114,000 individuals and
has since plummeted by approximately 70% (Boulanger et al., 2022). Further westward,
the Porcupine caribou herd is currently the only population that seems to have stabilized
and continued to increase, with the latest survey in 2017 estimating the population at
218,000, an increase of almost 94,000 individuals relative to its previous low in 2001

(Porcupine Caribou Technical Committee, 2022).

Migratory caribou population dynamics are characterized by important population
cycles, so while these declines are dramatic, they have been observed before. Prior to
the adoption of aerial surveys for management in the 1970s and 1980s, periods of
extended population crashes were documented across several herds (Bongelli et al.,
2022). Because these cycles are central to life in the Arctic, they are well documented in
traditional knowledge accounts of the Indigenous peoples that have depended on
migratory caribou for millennia (Dokis-Jansen et al., 2021; Ferguson et al., 1998).
Dendrochronological methods have also been used to date these cycles back 120 years
using the scarring patterns created by trampling the roots of spruce trees as a proxy for
caribou abundance along important migration corridors (Morneau and Payette, 2000;

Zalatan et al., 2006).

In the light of current declines, territorial and federal governments of Canada
have designated barren-ground caribou herds as threatened (COSEWIC, 2016; NWT
Species at Risk Committee, 2017), although no official status has yet been designated
for eastern migratory caribou. Unlike their woodland and mountain ecotype
counterparts, whose declines are driven primarily by habitat loss and degradation from

mining and forestry activities (Hervieux et al., 2013), there remains some uncertainty as
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to the exact drivers of population declines in migratory caribou herds. This uncertainty is
further compounded by the unprecedented rates of climate warming and landscape
changes observed in the Arctic (Rantanen et al., 2022). The precautionary principle
justifies adequate protections and prioritization of research to adequately inform

conservation efforts and range planning.

1.2.4 Why are migratory caribou herds declining?

The relative synchrony of population cycles suggests drivers operating at broad
spatial scales (Elton, 1924; Gunn, 2003; Hansen et al., 2020; Moran, 1953), although
research increasingly points to a variety of mechanisms at various spatial scales which
synergistically impose cumulative effects on migratory caribou, effectively increasing
their vulnerability when a herd’s population is low (Bongelli et al., 2022; Gunn et al.,
2011a). Finding sufficient food to satisfy energy requirements is crucial throughout the
year, but in caribou, the calving, post-calving, and summer seasons have been
identified as significant energetic bottlenecks that either promote or hinder calf survival
and female reproductive success. Therefore, experts have identified anthropogenic
disturbances and seasonal conditions on the summer range, the calving grounds, and
during spring migration as key to the conservation and protection of migratory caribou

(Bongelli et al., 2022).

1.2.4.1 Summer season

As capital breeders (Taillon et al., 2013), the body condition and reproductive
success of migratory caribou pivots on the nutritional uptake by females during summer

being sufficient to not only sustain themselves but to bring a foetus to term over the
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winter months when food is scarcer and not as nutritious (Gerhart et al., 1996). In the
nitrogen-limited terrestrial ecosystems of the Arctic, the preferred summer forage
species for migratory caribou typically consist of fresh graminoids such as sedges (e.g.,
Carex spp., Eriophorum spp.), lichens, fresh foliage of some shrub species such as
birch (Betula spp.) and willow (Salix spp.), as well mushrooms later in the summer
(Béland et al., 2023; Webber et al., 2022). The short Arctic summers impose a race
against time to consume as much of this fresh forage as possible before its quality
degrades in late summer and early fall, and missed foraging opportunities during
summer can reduce the body fat and resources available to sustain females through to
the following spring. Missed opportunities are the consequence of many different
processes which vary by year and by herd (Bongelli et al., 2022). For example, when
the population of some large herds reached their peak in the 90s, deterioration of forage
on summer ranges was observed and thus density dependence partly contributed to the
subsequently observed declines (Bergerud et al., 2008; Messier et al., 1988). Climate
change has caused increased temperatures and regional shifts in precipitation patterns
that can be linked to changes in food seasonality, availability, and quality. With the
longer growing seasons throughout the Sub-Arctic and Arctic, the structure and
composition of vegetation communities are shifting, with shrubs such as willow, birch,
and alder (Alnus spp.) becoming more prevalent in many regions of the Arctic (Tape et
al., 2006; Tremblay et al., 2012) and reducing overall species richness (Pajunen et al.,
2012). Although this represents an overall increase in vegetation biomass (Yu et al.,
2017), these shrub species lock more proteins into indigestible woody tissue and their

leaves contain higher concentrations of phenols and other metabolites that curtail
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browsing in late summer (Thompson and Barboza, 2014). Consequently, the increased
dominance of these species likely reduces overall availability of nutrients relative to
sedges and grasses dominated communities (Bryant et al., 2014), and may increase
apparent competition as other large herbivores that prefer shrubs expand northward
(Joly et al., 2012). However, the effects of reduced nutritional availability may be
mitigated by a longer and more productive growing season, which has been related to
reproductive success in some populations (Albon et al., 2017). However, climate
change has also been linked to increased parasitism and insect harassment. In the
short Arctic summer, when temperatures peak and wind dies down, insect harassment
by mosquitoes (Aedes spp.), warble flies (Hypoderma tarandi), and bot flies
(Cephenemyia trompe) can be so severe that it drives massive aggregations of caribou
to higher, cooler, and more wind-exposed areas with less foraging opportunities (Witter
et al., 2012). Because insect avoidance limits foraging time, summers with particularly
intense levels of insect harassment are typically followed by a decrease in the body-
condition of females and calf weights the following spring, which has been directly
linked to survival and reproductive success in some populations (Johnson et al., 2022;

Joly et al., 2020).

1.2.4.2 Calving and post-calving season

Many migratory species congregate as spring arrives in the Arctic to raise their
offspring, a behaviour which has evolved to reduce predation on vulnerable young and
to capitalize on the seasonal abundance of highly nutritious food sources (Williams et
al., 2017). In addition to recovering from the nutritional stress of the winter season and
the energetic cost of gestation, female migratory caribou must contend with the high
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energetic cost of lactation in the period immediately following parturition. Consequently,
the synchrony of calving with spring vegetation phenology has been linked to calf
condition, survival, and recruitment. For example, recent research on the George River
herd suggests that the single most important determinant of calf survival is its date of
birth, with later births linked to increased mortality (Vuillaume et al., 2023). While
maternal body condition is important (Taillon et al., 2012), the availability of fresh forage
in the period immediately following parturition likely outweighs the energetic capital
accumulated from the previous summers, although reduced predator density earlier in

the season may also be a factor (Vuillaume et al., 2023).

Climate change has caused widespread advances in Arctic spring vegetation
phenology (Hgye et al., 2007), and it is unclear that the environmental cues that prompt
spring migration and calving have adjusted. Consequently, some herds have
experienced a trophic mismatch between the energetic demands of lactation in the
period immediately following parturition and the peak availability of nitrogen during
spring green-up (Paoli et al., 2018), in some cases with direct consequences to calf
survival (Eikelenboom et al., 2021; Post and Forchhammer, 2008). In other herds there
is evidence that the migratory behaviour of caribou is sufficiently flexible to conserve the
synchrony of parturition and lactation with earlier spring green-up (Mallory et al., 2020).
However, in some regions of the Arctic, phenological trends of the last decade suggest
that advancing green-up has gradually slowed and been overshadowed by important
increases in the variability of spring green-up dates (Schmidt et al., 2023). While the
behavioural flexibility of migratory caribou should not be underestimated, it is likely that

trophic mismatches will become more important as the climate continues to change.
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1.2.4.3 Spring migration

With the arrival of spring, migratory caribou undertake a long journey north, an
especially urgent one for parturient females trying to reach their traditional calving
ground. As previously discussed, the timing of parturition with spring green-up is
extremely important to calf survival, even more so if a female is nutritionally stressed
due to poor summer range conditions or a difficult winter (Taillon et al., 2012; Vuillaume
et al., 2023). Consequently, the ability of females to initiate spring migration at the right
moment and the environmental factors that hinder or facilitate their movements play an
extremely important role in determining reproductive success. The initiation of spring
migration seems to be synchronous across many herds (Gurarie et al., 2019), and
mounting evidence suggests that one of the main environmental cues is the onset of
snowmelt (Gurarie et al., 2019; Laforge et al., 2021) which both facilitates movement
(Leclerc et al., 2021) and is closely related to spring green-up (Laforge et al., 2023).
Milder winters typically advance departure and periods of heavier snowfall in late winter
typically retard it (Gurarie et al., 2019; Le Corre et al., 2016). Notably, because females
compensate for late departures by moving faster to the calving ground, one of the best
predictors of movement speed during migration is departure date (Gurarie et al., 2019).
Despite flexibility in migration speed and timing, disturbances and environmental
conditions encountered during migration can significantly delay arrival to the calving
ground and in some extreme examples, cause females to calve before they have
reached the relative predator-free safety of their calving ground (Gurarie et al., 2019).
With climate change, the amount and density of snow accumulation and the timing of

snow melt are expected to undergo important regional shifts. Travelling through deeper
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snow, and especially crust-covered snow is extremely costly for locomotion, even for a
highly vagile species like caribou (Fancy and White, 1987). Accordingly, deep snow
cover and deep wet snow following heavier spring snowfall has been linked to important
delays in migration (Leclerc et al., 2021). The availability of freshwater ice during
migration is also an important factor, as frozen lakes are typically windswept and
characterized by less and more compact snow enabling faster and more efficient travel
(Leclerc et al., 2021) and more visibility to avoid ambush by predators (Ferguson and
Elkie, 2005). As the climate warms, many of the freshwater lakes in the Northern
Hemisphere are breaking up sooner and freezing later (Sharma et al., 2019) and,
consequently, migrating females now encounter breaking ice and open water more
frequently in spring. This is especially worrisome for the many herds whose range
overlaps the Canadian Shield, as freshwater features can cover up to 40% of the
landscape. Indeed, in warmer springs the earlier transition of lakes from movement
highways to movement barriers has resulted in longer migration routes (Leblond et al.,
2016; Leclerc et al., 2021). While caribou are excellent swimmers, there is an increased
risk of exhaustion, injury, and mortality when navigating areas with breaking ice (Miller
and Gunn, 1986). In the Canadian Arctic Archipelago, migratory herds such as the
Dolphin and Union herds and their Peary caribou counterparts further north require sea
ice to access different parts of their range, including their winter range on the mainland,
and absence of sea ice in some years has already disrupted seasonal migrations and
will continue to pose a significant threat to these herds in the future (Jenkins et al.,
2016; Miller, 1995; Miller et al., 2005; Poole et al., 2010). Disruptions in spring and fall

migrations have also been observed as a direct consequence of anthropogenic
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disturbances. Abandoned roads, active roads, and exploration and industrial activities
related to mining are typically avoided by caribou and can divert migrating individuals
resulting in longer routes and additional delays to reaching the calving ground or winter
range (Boulanger et al., 2020; Johnson and Russell, 2014; Panzacchi et al., 2013;

Wilson et al., 2016).

1.2.5 How can remote sensing contribute to caribou research?

Because the annual range of migratory caribou covers immense and remote
regions, monitoring climate and weather, environmental conditions, and landscape
changes at the spatial and temporal scales impacting caribou is extremely challenging.
For example, the annual range of the Bathurst herd spans 250,000 km? (Case et al.,
1996) while the range of the Leaf River herd covers a staggering 663,810 km?, larger
than any country within continental Europe. Since the launch of the first Landsat
missions in the 1970s, imagery of Earth’s surface captured by satellites equipped with
various sensors (e.g., optical, hyperspectral, microwave) has increased in abundance,
frequency of capture, quality, and overall availability for civil research applications
(Malenovsky et al., 2012; Wulder et al., 2019). By enabling us to monitor environmental
conditions over large and remote regions, remote sensing and Earth observation
technologies have emerged as crucial contributors to our understanding of migratory
caribou, the environmental drivers of their seasonal movements, and the changes

unfolding on their ranges as a result of climate change and human development.

Satellite imagery captured by optical and hyperspectral sensors has provided
researchers with the opportunity to track annual vegetation phenology and year to year

vegetation changes during key periods of migratory caribou’s annual cycle (Dearborn
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and Danby, 2022). By exploiting the spectral properties of vegetation, indices such as
the Normalized Difference Vegetation Index (NDVI; Rouse Jr et al., 1974) can help track
phenological events such as the onset of spring greening, the peak greening observed
in summer, and the subsequent browning as senescence progresses through late
summer and autumn (e.g., Descals et al., 2020). Research tracking the evolution of
nitrogen availability in fresh forage during the Arctic’s spring green-up has demonstrated
that its peak is typically correlated with the moment an annual NDVI time series reaches
half of its maximum value (Doiron et al., 2013). This has allowed researchers to
investigate the synchrony of caribou calving events across the Arctic in relation to the
peak availability of nutritious forage to assess the incidence and extent of trophic
mismatch and its downstream implications for population dynamics (Eikelenboom et al.,
2021; Mallory et al., 2020; Paoli et al., 2018; Post and Forchhammer, 2008). Remote
sensing technologies can also help distinguish between different types of habitats and
vegetation community composition to study how caribou respond to seasonal or long-
term changes in food availability throughout the post-calving period and summer
months (Campeau et al., 2019; Rickbeil et al., 2018, 2017). In a rapidly warming Arctic,
continuing to track the long-term changes in plant communities and the complex
interactions that shape them (Kelsey et al., 2021; van der Wal and Stien, 2014) will be

key to understanding potential impacts on caribou populations.

Weather monitoring satellites and derived data products have enabled the
development of accurate insect harassment indices over large regions that are
otherwise impossible to monitor. Predictive models based on insect traps, data from

weather stations (including wind, temperature, and relative humidity), and landcover
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classifications were used to develop indices enabling researchers to estimate the
relative intensity of insect harassment throughout the Arctic summer (Witter et al.,
2012). Using satellite-based weather and climate reanalysis datasets provided by NASA
(Rienecker et al., 2011), researchers have expanded on these localised indices to
provide standardized broad-scale daily mosquito and oestrid (botflies and warble flies)
harassment indices over spring and summer ranges of all North American migratory
caribou herds as far back as 1980 (Russell et al., 2013). Such insect harassment
indices have been instrumental in understanding the spatio-temporal dynamics of
caribou movement in summer and the cumulative negative effects on females that carry
over into the following year’s reproductive success (Johnson et al., 2022). Continued
monitoring of these weather-insect-caribou dynamics is extremely important because
the intensity and regionality of changes in insect harassment under future climate
scenarios and their demographic impacts for caribou is still poorly understood (Koltz

and Culler, 2021).

Although snow conditions are a key variable that determine how caribou access
winter forage (Fancy and White, 1985), initiate migrations (Gurarie et al., 2019; Leclerc
et al., 2021), and expend energy while travelling (Fancy and White, 1987), monitoring
snow conditions with remote sensing data products remains extremely difficult. Snowfall
and accumulation patterns are changing in many regions of the Arctic due to shifting
evaporation and precipitation patterns arising from rapid warming and shorter sea-ice
seasons (Lam et al., 2023; Park et al., 2013). While detecting the presence of snow and
estimating snow-on and snow-off dates is relatively straightforward (Hall et al., 1995),

the depth of the snowpack and its characteristics such as density are extremely difficult
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to remotely sense at the fine spatial scales which are required to study caribou
movement (Gurarie et al., 2019). Humidity, temperature, and wind action are important
determinants of the characteristics of the snowpack (Helfricht et al., 2018), but in a
warming Arctic the increased frequency of rain-on-snow events and thaw-freeze cycles
(McCrystall et al., 2021) is transforming the density and granular structure of the snow,
which requires further refinement of remote sensing methodologies to detect, interpret,
and classify a wider range of optical and microwave properties (Dolant et al., 2018).
Currently, most snow data products with a high temporal resolution are either derived
from coarse optical imagery (Hall et al., 2023) or large-scale weather and climate
models (Luojus et al., 2021). Higher-resolution and broader-attribute snowpack data
may soon be readily available, given increased in-situ large scale monitoring efforts in
the Arctic (e.g., Lam et al., 2023; McGrath et al., 2019) and new air- and space-borne
radar sensors (Lemmetyinen et al., 2022; Rott et al., 2012; Tsang et al., 2022), which
could greatly enhance understanding of fine-scale movement behaviour of caribou and

many other species (Boelman et al., 2019).

The exponential increase in the quantity of satellite images available for analysis
(Liu et al., 2018), notably as a result of the advent of open-access satellite image
archives (Malenovsky et al., 2012; Wulder et al., 2019), represents both a research
opportunity and a challenge. Because the environmental drivers of caribou populations
and movements operate both at local (individual’s immediate surroundings) and
landscape spatial scales (herd’s entire range), and these local and landscape scales
are characterized by relevant daily, seasonal, and multi-annual change, researchers

require remote sensing data products with large spatial extents and high spatial
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resolutions, as well as long time series with frequent observations. As such, researchers
must often negotiate trade offs between spatial and temporal resolution, choosing
between: (i) coarse but frequently captured images to account for daily variations in
environmental conditions, or (ii) high-resolution images to capture conditions in the
immediate landscape that can be related to fine-scale movement and selection.
Furthermore, these approaches frequently require prohibitively large image collections
that are difficult to analyze with traditional computational resources, a problem now
faced across many remote sensing disciplines (Chi et al., 2016). Cloud computing
platforms such as Google Earth Engine (Gorelick et al., 2017) and the Sentinel
Application Platform (ESA, 2023) have effectively democratized the tools required to
access large image archives and perform geospatial analyses at planetary scales. Many
recent advances in our understanding of caribou behaviour and dynamics have relied
on such tools, including advances in our understanding of the timing of migration and
calving (Couriot et al., 2023; Gurarie et al., 2019; John et al., 2020; Laforge et al., 2021)
and our ability to map and classify important forage communities over large areas
(Macander et al., 2020) or track their change over time (Konkolics et al., 2021). While
several knowledge gaps still exist due to the resolution of data products (e.g., snow), in
the next section we will discuss how abundant Earth observation data can be harnessed
to answer questions about a future with declining availability of freshwater ice, another

key form of environmental change known to influence caribou migrations.
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1.2.6 How can remote sensing contribute to monitoring freshwater ice

phenology?

Because of its cultural, socio-economic, and ecological importance, freshwater
ice has been monitored by humans for centuries. For some lakes of particular
importance, there exists archives of ice-on and ice-off dates consistently recorded for
over 500 years (Sharma et al., 2022). These records, and more recently satellite
records, have revealed that freshwater lakes and their seasonal ice-cover are true
sentinels of global climate trends (Adrian et al., 2009). As a result of a rapidly warming
Arctic (Rantanen et al., 2022), increased air temperatures are causing lakes to freeze
later in autumn and breakup earlier in spring (Sharma et al., 2019) and experts estimate
that the ice-free season is growing at a rate of 12.3 days/century, a trend which is
observed both in historical ice records (Magnuson et al., 2000) and satellite records (Du
et al., 2017). These changes are especially alarming in Canada’s North as its
landscapes are characterized by the highest density of freshwater lakes in the world
(Messager et al., 2016), frequently covering 15%-40% of the landscape by area
(Duguay et al., 2003). The decrease in ice-cover duration will have important effects for:
(i) transportation and northern economies (Prowse et al., 2009), (ii) regional changes in
weather and climate (Prowse et al., 2011), and (iii) terrestrial (Leblond et al., 2016) and
freshwater ecosystems (Adrian et al., 2006; Reist et al., 2006). Understanding and
tracking changes in lake ice phenology is therefore an important priority for cold-climate
research and dedicated government agencies (e.g., United States National Ice Center,
Canadian Ice Service) have expended large efforts to monitor both sea ice and

freshwater ice using remote sensing technologies.
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Detecting the presence or absence of ice with satellite imagery has become a
crucial part of tracking lake ice, especially if large areas are being monitored and there
are a large number of lakes of interest. Detection of phenological events like spring
breakup or fall freeze-up, which need to be defined at day-to-week timescales, typically
requires imagery captured by satellites that frequently revisit the same location. As
such, current broad scale monitoring efforts have favoured imagery with high temporal
resolution and, in an effort to build longer time series of lake ice, have targeted a limited
collection of larger lakes which often have complementary historical records that pre-
date satellite archives (Latifovic and Pouliot, 2007; Lenormand et al., 2002; Magnuson
et al., 2000; Sharma et al., 2019). While satellites such as AVHRR and more recently
MODIS are perfect for these applications, their coarse spatial resolution (> 500 m)
makes them unsuitable for monitoring smaller lakes. Importantly, most lakes are small
(Messager et al., 2016) and, relative to larger lakes and terrestrial ecosystems, they are
likely to be most responsive to environmental change (McCarthy et al., 2023) and have
shown to be extremely important contributors to geochemical cycles, including through
carbon and greenhouse gas emissions (Holgerson and Raymond, 2016; Pi et al., 2022).
Monitoring ice phenology in these smaller lakes is more challenging, as sensors that
capture high-resolution images (e.g., < 30 metre pixels) are deployed on satellites that
follow low polar orbits and do not frequently revisit the same area (e.g., Landsat 8 ETM+

or Sentinel-2 MSI imagery).

In recent years, efforts to include smaller lakes and rivers in broad scale ice
monitoring projects have multiplied. Undoubtedly, the staggering quantity and quality of

images collected by the European Space Agency’s Sentinel missions have been
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instrumental in these efforts. For example, Sentinel-2 MSI optical sensors have a spatial
resolution of 10 metres and are deployed on 2 satellites, allowing a combined revisit
time of approximately 5 days. As a twin satellite mission, Sentinel-1’s active synthetic
aperture radar sensors achieve similar revisit times and capture images at a 10- to 40-
metre resolution (Torres et al., 2012). Sentinel-1 SAR imagery is especially useful for
detecting lake ice in conditions that are limiting to optical sensors, such as periods of
heavy cloud cover and short-day winter months, making it an especially powerful tool to
track ice phenology at higher latitudes (e.g., Murfitt and Duguay, 2020). Capitalizing on
the abundance of imagery captured by Sentinel-1 and Sentinel-2, the Copernicus Land
Monitoring Service (CLMS) has developed the Aggregated River and Lake Ice Extent
data product which provides daily waterbody-based ice cover statistics from 20-m
resolution ice-water classifications over the entire European subcontinent (CLMS,
2023a, 2023b), an unprecedented endeavour. For North America, the only comparable
data products are limited to larger lakes as they are typically based on coarser imagery
(500 metres) such as the ESA’s Lakes Climate Change Initiative product that uses
MODIS sensors (e.g., Crétaux et al., 2021) and the Copernicus Global Land Service’s

(CGLS) Lake Ice Extent product which relies on Sentinel-3 SLSTR (CGLS, 2023).

Monitoring lake ice phenology at a spatial and temporal scale that is relevant for
studying caribou migration, and indeed many other applications, highlights the important
challenges we have discussed regarding the typical trade-off between spatial and
temporal resolution of satellite data products. Migrating caribou movements are
mediated by fine-scale responses to the presence of ice and water in the surrounding

landscape (Leblond et al., 2016), but due to limitations in spatial resolution of freshwater
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ice products we currently lack the ability to: (i) investigate the effects of ice phenology
in smaller lakes (< 600 km?) and (ii) identify the transitional states between water and
ice (forming or breaking) which can be especially critical for caribou (Miller and Gunn,

1986).

1.2.7 How do we monitor caribou movement?

Humans have carefully studied animal movements for many millennia, essentially
for as long as they have relied on hunting as a source of food. Archeological description
of, for example, caribou fences (Van Der Sluijs et al., 2020), buffalo jumps (Frison,
1970), and fish weirs (Prince, 2005) highlight the antiquity of First Peoples intimate
understanding of animal movement patterns and tendencies. The question of why
animals move shows up very early in what we often consider to be the roots of scientific
and philosophical inquiry in the Western world, the classical Greek era, with notable
works such as Aristotle's De Motu Animalium (On the Movement of Animals) (Joo et al.,
2022; Nathan et al., 2008). Until relatively recently, animal movements were mainly
monitored through direct observation of animals or tracking of their footprints and scat.
However, with the wider adoption of mark-recapture methods that began with bird
banding efforts in the 19th century (Wood, 1945) and wildlife telemetry methods (e.g.
radio and GPS collars, biologgers) that rose to prominence in the latter half of the 20th
century (Wilmers et al., 2015), broad-scale analyses of individual and population
movement behaviour have become an important area of investigation in understand the
spatial and temporal dynamics that mediate population structures (i.e., gene flow) and

dynamics (Nathan et al., 2008).
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The use of telemetry collars is especially well suited to studying larger and highly
vagile species (Hofman et al., 2019; Joo et al., 2022) such as caribou. Since the first
deployments of VHF-equipped collars on migratory caribou herds in Alaska in the 1970s
(Davis and Valkenburg, 1979) and the later adoption of GPS-equipped collars first
deployed on eastern migratory herds in the 1990s (Rodgers, 2001), telemetry collars
have been central to research and management of caribou herds (Bergerud et al.,
2008), providing incredible insights into their use of space and seasonal cycles (Nagy,
2011), their population dynamics (Rivest et al., 1998), and the effects of environmental
changes (Sharma et al., 2009) and disturbances (Boulanger et al., 2021; Wilson et al.,
2016). In the last two decades, the deployment of a variety of biologgers on caribou and
reindeer, including accelerometers, heart rate monitors, and cameras, have provided
unprecedented insights into their daily cycles (Arnold et al., 2018), seasonal energetics
(Trondrud et al., 2021), responses to stressors (Ugland, 2021), forage preferences
(Béland et al., 2023), and calf survival (Vuillaume et al., 2021). While the contributions
of these monitoring methods have been instrumental to caribou research, they require
capturing individuals which is not without risk. With new technologies, such as
genotyping or biochemical analysis of hair or scat, providing less invasive alternatives to
some of these monitoring methods, it is essential to understand and report the overall

effects of stress experienced by individuals as a result of capture (Mclintyre, 2015).

1.2.8 How can capture and collaring affect caribou movement and survival?

Biologging technologies such as accelerometers and GPS collars have been
lauded for reducing observer effects on the behaviour of wildlife (Brown et al., 2013),

but they do require the capture and immobilization of individuals which causes stress
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that can potentially introduce bias to sampled observations or negatively impact
condition, survival, and reproduction (Ugland, 2021). The impacts of capture and
collaring can vary widely between species and individuals, ranging from minor (e.g.,
elevated heart rate) to severe (e.g., mortality) and from immediate (e.g., disorientation)
to long-term (e.g., reproductive success) (Rachlow et al., 2014). Some effects, such as
stress responses (e.g., increased temperature, combativeness), injuries, or mortalities,
can be directly monitored and observed during capture and handling, and have been
widely documented for many species (Arnemo et al., 2006). However, other direct (e.g.,
capture myopathy) or indirect (e.g., vulnerability to predation) effects of capture-related
stress may be harder to detect as they only manifest in the days to weeks after an
animal is released. For example, capture myopathy can occur in as little as a few
minutes and up to 30 days after an individual is released (Beringer et al., 1996).
Capture myopathy is an often fatal disease caused by a metabolic shock from stress-
induced muscle exertion as a result of chase, capture, handling, and transport (Breed et
al., 2019; Paterson, 2014; Spraker, 1993). Capture myopathy is more prevalent in
ungulates relative to other mammals (Paterson, 2014) and it remains especially difficult
to confirm without close observation or necropsy of muscle tissues, which is usually
impossible in most remote wilderness areas. Among ungulates, sub-lethal effects of
capture-related stress can include increased or decreased movement rates during a
habituation period (Dechen Quinn et al., 2012; Jung et al., 2019; Stabach et al., 2020),
permanent changes in movement behaviour as a result of heavier collars (Brooks et al.,
2008), deteriorated body condition after repeated recaptures (Borquet, 2020), and shifts

in behavioural responses to potential threats (Trondrud et al., 2022; Ugland, 2021).
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Capturing large animals like caribou most commonly requires an initial chase by
helicopter (sometimes by snowmobile) to separate an individual from its conspecifics
and position it safely for either chemical immobilization via dart-delivered anaesthetic or
physical immobilization by net-gunning and physical restraints (Cattet, 2018). In the
earliest deployments of telemetry collars on migratory caribou in the 1970s and 1980s,
capture-related injuries and mortality related to dart or net design were more common
(Valkenburg et al., 1999, 1983). However, through the knowledge gained from these
early deployments on caribou and indeed many other species (Arnemo et al., 2006),
there are now well-established protocols and guidelines for all methods related to
capture and chemical or physical immobilization of caribou (Cattet, 2018, 2011; Kreeger
et al., 2023). Capture-related mortalities are now much less common, and usually the
result of longer interventions and handling such as those required for the reintroduction,
relocation, and maternal penning efforts used in support of endangered mountain and
boreal woodland caribou conservation (Chisana Caribou Recovery Team, 2010;
Compton et al., 1995; Mathieu et al., 2022; St-Laurent and Dussault, 2012). Telemetry
technologies have also greatly improved, and while the energetic penalty imposed by
the heavy mass of first-generation GPS collars affected survival rates of individuals
(Dau, 1997; Haskell and Ballard, 2007; Rasiulis et al., 2014), modern GPS collars are
now more accurate and much lighter, improving the quality and frequency of sampled
data and greatly reducing potential negative effects imposed by extra weight. Trondrud
et al. (2022) conducted a thorough evaluation of the immediate, short- and long-term
effects of repeated capture and handling events on Svalbard reindeer. By sampling

condition indicators (e.g., mass, back fat), blood serum stress indicators (e.g., cortisol),
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and estimates of activity collected with accelerometers and heart rate monitors, the
authors demonstrated that recovery and return to baseline activities was typically swift
for individuals recaptured yearly and that long-term effects such as reduced
reproductive success only occurred in instances of multiple recaptures within the same
year. While this intensive recapture study provides invaluable insights into the
magnitude of stressors and the short and long-term stress responses of individuals,
monitoring these stress responses in migratory caribou herds remains a challenge
because their vast ranges constrain monitoring programs to single-capture study

designs for which pre-capture activity baselines are extremely difficult to define.
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Chapter 2 - Multi-sensor detection of spring breakup

phenology of Canada’s lakes

2.0 Abstract

The ice phenology of freshwater lakes throughout the Northern Hemisphere has
undergone important climate-induced shifts over the past century. In Canada’s North,
where freshwater lakes and wetlands cover 15 to 40% of the landscape, monitoring ice
phenology is vital to understand its impacts on climate, socio-economic, ecological, and
hydrological systems. The rapid and dynamic nature of ice phenology events has
restricted monitoring efforts to the use of satellite sensors with frequent revisit times
(e.g., MODIS, AVHRR), but their low resolution (e.g., >500 m) limits observations to
larger water bodies. However, the increased abundance of high-resolution open-access
satellite imagery combined with the rise of cloud-computing technologies has provided
opportunities to reduce the trade-off between temporal (i.e., revisit time) and spatial
(i.e., pixel size) resolution allowing for lake ice monitoring over broad scales. In this
study, we present the Open Pixel-based Earth eNgine Ice (OPEN-ICE) algorithm
implemented in Google Earth Engine (GEE), which classifies imagery from multiple
open-access optical sensors, then combines them to construct dense annual time
series of ice-water observations and estimate pixel spring breakup dates at a 30-m
resolution. Using Landsat 7 ETM+, Landsat 8 OLI, and Sentinel-2 MSI scenes over
lakes spanning northern latitudes, we build reference datasets to train decision trees
that discriminate between ice, water, and clouds. We combine ice-water classifications
from each sensor into annual time series and remove misclassifications with a temporal

filter applied using a pixel-wise logistic regression. We then detect the sequence of
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transition from ice to water in each pixel’s time series to estimate the occurrence of
breakup each year. We deploy the OPEN-ICE algorithm over all freshwater pixels of
Canada for the period of 2013 to 2021. Spring ice phenology events estimated by
OPEN-ICE show high accuracy when compared to whole-lake breakup dates measured
by the Canadian Ice Service in 105 lakes across 9 years, with mean bias errors of -1.10
and -0.69 days for breakup start and end, respectively. We apply the OPEN-ICE
algorithm to 4000 lakes across Canada and evaluate differences in breakup dates
across ecozones and lake sizes. Our new OPEN-ICE tool provides accurate estimates
of annual spring breakup events applicable across all boreal and arctic regions to

monitor the rapid changes taking place in these vulnerable ecosystems.

2.1 Introduction

In recent decades, Boreal and Arctic regions have undergone a
disproportionately rapid warming compared to other regions of the globe (IPCC, 2014;
Post et al., 2019), a trend which is expected to continue well into the next century. While
much attention has focused on the impacts of warming on sea ice decline (Post et al.,
2013; Stroeve et al., 2007), warming trends in boreal and arctic ecosystems have driven
declines in the presence and duration of seasonal lake ice cover (Sharma et al., 2019).
A vast maijority of the world’s freshwater occurs as ice, primarily as glaciers, but also in
the form of frozen ground water or permafrost and seasonal ice cover on rivers and
lakes (Peterson et al., 2019). Analyses indicate that of the globe’s estimated 117 million
freshwater lakes, most are situated within boreal and arctic latitudes (45°-75° N;
Verpoorter et al., 2014), where annual ice cover is a central driver of lake ecology and

biogeochemical processes (Hampton et al., 2017; Rautio et al., 2011; Wrona et al.,
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2016). Lakes are particularly abundant in the Boreal and Arctic regions of Canada,
where 15 to 40% of the landscape is covered by approximately 880 thousand lakes with
a surface > 0.1 km?, the highest lake density in the world (Duguay et al., 2003;
Messager et al., 2016). Lakes smaller than 0.1 km? are also extremely abundant, as
each drop of one order of magnitude in size results in a 10-fold increase in lakes
(Messager et al., 2016). In these systems, warmer air temperature speeds up melt
onset and ice breakup in spring and delays freeze up in autumn (Higgins et al., 2021;
Weyhenmeyer et al., 2004). Consequently, the length of the ice-free season has been
increasing an average of 12.3 days/century (Magnuson et al., 2000) as observed
consistently in historical ice records and satellite observations (Du et al., 2017; Sharma

et al., 2019).

While the abundant lakes in Boreal and Arctic regions act as sentinels of climate
change (Williamson et al., 2009), they also exert great influence on climate,
geochemical, socio-economic, and ecological systems. For example, lakes are
important contributors to regional and global climate via evaporation (Rouse et al.,
2008) and gas exchanges (Woolway et al., 2020) during the ice-free season. Both
ponds and small lakes in particular have emerged as important emitters of greenhouse
gases in rapidly warming regions (Pi et al., 2022), and contribute more per unit area to
the global carbon cycle than large lakes and terrestrial ecosystems (Downing, 2010;
Holgerson and Raymond, 2016; Raymond et al., 2014). Northern economies are greatly
dependent on lake ice for transportation in water dominated landscapes, be it through
networks of ice roads which enable transportation of freight to communities in remote

areas, or through trail networks enabling safe access to trap lines and hunting territories
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on which Indigenous communities rely for harvesting traditional foods (Knoll et al., 2019;
Prowse et al., 2009). Changes in ice phenology and consequently changes in the
hydrological and thermal regimes of lakes, rivers, and wetlands have great implications
for the seasonal cycles in both freshwater and terrestrial ecosystems. For example,
shifts have been observed in species community structures with longer ice-free season
(Adrian et al., 2006), earlier breakup has been linked to earlier out-migration of fish
species (Reist et al., 2006), and later freeze-up dates have interfered with fall migration
of barren-ground caribou (Leblond et al., 2016; Sharma et al., 2009). As a result, lake
ice cover and thickness have been designated as two essential climate variables by the
Global Climate Observing System (GCOS, 2021). Understanding and tracking changes
in lake ice phenology is therefore an important priority for research in northern regions,
including in smaller lakes which are more sensitive to climatic shifts (Adrian et al., 2009;

Gerten and Adrian, 2001) and which are harder to monitor across large regions.

Considerable effort has been expended to develop sea ice detection methods
using satellite sensors (Lyu et al., 2022; Sandven et al., 2023; Shokr and Sinha, 2015),
yet most of these methods are not specifically tuned to provide accurate estimates of
ice-on and ice-off dates critical to evaluating phenological patterns and trends over
freshwater lakes. Because sea ice extent is spatially expansive and multiyear ice
remains present during the long daylight conditions of arctic summers, sea ice dynamics
can be well-described at monthly, annual, and decadal scales using low-spatial
resolution optical or radar sensors (Shokr and Sinha, 2015). Remote sensing of lake ice
phenology is more challenging because most lakes are small (Cael and Seekell, 2016;

Messager et al., 2016; Verpoorter et al., 2014), the spectral characteristics of lake water
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are very diverse (Kallio et al., 2015), spring breakup and especially autumn freeze-up
periods coincide with shorter photoperiods, and their dynamics occur across shorter
time frames defined by hours and days rather than months and years (Duguay et al.,
2015). As a result, lake ice phenology monitoring is constrained by methodological
trade-offs between competing objectives of broad spatial coverage (e.g., the number of
lakes or the size of the area assessed), high spatial resolution (i.e., pixel size or unit of
observation), long time series duration (e.g., the number of years, decades or centuries
monitored), and high temporal resolution (e.g., frequent and gap-free observations
intervals). Reflecting the difficulty of achieving all four objectives simultaneously, studies
of ice phenology in freshwater systems tend to be either (i) time series analyses
focused on detecting change over time among a set of pre-selected, typically large
lakes using in situ historical records (Duguay et al., 2006; Magnuson et al., 2000;
Sharma et al., 2019) or low resolution but longer duration satellite sensors (Brown and
Duguay, 2012; Du et al., 2017; Kropacek et al., 2013; Latifovic and Pouliot, 2007), (ii)
spatial analyses of phenological differences observed across a smaller landscape or
region (Murfitt and Brown, 2017; Zhang and Pavelsky, 2019), or (iii) using higher-
resolution optical or radar satellite sensors over a limited spatial extent and across a
handful of years (Antonova et al., 2016; Geldsetzer et al., 2010; Hoekstra et al., 2020;

Murfitt and Duguay, 2020; Surdu et al., 2015; Wang et al., 2018).

Advances in Earth observation data collection and cloud-based processing
platforms have enabled several monitoring projects to distil massive amounts of
imagery into snow cover, sea ice, and lake ice data products with large spatial

coverage. For example, analysts from the United States National Ice Center (USNIC)
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use data from 13 satellite sensors to produce daily sea ice and terrestrial snow-cover
estimates for the Northern Hemisphere at a 1-km spatial resolution using the Interactive
Multisensor Snow and Ice Mapping System (IMS) (USNIC, 2008). The European Space
Agency’s (ESA) Lakes Climate Change Initiative uses MODIS Terra/Aqua imagery to
produce lake ice cover maps for over 2000 lakes of the Northern Hemisphere at a 250-
m resolution. The increased availability of open-access optical (Bevington et al., 2018;
Drusch et al., 2012; Wulder et al., 2019) and radar (Torres et al., 2012) satellite imagery
at a resolution of 30 m or less has created new opportunities to study lake ice
phenology, allowing monitoring programs to reconcile the gap between high-resolution
analyses covering small regions and low-resolution analyses covering large regions. For
example, the Copernicus Land Monitoring Services (CLMS) produces the Aggregated
River and Lake Ice Extent (ARLIE) data product (CLMS, 2023a), which combines lake
ice classifications developed for radar and optical imagery from Sentinel-1 and Sentinel-

2, respectively, to monitor lake ice phenology over Europe at a 20-m resolution.

In this study, we develop a fully automated algorithm named OPEN-ICE to
monitor lake ice breakup phenology using optical imagery during the spring breakup
season. We leverage open-access data and cloud computation tools to develop an
algorithm that: (i) increases spatial resolution of lake ice phenology detection products
currently available across Canada, (ii) improves temporal resolution relative to high-
resolution single sensor methods by fusing observations from multiple sensors into a
single time series, and (iii) is scalable to continental scales and easily extended to other
regions of the Northern Hemisphere. To demonstrate the spatial resolution and

geographical coverage, the accuracy, and the potential applications of OPEN-ICE, (i)
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we use it to estimate spring breakup dates in all 30 m freshwater pixels of Canada, (ii)
we extract lake-based breakup statistics to validate our data product using an
observational dataset of 105 lakes, and (iii) describe regional difference in lake breakup

dates in 4000 randomly selection lakes across Canada.

2.2 Data

2.2.1 High-resolution optical imagery

We draw on open-access imagery captured over Canada by the Landsat 7
ETM+, Landsat-8 OLI/TIRS and Sentinel-2 MSI sensors, specifically in the periods
when the missions overlapped between 2013 and 2021. Given that parts of our study
area (see Fig. 2.1) are situated at high latitudes (> 60° N) where lower sun elevation
makes surface reflectance corrections unreliable (Campbell and Aarup, 1989; USGS,
2020), we opted for top-of-atmosphere (TOA) reflectance products. Specifically, for
Landsat 7 ETM+ (L7) and Landsat 8 OLI (L8) we used the United States Geological
Survey’s (USGS) Collection 2 Tier-1 Level-1 TOA reflectance products (USGS, 20223,
2022b) while for Sentinel-2 MSI (S2) we used the European Space Agency’s (ESA) TOA
reflectance Collection-1 Level-1C product (ESA, 2022). These datasets are pre-
processed by the USGS and ESA and provide the highest standard of radiometric and
geometric (i.e., sub-pixel spatial error) corrections available for TOA reflectance
products from each sensor, making them the best suited products for time series
analysis. L7’s Collection 2 Tier-1 product includes a scan-line corrector (SLC) mask that
flags valid pixels for individual bands. In our study we only included a pixel if a valid
value was available in every spectral band, an approach which left gaps in most scenes.

To conserve computational efficiency (Yin et al., 2017), we gap-filled values in a small
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buffer up to 60 m (i.e., 2 pixels wide) by iteratively (8 times) computing an empty pixel’s
focal mean for each band based on values within a circular radius of 60 m. This
conservative approach allowed us to reduce missing data in the core regions of scenes
where gaps are seldom wider than 1 or 2 pixels, thereby providing denser time series to
precisely estimate break-up dates, but not imputing large gaps at the edges of scenes.
We accessed and analyzed all L7, L8, and S2 imagery in Google Earth Engine (GEE;
Gorelick et al., 2017) using, respectively, the “LANDSAT/LEQ7/C02/T1_TOA”,
“LANDSAT/LC08/C02/T1_TOA”, and “COPERNICUS/S2_HARMONIZED” image
collections. Together these collections contain approximately 0.55 billion square
kilometres of scenes captured over Canada in 2013, with combined coverage
increasing to approximately 4.20 billion square kilometres by 2021 (see Suppl. Fig.
2.1A). The combined mean revisit time of these 3 collections was approximately 5 days
in 2013 and 1 day by the end of our study period in 2021 (see Suppl. Fig. 2.1B), with S2

contributing to approximately 75% of observations used.
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Figure 2.1 Map illustrating the spatial extent of the study area, lake polygons from the
HydroLAKES database (Messager et al., 2016), the 24 lakes sampled for training data
to build decision trees, and the 105 lakes monitored by the Canadian Ice Service and
used for validating OPEN-ICE observations.

2.2.2 Canadian Ice Service lake ice data

We used the lake ice phenology database (Lenormand et al., 2002) maintained
by the Canadian Ice Service (CIS) to compare and validate OPEN-ICE algorithm
results. The CIS database is based on both in situ records and imagery acquired by
optical and radar sensors (i.e., AVHRR, MODIS, RADARSAT) and subsequently
analyzed, inspected, and interpreted by CIS ice experts and analysts in near real-time
for operational use. Each week, the database is updated with the fraction (out of 10) of
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ice cover in over 130 lakes in both Canada and the northern United States. We used
CIS lakes in Canada for which records were available between 2013 and 2021, and we
excluded large lakes separated into different zones within the CIS database, leaving a
total of 105 lakes for validation (see Fig. 2.1). These 105 lakes span 3 orders of

magnitude in size, ranging from 53 to 7167 km? of surface area.

2.2.3 Water mask

We limited all of our analyses to freshwater pixels associated with inland water
bodies using a water mask layer derived from the Global Surface Water data product
developed by the Joint Research Center (JRC) of the European Commission (Pekel et
al., 2016). The JRC’s data product provides per-pixel estimates of global surface water
occurrence at a 30-m resolution throughout the Landsat archive (1984 to 2022). We
defined our freshwater mask using a conservative threshold of 80% occurrence in the
JRC data product. This global water mask presents two main advantages: (i) it includes
lakes, rivers, and small water bodies sufficiently large to be captured by a 30-m pixel
(i.e., > 0.0009 km?), and (ii) its accuracy and availability in Google Earth Engine
facilitates the future extension of our methodology beyond our current study area to
other regions of the Northern Hemisphere where freshwater ice is also seasonally
abundant. Due to methodological constraints, the JRC surface water data product does

not cover High Arctic regions north of 78° N.

2.2.4 HydroLAKES polygons

To produce the lake-based statistics outlined in our methodology, we used lake
polygons from the HydroLAKES database (Messager et al., 2016) to extract, aggregate,

and summarize pixel values from satellite imagery and OPEN-ICE model outputs. The
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HydroLAKES database maps lake area, volume, and other characteristics for lakes and
reservoirs >0.1 km? at their maximum historic extent, and it has been manually
corrected to exclude rivers and fluvial features. We used these polygons: (i) to randomly
sample spectral data from freshwater pixels in 24 lakes to train sensor-specific decision
trees (see Section 2.3.1), (ii) to extract pixel breakup dates and other metrics from
OPEN-ICE outputs to estimate lake-based breakup events and validate these with CIS
records for 105 lakes (see Section 2.3.3), and (iii) to extract pixel breakup dates from
OPEN-ICE outputs for 4000 lakes randomly sampled across Canada to describe

regional patterns in the timing of breakup events (see Section 2.3.4).

2.3 Methods

2.3.1 Training ice-water classifiers for OPEN-ICE

To incorporate satellite imagery from different sensors as inputs for the OPEN-

ICE algorithm, we first trained sensor-specific decision tree classifiers capable of
discriminating water, ice, and clouds in optical imagery over freshwater lakes. We used
the classification and regression tree (CART) method described by Breiman et al.
(1984) which builds decision trees by recursively partitioning data into sub-groups (i.e.,
classes) using an optimal threshold for each explanatory variable. Henceforth, we refer
to decision trees and CART models interchangeably. While not as sophisticated or
powerful as more recently developed machine learning algorithms (Lawrence and
Moran, 2015), decision tree models are simpler and more computationally efficient
when predicting classes on new data (Maxwell et al., 2018), making them easier to
interpret and to scale efficiently to large datasets of satellite imagery at continental and

even global scales.
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To build reference datasets for training classifiers, we visually inspected L7, L8,
and S2 scenes acquired between 2013 and 2021 in winter, spring, and summer over 24
freshwater lakes (see Fig. 2.1 & Suppl. Table 2.1) spanning 3 orders of magnitude in
surface area (60 to 4500 km?) and regularly distributed across north-american latitudes
(48° to 70° N) and longitudes (68° to 120° W). For each sensor, we selected a total of
262, 233, and 245 images, respectively, representative of typical conditions over
freshwater lakes in the period prior to, during, and post breakup. In order to streamline
sampling, we chose images in which a given lake’s surface was entirely covered by
either water (including clear and turbid water), ice (including ice and snow-covered ice),
or clouds. We attributed each scene its corresponding reference label (i.e., water, ice,
clouds), then randomly sampled pixels from the portions of labelled scenes within the
polygons of the 24 lakes. We sampled pixels’ spectral data from bands in the visible
(Blue, Green, Red), near infra-red (NIR) and short-wave infrared (SWIR1, SWIR2)
range for each sensor. We also included multispectral indices previously shown to be
helpful in discriminating between water, ice, and clouds such as the Normalized
Difference Vegetation Index (NDVI; Rouse et al., 1974), the Normalized Difference
Water Index (NDWI; McFeeters, 1996), the Normalized Difference Snow Index (NDSI;
Kyle et al., 1978), the Automated Water Extraction Index (AWEI; Feyisa et al., 2014),
and the Water-resistant Snow Index (WSI; Sharma et al., 2016). While spectral bands
are bound between 0 and 1, the possible values for the multi-spectral indices range
between -1 and 1 for normalized difference indices (NDVI, NDWI, NDSI, and WSI) and
between -4.25 to 6.75 for AWEI. To ensure that indices were evaluated in the same

parameter space as spectral bands, we linearly rescaled (i.e., min-max normalization)
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each multispectral index’s values from their respective minimum-maximum range to a
fixed range of 0 to 1. For each sensor’s reference dataset, we sampled approximately 2
to 3 scenes over each lake for each label, resulting in approximately 400,000 to 500,000
sampled pixels per label. Prior to model training, we randomly resampled each
reference dataset to ensure balance between the three reference classes (He and
Garcia, 2009). We randomly split each dataset into a train set (70%) for model training
using the method described below and a test set (30%) for evaluating the performance

of each final model.

Using the train sets, we developed decision trees for each sensor using a cross-
validation (CV) procedure to optimize each tree’s split rules (i.e., variables used to
partition data) and maximum tree depth (i.e., number of splits used to partition data).
While decision trees offer a powerful and simple solution to classification problems, they
are prone to overfitting and require careful pruning to ensure their out-of-sample
predictions remain accurate and robust to new observation (Pal and Mather, 2003). To
train a decision tree robust to the variety of conditions in lakes across the study area,
we implemented a spatial CV design (Wu et al., 2021) whereby we grouped all training
samples by lake and divided them into 6 folds (k = 6) composed of observations from 4
randomly-selected lakes each. Using this grouped 6-fold CV strategy, we fit a decision
tree to each unique combination of 5 folds (k-1) using the classification and regression
tree (CART) method described by Breiman et al. (1984) and computed its predictive
accuracy on observations in the remaining 4 lakes in the hold-out fold. Additionally, we
tuned the decision tree’s maximum tree depth parameter by repeating this CV

procedure 10 times for each possible tree depth (ranging from 1 to 10). We chose the
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optimal tree for each sensor based on the highest predictive accuracy on out-of-fold
lakes. Once this final tuned model was selected for each sensor, we tested its overall
predictive ability on the test data we set aside prior to model training. We computed
overall model accuracy, Cohen’s kappa, producer’s accuracy, and user’s accuracy
(Congalton, 1991; Congalton and Green, 2019) as calculated from the confusion matrix
of predicted versus reference classes in the test set. We performed these analyses in R
(R Core Team, 2023) using the CART method implemented in the rpart package
(Therneau and Atkinson, 2022) and the CV model training and tuning tools implemented

in the caret package (Kuhn, 2008).

The performance and accuracy of CART models are sensitive to the quantity and
the quality of input training data (Maxwell et al., 2018; Pal and Mather, 2003). To further
test the robustness of our final decision trees, we built an additional reference dataset
solely for testing the final CART models using scenes with mixed conditions. We
selected 73, 88, and 74 images captured by L7, L8, and S2, respectively, which
contained mixed conditions (e.g., mix of open water, ice, cloud cover) in the period prior
to, during, and after breakup. In each image, we manually digitized polygons and
identified them with their corresponding label (i.e., water, ice, clouds). For each sensor,
we then sampled approximately 400,000 to 500,000 pixels per class from the labelled
polygons. We repeated the testing procedure detailed above, whereby we tested the
overall predictive ability of each CART model on the new test set of previously unseen
observations sampled from mixed scenes. We computed overall model accuracy,
Cohen’s kappa, producer’s accuracy, and user’s accuracy as calculated from the

confusion matrix of predicted versus reference classes in the test set.
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2.3.2 Implementing the OPEN-ICE algorithm

To monitor spring breakup events, we developed the Open Pixel-based Earth
eNgine Ice (hereby named OPEN-ICE) detection algorithm capable of flagging the day
of the year at which a given freshwater pixel transitioned from ice to water (see Fig.
2.2). We identified L7, L8, and S2 imagery collections acquired over a given region
during spring breakup (see Fig. 2.2A). Using the sensor-specific decision trees trained
using the methods described in Section 2.3.1, we classified each image into ice and
water (see Fig. 2.2B), and masked out clouds from all downstream analyses. We then
combined all the classified imagery into a single cohesive time series to conduct pixel-
wise analysis of ice and water presence over all freshwater pixels of Canada at a 30-m
resolution (see Fig. 2.2C & D). We then identified the time of breakup for each pixel’s
time series in two main steps further detailed below: (i) we applied a temporal filter to
remove misclassified ice and water in the time series (see Fig. 2.2E), and (ii) we then
found the sequence of observations that matched a breakup sequence from ice to water

(see Fig. 2.2F).
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Figure 2.2 The OPEN-ICE algorithm estimates breakup dates in each pixel by: (A)
identifying the images captured over an area of interest by the Landsat 7 ETM+,
Landsat 8 OLI, and Sentinel-2 MSI optical sensors, (B) classifying images into water,
ice, and clouds using previously trained and tuned sensor-specific CART models, (C)
combining the classified images into a denser multi-sensor time series, (D) using a
pixel-wise breakup time series to (E) compute a logistic temporal filter that removes
erroneous classifications outside the putative ice breakup period (i.e., observations with
a very large difference to the predicted probability of ice presence/ absence), and (F)
estimating the breakup date using a sliding window to detect the breakup sequence in
each pixel.

We removed misclassified pixels using a temporal filter based on pixel-wise
logistic regressions fitted to the whole observation set in each year (see Fig. 2.2E).
Logistic regression offers a powerful statistical method (Neter et al., 1996) that can be
used to model seasonal processes such as vegetation phenology (Li et al., 2019; Yang
et al., 2019). Excluding the Great Lakes, most lakes in Canada usually freeze over
completely in winter and thaw in spring or summer (Duguay et al., 2006). Using this
prior knowledge, we assumed that within any given year, all pixels should transition from
ice to water between February 15th and September 30th following a pattern similar to a
logistic function. To fit the logistic regression in each pixel over this period, we used its
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linearized form in which we defined the response variable as the log-odds obtained with

the logit function, such that:

logit p(t) = In(—=L) = By + Pyt (Equation 2.1)

1 —ICE;

where t is time (i.e., day of year), fy,and B, are the intercept and slope of the regression,
ICE; is the ice presence/absence at time t, and p(t) is the probability of ice
presence/absence at time t. To avoid the production of infinite values in the logit
function, we added or subtracted a very small value (e.g., 0.0001) to ice presence (1) or
absence (0) such that {ICE, € R | ICE; € (0,1)}. We fit the logistic regression of ice

presence/absence over time using linear least squares, then solved for p(t):

eﬁ0+ﬁ1t

P(t) = —povre (Equation 2.2)

which is the predicted probability of ice presence/absence (bound between 0 and 1)
described by the sigmoidal curve observed in Fig. 2.2E. Using the predicted probability
of ice presence/absence, we then filtered out misclassified pixels in the time series
based on their residuals. Specifically, we removed values with absolute residuals higher
than the conservative threshold of 0.85, which removed conspicuous misclassifications
all while preserving any observations around the critical period during which a pixel

transitions from ice to water (see Fig. 2.2E).

To estimate a pixel’s breakup date, we used a sliding window to identify a
sequence of three observations in its time series that matched a predefined breakup
sequence. Given that lake breakup events can be highly dynamic (Ariano and Brown,

2019), a pixel may alternate between ice and water multiple times before it is completely
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ice free. By design, the temporal filter described above conserves these transitional
observations. Consequently, we defined the breakup sequence as the period in which
an ice observation was followed by two consecutive water observations in the pixel’s
time series. When three observations matching this breakup sequence (i.e., ice-water-
water) were identified in a pixel time series, we flagged the first water observation in that

sequence as the date of breakup (see Fig. 2.2F).

The final output of OPEN-ICE consists of a raster image containing the estimated
date of breakup for each 30-m freshwater pixel over a region of interest. In addition to
the breakup date, we also recorded 3 metrics as indicators of the relative quality of the
breakup date estimated in each pixel: (i) the coefficient of determination (R?) of the
logistic regression used as a temporal filter, (i) the number of pixels that are ingested by
the sequence detection routine after the temporal filter is applied and misclassifications
have been removed, and (iii) the “sequence detection gap” (i.e., time elapsed between
the last ice observation and the first water observation). Together these allow us to
compare pixels and get a relative sense of the quality and quantity of input observations

as well as the temporal uncertainty around our estimate of breakup date.

To ensure that OPEN-ICE remains scalable to broad spatial scales and to
temporally dense image stacks, each step of the algorithm is implemented in Google
Earth Engine (GEE; Gorelick et al., 2017) using its API for Python 3 (Van Rossum and
Drake, 2009). As all OPEN-ICE outputs are set to 30-m resolution, GEE automatically
resamples S2 imagery to match L7 and L8 prior to classification and ingestion in the
algorithm. To estimate regression parameters, we employed GEE’s only native
parameter estimation function (see “ee.Reducer.linearRegression” in GEE

46



documentation) which implements a linear least squares method. As a demonstration of
its capacity to handle large datasets, we applied the algorithm to every spring season
between 2013 and 2021 over our entire study area (see Fig. 2.1) to produce a Canada-

wide image with the estimated date of breakup for each 30-m freshwater pixel.

2.3.3 Evaluating the OPEN-ICE algorithm

2.3.3.1 Extracting lake breakup profiles and events from OPEN-ICE outputs

To allow comparison of OPEN-ICE outputs with the lake ice fraction observations
of the CIS database, we extracted all pixel breakup dates (i.e., day of year) within a lake
of interest’s HydroLAKES polygon (see Fig. 2.3A). Using the relative frequencies of
pixel breakup days, we constructed a time series of lake ice fractions, hereby referred to
as a lake’s breakup profile (see Fig. 2.3B). We then identified the lake’s breakup events:
breakup start and breakup end. Breakup start (BUS) is generally defined as the first day
of the year that spring melt is observed in a lake, also known as melt onset (see Kang et
al., 2012). Breakup end (BUE) is defined as the first day of the year a lake was free of
ice. Following Kropacek et al. (2013), we accounted for false signals in small groups of
pixels by flagging BUS and BUE when 5% and 95% of a lake’s pixels, respectively, had
transitioned from ice to water in the OPEN-ICE breakup profile (see Fig. 2.3B). For CIS
breakup profiles, we flagged BUS as the last day of the year that the lake ice fraction
was 10/10, and BUE as the first day of the year that the lake ice fraction was 0/10 (see

Fig. 2.3B).
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Figure 2.3 Methodology employed to compare OPEN-ICE outputs with Canadian Ice
Service (CIS) lake ice fractions. (A) OPEN-ICE pixel breakup dates were extracted from
a given lake’s HydroLAKES polygon (here Baker Lake, Nunavut) and relative
frequencies were used to construct (B) a breakup profile, composed of a time series of
lake ice fractions, for comparison with CIS observations. OPEN-ICE was compared to
CIS observations based on the timing of breakup events (breakup start and end) and
the similarity of the breakup profiles (maximum Fréchet distance).

2.3.3.2 Comparing OPEN-ICE lake breakup events to CIS records

We used three metrics to evaluate the concordance between lake BUS and BUE
dates estimated by OPEN-ICE with those recorded in the CIS database of lake ice
fractions. We used mean absolute error (MAE) to estimate the overall error between
observed dates from each dataset and mean bias error (MBE) to determine if the dates
estimated by the OPEN-ICE algorithm systematically fell before or after the dates
recorded in the CIS database (Willmott et al., 1985). To compare our results to several
other studies, we also used Pearson’s r as a metric of the linear correlation between

breakup event observations in CIS vs OPEN-ICE.
2.3.3.3 Comparing OPEN-ICE lake breakup profiles to CIS records

We compared OPEN-ICE and CIS lake breakup profiles using two metrics
allowing us to describe the similarity and synchrony of the time series of ice fractions

and the trajectory of ice decline throughout the breakup period. First, we computed the
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maximum Fréchet distance between each lake’s OPEN-ICE and CIS breakup profiles
(see Fig. 2.3B). The maximum Fréchet distance metric evaluates the similarity between
the trajectory of two time series (Fréchet, 1906) and is analogous to the length of the
leash required to keep a dog walker and his dog connected while they travel their
respective paths. For each lake breakup profile, we take the maximum Fréchet distance
as a metric of the difference in timing and profile trajectory for the entire breakup period.
Maximum Fréchet distances (MFDs) are unitless and can be compared across profiles
with larger distances indicating wider disagreement between the OPEN-ICE and CIS
profiles in the period between BUS and BUE. Because all distances are calculated from
the lake ice fraction and day of year, the MFD can be compared and provide a relative
measure of the fit to the CIS profile. We computed MFDs using the kmIShape package
(Genolini et al., 2016) implemented in R. Additionally, we computed an indicator, which
we named “mean breakup lag”, to estimate the temporal synchrony of ice proportions in
the OPEN-ICE and CIS breakup profiles of a given lake. For a given lake, we calculated
the difference in days at each incremental drop of 1% in ice cover between the OPEN-
ICE and CIS breakup profiles and then computed the mean value for the entire period
between BUS and BUE. While the MFD provides a relative measure of how closely the
OPEN-ICE profile matches the CIS profile, the “mean breakup lag” provides a metric of
temporal synchrony that informs us whether the OPEN-ICE breakup profile leads or

lags behind the CIS profile in the period between BUS and BUE.

2.3.3.4 Evaluating OPEN-ICE’s temporal logistic filter

In order to evaluate the performance of the temporal logistic filter in the OPEN-
ICE algorithm (see Fig. 2.2E), we estimated breakup events and profiles for the 105
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lakes monitored by the CIS using two implementations of OPEN-ICE, one with and one
without the temporal filter. Using the outputs from each implementation of OPEN-ICE,
we computed comparative metrics to evaluate their concordance with lake ice fraction
data from the CIS database. Specifically, we computed mean bias error and mean
absolute error for both BUS and BUE (see Section 2.3.3.2), as well as the maximum
Fréchet distances (see Section 2.3.3.3). We checked if the temporal logistic filter
improved the performance of OPEN-ICE by testing for significant reductions in mean
error rates between metrics for each implementation of OPEN-ICE using a paired

observation t-test.

2.3.4 Lake size and breakup timing across Canada

Using the OPEN-ICE algorithm’s output data product, we investigated Canada-
wide patterns of ice breakup dates between 2013 and 2021 over 4000 randomly-
selected lakes distributed across 3 size classes and 15 ecozone regions. We separated
lakes into 3 size classes according to their surface area as recorded in the HydroLAKES
database: small (0.1 to 1 km?), medium (1 to 10 km?), and large (>10 km?) lakes. For
each randomly selected lake, we estimated the BUE date (see Section 2.3.3.1) each
year. Within each ecoregion, we evaluated differences in the distributions of BUE dates
between size classes using pairwise Tukey’s honest significant difference test (Tukey,
1949), a method that provides a one-step test of difference in means between multiple

groups.

We also used OPEN-ICE outputs to explore the relationship between breakup
events and spring air temperatures. Specifically, we studied the relationship between

breakup events (BUS and BUE) across the 4000 randomly-selected lakes in 3 different
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class sizes and the spring 0° C isotherm across 9 years. For each spring season
between 2013 and 2021, we used the daily minimum (t,,;,) and maximum (t;,,4x)

temperature in 1-km grids available from the Daymet Version 4 dataset (Thornton et al.,
2020) and calculated the rolling mean of the daily mean temperature (M) within a

31-day window. Within each grid cell, we recorded the first day of the year the mean
temperature in the 31-day window rose to 0° C (Bonsal and Prowse, 2003). We used a
lake’s polygon centroid to extract the corresponding cell value from the grid and
recorded it as the day the spring 0° C isotherm reached that lake. We tested the
significance of the relationship between spring 0° C isotherm and breakup dates using
linear models and used ANOVAs to test for significant differences between linear

models with and without the lake size classes.

2.4 Results

2.4.1 Decision tree performance

The decision trees developed separately for L7, L8, and S2 exploit the low
reflectance of water in the visible range and the low reflectance of snow and ice in the
short-wave infrared range relative to clouds to generate high-accuracy classifications
(see Fig. 2.4). In each train set, tuning the tree depth parameter with cross-validation
resulted in a decision tree model with only 2 splits with 3 leaves, as each additional split
resulted in negligible increases in classification accuracy. The L7 decision tree first uses
the SWIR2 band to separate clouds and then Blue band to separate ice and water. Both
L8 and S2 trees first use the Blue band to separate water and then NDSI, the

normalized difference of Green and SWIR1, to separate snow and ice from clouds. The
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overall accuracy and kappa metrics for the L7 decision tree are 96.6% and 94.9%,
respectively. The L8 and S2 decision trees performed slightly better when applied to
their test sets, with overall accuracies of 99.7% and 98.3% and kappa metrics of 99.6%
and 97.4%, respectively. User’s accuracy, the complementary metric of errors of
commission (i.e., type 1 errors), ranges from 96.1% to 99.9% across all classes in all
decision trees. Producer’s accuracy, the complementary metric of errors of omission
(i.e., type 2 errors), ranges from 93.9% to 100% across all classes in all decision trees.
In the L7 decision tree, the producer’s accuracy for ice is 93.9%, with the remaining
6.1% errors of omission roughly shared between ice misclassified as water and ice
misclassified as clouds. While ice is correctly classified as ice by the L8 decision tree in
99.2% of cases, the producer’s accuracy for ice in the S2 tree is 97.2%, with the
remaining 2.8% errors of commission mainly due to ice misclassified as clouds. Overall,
the decision trees tend to classify water with a higher producer’s accuracy relative to ice
and clouds, while ice is classified with the lowest producer’s accuracy in each decision
tree. The overall predictive accuracy of each sensor’s decision tree model persists even
when tested on a large reference test set sampled separately using different scenes

with mixed conditions (see Suppl. Fig. 2.2).
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Figure 2.4 Structure and accuracy of tuned decision tree classifiers for Landsat 7 ETM+,
Landsat 8 OLI, and Sentinel-2 MSI. The scatterplots (A, B, C) depict the thresholds that
optimally classify the train set observations into water, ice, and clouds using sensor
bands (Blue and Shortwave Infrared 2) or index (Normalized Difference Snow Index).
Scales for each axis are displayed in the original range of each band (0 to 1) and index
(-1 to 1). The confusion matrices (D, E, F) depict the percentage of test set
observations accurately or erroneously classified by the tuned decision trees. Each
diagonal tile includes producer’s and user’s accuracy at the bottom and on the right,
respectively. The overall accuracy and kappa metrics are presented above each
confusion matrix.

2.4.2 Lake-based validation of breakup events

The spring breakup start and end dates recorded by the CIS and estimated by
the OPEN-ICE algorithm are very similar across all lakes in all years (see Fig. 2.5). In
the 105 lakes used for validation, the earliest breakup starts were in late February at
lower latitudes, while some lakes at higher latitudes started breakup as late as mid-July.
By early August, even lakes at very high latitudes were completely free of ice. Lake ice

phenology events observed by the CIS and OPEN-ICE are highly correlated with
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Pearson’s coefficient of correlation of 0.83 (P < 0.001) for BUS and 0.87 (P < 0.001) for
BUE. Lakes with BUS in February and early March show slightly more divergence
between datasets. Despite a temporal resolution of 7 days for CIS observations, the
mean absolute errors are only 7.96 days and 7.92 days when compared to OPEN-ICE
observations for BUS and BUE, respectively. The OPEN-ICE algorithm systematically
observes BUS and BUE about 1 day earlier than the CIS, with mean bias errors of -1.10

days and -0.69 days, respectively.
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Figure 2.5 Comparison of spring (A) breakup start and (B) breakup end dates as
observed by the OPEN-ICE algorithm and the Canadian Ice Service over 105
freshwater lakes between 2013 and 2021. The 1:1 ratio line is included alongside three
model comparison metrics: the mean absolute error (MAE), the mean bias error (MBE),
and Pearson’s correlation coefficient (r).

2.4.3 Lake-based validation of breakup profiles

The breakup profiles extracted from OPEN-ICE outputs are similar to those
described by CIS lake ice fractions. The mean of maximum Fréchet distances (MFDs)

computed between OPEN-ICE and CIS breakup profiles, across 105 lakes and 9 spring
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seasons, is approximately 4.63 (see Fig. 2.6 & Table 2.1). Most lake breakup profiles
described by CIS lake ice fractions lag behind OPEN-ICE outputs by 0 to 5 days (see
Fig. 2.6A), which aligns with the mean bias errors observed for BUS and BUE (see Fig.
2.5). Lakes with higher MFDs tend to be lakes where the overall CIS breakup profile
lags behind OPEN-ICE (see Fig. 2.6A). Larger MFDs also occur in lakes with smaller
mean sequence detection gaps (see Fig. 2.6B), which indicates that breakup profiles for
lakes in which OPEN-ICE breakup estimates have an overall higher temporal precision
tend to systematically lead over CIS breakup profiles. In most lakes, the mean
sequence detection gap across all pixels is below 10 days (see Fig. 2.6B), though this
varies throughout the study period as satellite observations increase (see Suppl. Fig.

2.4C).
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Figure 2.6 Maximum Fréchet distance between OPEN-ICE and CIS lake breakup
profiles as a function of (A) the mean daily lag (in days) observed in CIS relative to
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OPEN-ICE throughout a lake’s breakup period, and (B) OPEN-ICE’s sequence
detection gap (in days) averaged over all pixels of a lake.

2.4.4 Evaluating OPEN-ICE’s temporal filter

Most comparative metrics show increased agreement between CIS and OPEN-
ICE breakup events and profiles (see Table 2.1) when OPEN-ICE is implemented with a
pixel-wise temporal logistic filter to remove ice and water misclassifications in the time
series prior to sequence detection (see Fig. 2.2E). Mean bias error of OPEN-ICE lake
breakup events relative to CIS improves with the use of the temporal logistic filter, with
BUS and BUE falling on average 0.67 (P < 0.0001) and 0.79 (P < 0.0001) days closer,
respectively, to CIS breakup events. Mean absolute error for BUS is also reduced by 0.3
days (P < 0.01) when the temporal logistic filter is used, though no significant reduction
occurs for BUE estimates (P < 0.1). Maximum Fréchet distances indicate that no
significant changes (P > 0.1) occur in OPEN-ICE breakup profiles relative to CIS when

the temporal logistic filter is used.

Table 2.1 Comparing accuracy and similarity metrics between Canadian Ice Service
observations and the OPEN-ICE algorithm implemented with and without the pixel-wise
logistic temporal filter (see Fig. 2.2E).

Metric No Filter  Filter Significance

| BUS Mean Bias Error (days) | -1.47 | -1.10 | P < 0.0001 |
BUS Mean Absolute Error (days) 8.01 7.96 P <0.01
BUE Mean Bias Error (days) -1.59 -0.69 P <0.0001
BUE Mean Absolute Error (days) 7.80 7.92 P>0.1
Mean Maximum Fréchet Distance  4.69 4.63 P <0.01

Bold typeface highlights significant (P < 0.05) differences in means from a paired observation t-test.
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2.4.5 Spatial coverage and resolution of OPEN-ICE

The data product output by OPEN-ICE consists of a raster image with per-pixel
estimates of spring breakup for a lake or region of interest any year between 2013 and
2021 (see Fig. 2.7 & Fig. 2.8). As a demonstration of the scalability of OPEN-ICE, we
estimate spring ice breakup dates at a 30-m resolution for all freshwater pixels of
Canada (see Fig. 2.7), an area spanning almost 10 million km?2. Despite the massive
area analyzed, the OPEN-ICE data product provides sufficiently high resolution to
support visual inspection of breakup patterns at small spatial scales. For example, the
inspection of breakup dates in five lakes spanning five orders of magnitude in surface
area (see Fig. 2.8) helps discern areas in each that are first- and last-to-thaw, with the
former often in close proximity to shore and the latter most often in central open
portions. Each pixel’s breakup estimate is also accompanied by three indices of the
relative quality of the breakup estimate (see Suppl. Fig. 2.3). These indices help visually
discern areas where: (i) the temporal logistic filter performed adequately or poorly (see
Suppl. Fig. 2.3C), (ii) the total observations ingested by the OPEN-ICE sequence
detection routine were plentiful or scarce (see Suppl. Fig. 2.3D), and (iii) the sequence
detection gap indicates low or high temporal accuracy of the resulting breakup estimate

(see Suppl. Fig. 2.3E).

57



60°N

50°N

Pixel Breakup (Day of Yéar)
I |

1
40°N 120 150 180 210

120°W 110°wW 100°W 90°W 80°w 70°W
Figure 2.7 Map illustrating the pixel breakup (day of year a pixel transitioned from ice to
water) estimated by the OPEN-ICE algorithm for all freshwater pixels of Canada during
the spring of 2020 at a 30-m resolution.
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Figure 2.8 Map illustrating the spatial coverage and resolution of OPEN-ICE pixel
breakup estimates (in day of year) over a 30-day period in 2020 across different lakes
spanning five orders of magnitude in surface area. The lakes are: (A) Lake Nipigon
which covers 4505.95 km?, (B) Onaman Lake which covers 111.44 km?, (C) Treptow
Lake which covers 10.64 km?, (D) Elwood Lake which covers 0.12 km?, and (E) Little
Lake which covers 0.03 km2. All lakes are situated in the immediate region around Lake
Nipigon in Northwestern Ontatrio.

2.5 Discussion

2.5.1 Sensor-specific decision trees developed for OPEN-ICE

To ensure the scalability of OPEN-ICE, we focused on developing simple
decision trees to discriminate between water, ice, and clouds. To achieve this, we built a
highly curated reference dataset with abundant observations (~1.5 million pixels per
sensor) collected from over 740 unique images capturing prevalent conditions over 24

freshwater lakes (see Section 2.3.1). We trained simple sensor-specific decision trees
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which exploited the different reflectance properties of ice, water, and clouds in the
visible and shortwave infrared wavelengths (Warren, 2019). One minor difference is that
the S2 and L8 decision trees use the NDSI index (Green and Shortwave Infrared). We
attribute these different tree structures to: (i) the improved spectral resolution of the
Green and Shortwave Infrared wavelengths in the OLI (see Roy et al., 2016) and MSI
sensors relative to ETM+ providing improved discrimination of snow and clouds with the
NDSI index and (ii) the high sensitivity of CART models to input training data (Pal and
Mather, 2003). Given that the optical characteristics of freshwater can vary substantially
by region and by season (Kallio et al., 2015), misclassifications may arise when these
decision trees encounter uncommon conditions. For example, there is overlap between
snow and clouds in the shortwave-infrared range of the spectrum when clouds are in ice
phase (Warren, 2019), which explains the lower producer’s accuracy for ice in all
decision trees (see Fig. 2.4D, E, & F). The turbidity of water (Doxaran et al., 2002) and
sun glint caused by waves (Wang and Bailey, 2001) can also increase the reflectance of
water and create overlap with the visible wavelength signature of snow. While we
included abundant observations from highly turbid lakes in our training data (e.g., see
Lake Claire, Cedar Lake, Lake Abitibi, and MacAlpine Lake in Suppl. Table 2.1), we
have found that in some cases sediment load (e.g., silt and clay), algal blooms, or
whiting events (Effler et al., 1987) can cause extreme turbidity in lakes, which saturates
the visible wavelengths (Luo et al., 2018) used by all three decision trees. In these rarer
conditions, the consistently misclassified imagery ingested by the OPEN-ICE algorithm
results in poor performance. However, the quality metrics included in the OPEN-ICE

data product provide a useful tool for users to easily identify problematic water bodies
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(e.g., see Lake Talbot in Suppl. Fig. 2.3). Although some rarer edge cases may perform
poorly, there is a strong incentive to keep our classifiers as simple as possible. Because
decision trees are simple and efficient (Pal and Mather, 2003), they allow us to classify
massive quantities of high-resolution images quickly. This gain in computational
efficiency (Maxwell et al., 2018) allows the OPEN-ICE algorithm to ingest dense multi-
sensor time series of ice-water classifications which provide a temporal context with
which to properly discern trends in individual pixels. Indeed, denser time series improve
the ability of our temporal filter to identify misclassifications and increase the temporal

precision of the estimated breakup events (see Suppl. Fig. 2.4 & Suppl. Fig. 2.5).

2.5.2 OPEN-ICE approach and quality assessment metrics

A key component of the OPEN-ICE algorithm is in its ability to capitalize on data
abundance to identify and remove misclassifications using a temporal filter implemented
with a logistic function. Logistic models provide an intuitive approach to modelling time
series with phenological and seasonal patterns. For example, double logistic functions
are used to model time series of vegetation phenology at broad scales using remote
sensing data (Li et al., 2019; Yang et al., 2019). In adapting logistic regression as a filter
to remove misclassified binary data, we have improved OPEN-ICE’s breakup event
estimates (see Table 2.1) without the need to filter outliers in time series using visual
interpretation, temporal thresholds which may vary geographically according to
seasonality (Latifovic and Pouliot, 2007), or regional statistics and temporal
segmentation techniques (Du et al., 2017) that may become computationally expensive
at broad spatial scales. This approach also avoids the use of weather and climate data

products to temporally filter outliers (Zhang and Pavelsky, 2019) which precludes
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subsequent independent empirical evaluations of ice-climate relations because air
temperature, wind, and precipitation are inherent drivers of lake breakup processes
(Gebre et al., 2014). Using an approach strictly based on climate-independent Earth
observation data provides downstream users of OPEN-ICE with sufficiently high-
resolution data to further investigate interactions between lake ice and climatic and
physical processes (Brown and Duguay, 2010) or to validate thermodynamic lake ice
models such as CLIMo (Duguay et al., 2003) across a larger distribution of lake sizes
than those typically available in observational ice phenology databases like the CIS
database (Lenormand et al., 2002) and the Global Lake and River Ice Phenology

Database (Benson et al., 2000).

The temporal logistic filter (see Fig. 2.2E) and sequence detection algorithm (see
Fig. 2.2F) also include valuable metrics we can provide users as indicators of the
relative quality of pixels in the OPEN-ICE data product. The temporal logistic filter
provides a coefficient of determination (R?) which can be used to inform users how
closely the time series of a given pixel (or group of pixels) matches our expectation of a
clear signal of seasonal transition from ice to water. This tool allows users to assess the
relative quality of OPEN-ICE breakup estimates in areas of interest, and helps them
identify areas where the time series of spring breakup is noisy due to, for example,
consistent ingestion of misclassifications from edge cases (see Suppl. Fig. 2.3). The
sequence detection algorithm further provides us with two additional metrics: (i) the
number of total observations ingested by the sequence detection algorithm (see Fig.
2.2E) as an indicator of the time series density, and (ii) the sequence detection gap (see

Fig. 2.2F) as an indicator of the temporal precision of the breakup date estimate. In
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addition to using these 3 metrics to investigate the performance of OPEN-ICE in regions
of interest, we can also use them to describe broader patterns in temporal coverage of
the algorithm in its current implementation using 3 sensors. Between 2013 and 2021,
the combined amount of observations captured over Canada by all 3 sensors more than
quadrupled (see Suppl. Fig. 2.1A). Throughout this period, we observe that in the 105
CIS lakes: 1) the mean R? of the logistic temporal filter increases (see Suppl. Fig. 2.4A),
2) the temporal density of observations increases (see Suppl. Fig. 2.4B), and 3) the
mean pixel breakup gap decreases (see Suppl. Fig. 2.4C). These trends indicate that as
OPEN-ICE ingests denser time series of classified imagery, the mean breakup gap
decreases and the fit of the temporal filter increases as does, consequently, its ability to
discern and remove misclassifications. These trends are further supported if we
investigate these relationships across 4000 random lakes, where we observe clear
signals that increases in time series density lead to higher temporal filter R? (see Suppl.
Fig. 2.5A) and improved temporal resolution of breakup estimates (see Suppl. Fig.

2.5B).

2.5.3 OPEN-ICE accuracy

The data product output by the OPEN-ICE algorithm accurately detects the
timing of breakup events in 105 lakes spanning all of Canada (see Fig. 2.5), a region
containing 62% of the world’s freshwater lakes larger than 0.1 km? (Messager et al.,
2016), over the period of 2013 to 2021. Breakup start and end dates observed using the
OPEN-ICE data were highly correlated (r = 0.83 to 0.87) with those recorded by the
CIS, with mean bias errors (MBE) around -1.1 and -0.69 days. In contrast, with literature

reporting on lake breakup event extraction, the OPEN-ICE data product (30-m
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resolution) was validated using more lakes across a larger area and presents either
similar or improved accuracy. For example, Latifovic and Pouliot (2007) used temporal
breakpoints of AVHRR (1-km resolution) spectral signatures extracted over the entire
area of lakes of interest to predict BUS and BUE dates that were correlated by 0.66 and
0.95 with CIS events in 20 large lakes over a period of 20 years. Smejkalova et al.
(2016) used the MODIS near-infrared band (250-m resolution) to extract lake-wide
spectral profiles and estimated BUE dates which had low mean bias errors (-1.38 days)
and were correlated by 0.8 with in-situ observation data from 25 Finnish and Swedish
lakes. Both these studies also tried to predict freeze-up dates, but the accuracy of their
estimates was relatively low given the limited availability of optical imagery during
freeze-up. Radar sensors provide a key solution to monitoring breakup events during
periods of low light and cloud cover. Howell et al. (2009) used QuikSCAT imagery (10-
km resolution) to estimate breakup and freeze-up events to within 8 to 14 days of the
CIS records for two large lakes in Canada over a six year period. Du et al. (2017) used
lake-wide radiometric profiles extracted from AMSR-E and AMSR2 images (5-km
resolution) to produce breakup end and freeze-up end dates that were correlated by
0.86 and 0.69 with dates recorded by the CIS for 12 very large lakes between 2002 and
2015. Murfitt et al. (2018) developed a threshold-based method using RADARSAT-2
(100-m resolution) to estimate lake phenology events in 3 lakes between 2009 and
2017, with MBE relative to MODIS images ranging from -6.1 to 10 for freeze-up and -4.2
to 3.7 days for breakup end. Murfitt and Duguay (2020) used Otsu-threshold image
segmentation methods to estimate lake phenology events in a High Arctic lake using the

high density time series of Sentinel-1 (40-m resolution) over a 4 year period (2015-
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2019), with MBEs ranging from -2 to -7 for breakup end dates and -6 to -10 for freeze-

up relative to human interpreted Sentinel-2 images.

2.5.4 OPEN-ICE data product resolution and coverage

The OPEN-ICE data product currently provides users with spring breakup
estimates at a 30-m resolution for all freshwater pixels of Canada over a 9 year period
(2013-2021). The main advance in providing pixel-based estimates at this resolution is it
enables monitoring of ice phenology in water bodies spanning several orders of
magnitude in size (see Fig. 2.8) over vast regions (see Fig. 2.7). Small lakes have
typically been excluded from large-scale lake ice monitoring efforts due to constraints in
spatial resolution, despite their abundance (Messager et al., 2016), their important
combined surface area relative to other lake size classes (Verpoorter et al., 2014), and
disproportionate contributions to atmospheric gas exchanges (Pi et al., 2022). Also,
while the current study has focused on lakes, the OPEN-ICE data product can be used
to monitor other water bodies like rivers. While there are diverse and powerful methods
for remote sensing of lake ice, few are made available as data products for downstream
operational use or large-scale monitoring efforts. The United States National Ice Center
(USNIC) produces the Interactive Multisensor Snow and Ice Mapping System (IMS)
(USNIC, 2008), a near real-time data product that tracks sea ice and snow cover ata 1-
km resolution using analyst interpreted imagery from 13 different sensors (see Suppl.
Table 2.2). In addition, the USNIC provides imagery from NASA's Terra/Aqua MODIS
sensors that are processed into various snow cover and sea ice extent products at 250-
to 500-m resolutions (Hall et al., 2006). While these two data products can be used and

adapted to study lake ice over some large lakes, some data products specifically tuned
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for monitoring lake ice over large regions have become available in recent years. For
example, the Copernicus Global Land Service (CGLS) provides the Lake Ice Extent
(LIE; CGLS, 2023) data product which, provides daily ice-water classifications of
imagery from Sentinel-3 SLSTR (500-m resolution) in over 13,000 lakes of the Northern
Hemisphere (see Suppl. Table 2.2) since 2021. Spanning 2000 to 2020, the European
Space Agency’s Lakes Climate Change Initiative (Crétaux et al., 2021) provides a
longer time series of dedicated lake ice data products for over 2000 lakes of the
Northern Hemisphere based on MODIS imagery (500-m resolution). The Copernicus
Land Monitoring Service (CLMS) developed the ICE algorithm which it uses to the
produce the River and Lake Ice Extent (RLIE) data products for both Sentinel-2 (S2)
and Sentinel-1 (S1) imagery, effectively providing dense time series of 20-m resolution
ice-water classifications over the entire European subcontinent (see Suppl. Table 2.2;
CLMS, 2023a). The CLMS further combines the S1 and S2 RLIE products into the
Aggregated RLIE (ARLIE) data product by extracting ice cover statistics for all lakes and
sections of some rivers of Europe, effectively monitoring breakup and freeze-up events

using high resolution imagery at an unprecedented geographic scale.

In this study, we have exploited the abundance and overlap of L7, L8, and S2
imagery in the spring seasons of 2013 to 2021 (see Suppl. Fig. 2.1) to improve the
temporal resolution of our breakup estimates relative to single-sensor approaches. At
the beginning of our study period, we estimate that the combined L7 and L8 revisit time
was approximately 4 days (see Suppl. Fig. 2.1B). As S2 missions became fully
operational, combined revisit times dropped to approximately 1 day in the last 4 years of

our study (see Suppl. Fig. 2.1B). Even with this frequency of captured images in the last
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4 years, we found that across all 105 CIS lakes, the average lake mean of pixel breakup
gaps varied from 6.36 days to 8.99 days (see Suppl. Fig. 2.4C). By design, the temporal
resolution of the OPEN-ICE algorithm can be improved by ingesting images from other
potential sensors of interest, so long as the imagery is classified into water and ice with
a relatively high degree of accuracy prior to being incorporated into the time series
analysis (see Fig. 2.2C, D, E, & F). For example, as the imagery from the Landsat 9
mission is currently available on GEE, we are actively developing a dedicated CART
model to ingest ice-water classifications and improve the OPEN-ICE data product for
the post-2021 period (see Suppl. Fig. 2.1). While abundant high-resolution optical
imagery helps monitor spring breakup, the reduced daylight and lack of quality optical
imagery in the freeze-up periods at higher latitudes make it very difficult to develop any
form of automated algorithm (Duguay et al., 2015) over large geographical areas. To
address this limitation, imagery from cloud-penetrating Synthetic Aperture Radar (SAR)
sensors such as those deployed on Sentinel-1 (S1; Torres et al., 2012) could be used to
fill gaps in the current time series and extend it to the fall freeze-up period. However,
discriminating between ice and water in SAR data with high accuracy typically requires
more complex classifiers such as random forests (Hoekstra et al., 2020), support vector
machines (Wang et al., 2016), and neural networks (Dirscherl et al., 2021; Tom et al.,
2020) which are more computationally expensive and harder to scale to massive
datasets. Nonetheless, threshold-based methods can provide elegant and
computationally efficient solutions to ice-water classifications (Stonevicius et al., 2022),
some of which are even currently deployed for operational use. For example, the

CLMS’s RLIE Sentinel-1 data product provides near real-time ice-water classifications
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based on single thresholds for each polarization channel (i.e., VV and VH) yielding an
estimated accuracy of 76.7% (CLMS, 2023b). The CLMS further improves this product
by fusing it with their S2 classifications to produce the ARLIE data product. Another
method to improve the accuracy of threshold-based SAR classifications was explored
by Murfitt and Duguay (2020), who applied Otsu-thresholding image segmentation
(Otsu, 1979) to find optimal scene specific thresholds for lake ice and water. While this
study was limited to a single lake, Otsu-thresholding methods have been successfully
used in other applications (e.g., water detection) to analyze high-resolution remote
sensing datasets at global scales on platforms like GEE (Donchyts et al., 2016). In the
post-2015 period, the increased availability of high resolution open-access Sentinel-1
SAR imagery (Torres et al., 2012) provides unprecedented opportunities to monitor lake
ice phenology in both small and large lakes across large regions during the fall freeze-
up period and indeed throughout the entire ice phenology cycle. While in the future
many other promising imagery datasets may be harnessed to improve the OPEN-ICE
data product, we are committed to prioritizing open-access datasets available through
the Google Earth Engine platform to ensure the algorithm remains easily reproducible

over any area of interest by downstream users.

2.5.5 Variation in lake breakup dates across Canada

As a demonstration of the monitoring applications of the Canada-wide OPEN-ICE
data product (see Fig. 2.7), we provide comparisons of breakup event statistics
extracted from 4000 random lakes distributed across 15 different ecozones. Breakup
end dates vary substantially across the range of lake sizes and ecozones (see Fig. 2.9).

For example, lakes in the Arctic (Arctic Cordillera, Northern Arctic, Southern Arctic)
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become ice free nearly 100 days later than those located at lower latitudes in Maritime
and Mixedwood ecozones. Within Arctic, Taiga, and Boreal ecozones, the end of
breakup in larger lakes (> 10 km?) is significantly delayed relative to other lake size
classes, often by approximately 10-20 days (see Fig. 2.9B), a pattern which is less
prominent in ecozones where spring breakup occurs earlier. This is likely because the
breakup process of lakes in southern regions are more sensitive to changes in air
temperature, while the prolonged exposure to extreme cold in lakes at higher latitudes
creates thicker ice cover which withstands melting conditions longer in spring
(Weyhenmeyer et al., 2011). Significant differences in breakup timing between lake size
classes are not discernible in ecozones where regional climate is mediated by large
water bodies (Pacific Maritime, Atlantic Maritime, Hudson Plain, Mixedwood Plain).
Altitude is another important factor in lake ice phenology (Livingstone et al., 2010), and
we can observe a higher variability of breakup dates in smaller lakes in regions
dominated by mountains such as the Montane Cordillera and Pacific Maritime ecozones

(see Fig. 2.9B).

69



=3 Arctic Cordillera Northern Arctic Southern Arctic

250 a a a b
— — E—— c 1a b
200 * _._ — L !
5 0 50 g 5

150
100

Taiga Cordillera

250

200 b ab

— 150 —_— 4 + *b —— -.a- —'h— +Bb —_—
278 08 ] 0 11 10 158 2 13

Hudson Plain Boreal Cordillera Boreal Shield

. o y o "
Montane Cordillera [RZET[ T
150 b #ﬂ’ %’ a a a
100 - ==

Pacific Maritime

60°N

=
o
S

e )
owgn
coaoo

50°N

reakup End (Day of Yeal
]
w
o

Bi
5]
=]
=]

Atlantic Maritime
250

200 - a R

150 - - o [ a a a

100 E=— + + $ ==
] 1 X 16 9 1L 11 12

) \ -
106“\/\1 90l“w SOLW TOLW Small Medium Large Small Medium Large Small Medium Large
Lake Size Class

Figure 2.9 (A) Map of Canada’s 15 ecozones with (B) the distribution of annual breakup
end dates between 2013 and 2021 in randomly selected lakes (n = 4000) categorized
into small (0.1-1 km2), medium (1-10 km?2), and large (>10 km?) size classes. The
lettering above each boxplot indicates similarities (shared letters) or statistically
significant differences (different letters) between the distribution means of each lake
size class within a given ecozone as indicated by the Tukey honest significant difference
tests (see Section 2.3.4). The number of lakes for a given size class in each ecozone is
displayed below each boxplot.
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As previously explored in lake ice phenology literature (Bonsal and Prowse,
2003; Higgins et al., 2021), we found that air temperature provides an effective first-
order prediction of both BUS and BUE. This was especially true for BUS dates, where
air temperatures (spring 0° C isotherms) explained almost 81% of variability in dates
between lakes (adjusted R? = 0.8082, P < 0.0001), across all lakes, ecozones, and
years, with no discernible differences between lake size classes (P = 0.6106). Breakup
typically starts 13.6 days after the air temperature reaches 0° C, regardless of lake class
size (see Fig. 2.10A). However, the duration of the breakup period varies much more
among lakes. This is because many other factors drive the breakup process, such as
solar radiation (Cai et al., 2022), the size and morphometry of a lake, the current in the

lake, the wind fetch, and the characteristics of the previous winter’s snow pack (Ariano
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and Brown, 2019; Jeffries and Morris, 2007). Nonetheless, Livingstone (1997) found
that air temperature alone could account for approximately 60-70% of the variability in
BUE dates of freshwater lakes. Using the OPEN-ICE data extracted for 4000 lakes, we
also explained 69% of the variation in BUE dates (adjusted R? = 0.6865, P < 0.0001),
but only once we included both the date of the spring 0° C isotherm and the lake size
class as covariates to account for air temperature and lake heat storage, respectively.
On average, we found that breakup ends approximately 28.8 days after the air
temperature initially reaches 0° C for small lakes (0.1-1 km?), while medium (1-10 km?)
and large (> 10 km?) lakes become free of ice approximately 33.4 and 39.1 days after,
respectively (see Fig. 2.10B). An in-depth empirical analysis of the drivers of BUS and
BUE is beyond the scope of this paper but is made possible in the future using the
HydroLAKES database (Messager et al., 2016) to extract breakup statistics from the
OPEN-ICE data product in the 880,000 lakes (>0.1 km?) of Canada. As time series of
high temporal density continue to be collected by multiple sensors, OPEN-ICE could be
used to evaluate fine- and large-scale changes in the breakup of millions of lakes over
longer periods in response to climate change. The strong relationship between breakup
events and air temperature also stresses the importance of developing lake ice
phenology products based solely on observational data to enable appropriate evaluation

of deterministic relationships and feedback between climate and lake ice.
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Figure 2.10 Scatterplot of (A) breakup start and (B) breakup end dates of randomly-
sampled lakes (n = 4000) across 9 spring seasons (2013-2021) as a function of the day
of year the spring 0° C isotherm reached each lake. Point colour represents the
ecozone of each lake. Dotted, dashed, and full lines represent the trendlines for small
(0.1-1 km?), medium (1-10 km?), and large (> 10 km?), respectively.

2.6 Conclusion

Here we describe OPEN-ICE, a modular algorithm that can draw on imagery
from multiple satellites to produce accurate high-resolution estimates of breakup dates
across regions as broad as Canada. We showed how OPEN-ICE closely matches
spring breakup events over 9 years in 105 lakes monitored by analysts of the CIS, thus
providing a valuable post-hoc data product to complement near real-time CIS
observations. OPEN-ICE further provides equal coverage of both very small (< 0.01
km?) and very large lakes (>10,000 km?), effectively allowing users to monitor spring
breakup events in lakes with sizes ranging many orders of magnitude. The OPEN-ICE

tool can provide a high-resolution data product to expand studies of lake ice phenology
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across broad scales and further investigate the impacts of lake ice change on climatic
feedback, ecosystems, and northern communities. Designed entirely using open-source
code and open-access satellite imagery, the OPEN-ICE algorithm is reproducible over
any region of interest using freely available data and readily improved by incorporating

ice-water classifications derived from other potential sensors of interest.

2.7 Data availability

The OPEN-ICE code repository is published via GitHub under the Apache 2.0

license: https://github.com/xgirouxb/open_ice
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2.9 Linking statement

In the previous chapter, | developed the OPEN-ICE algorithm and data product to
address the spatio-temporal trade off that researchers often face when monitoring lake
ice phenology. Because they are in high polar orbit, optical sensors such as MODIS and
AVHRR revisit locations on Earth almost daily, making them particularly well-suited to
study phenological events like spring breakup that can happen so rapidly. Despite there
higher temporal resolution, these sensors have low spatial resolution, limiting their
monitoring ability to larger lakes. To study small lakes, researchers must instead turn to
higher resolution imagery which does not revisit each location as often. The OPEN-ICE
algorithm was designed to capitalize on the abundance of open-access high-resolution
optical imagery to fill in these temporal gaps, effectively allowing researchers to study
lake ice phenology patterns in both large and small lakes at continental scales. Small
lakes are more abundant and cover more or Earth surface than large lakes, and the
availability of a data product like OPEN-ICE allows researchers to incorporate
freshwater ice phenology impacts to investigate broad-scale patterns of the limnological,
biogeochemical, and ecological changes occurring in these important ecosystems. One
such potential application, the original reason | set out to develop the OPEN-ICE
algorithm, is investigating the impacts of shifting lake ice phenology on the spring

migration of caribou.

Studying the movement ecology of a migratory species as vagile as barren-
ground caribou imposes similar trade offs as studying lake ice. Indeed, the
environmental drivers of caribou’s annual cycles and movements operate across small-

to-large spatio-temporal scales. During spring migration, one of the key periods of their
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annual cycle, the speed and mobility of females urgently trying to reach their calving
ground is determined by their fine-scale movement responses to snowscapes and the
availability of freshwater ice, both of which are in a rapid state of flux. However, the
availability of snow and ice Earth observation products at both high temporal and spatial
scales have been lacking. While previous research has identified these as key factors to
migration, the incorporation of lake ice phenology has been limited to large lakes and
ice presence/absence. In this next chapter | use the OPEN-ICE data product to study
the migratory behaviour of female caribou in response to water body size and
phenological states (including ice, the transition state of breaking ice, and open water)

as they traverse one of the most lake dense regions of Earth.
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Chapter 3 - Lake ice phenology and the spring migration of
barren-ground caribou (Rangifer tarandus groenlandicus) in

a rapidly changing North

3.0 Abstract

Long-distance migration is an important evolutionary adaptation to reduce predation and
access resources in biomes with drastic seasonal cycles. In Canada’s North, barren-
ground caribou undertake the longest terrestrial migration in the world. In spring,
females depart their wintering grounds in the taiga and travel northward to their calving
ground in the Arctic’s coastal tundra. Females gather in large numbers to reduce
predation on calves, and the timing of parturition and lactation is synchronized with the
greening of the tundra and availability of fresh and high-quality forage following long
winters. On their journey, they traverse regions with the highest density of freshwater
lakes in the world. The disproportionately rapid warming occurring in the Arctic relative
to the globe is causing important shifts in freshwater ice phenology and, consequently,
encounters between migrating caribou and breaking ice or open water are expected to
increase. Using high spatial and temporal resolution ice phenology products, we
investigated the use and availability of ice, breaking ice, and open water across different
waterbody sizes during the spring migration of GPS-collared females in two herds using
path selection analysis. Females typically select migration paths over small (0.1 - 10
km?) ice-covered lakes during spring migration but avoid larger ice-covered
waterbodies. Migrating females exhibit strong avoidance of areas with breaking ice and
to a lesser extent open water, and their avoidance behaviour typically increases around

larger waterbodies. When females encountered a greater prevalence of breakup
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conditions, the duration of their migration could increase by more than a week. As the
availability of freshwater ice declines throughout the North, there is a great deal of
uncertainty as to how increased exposure to breakup conditions during migration will
influence the connectivity of landscapes, the timing and duration of migration, the
safety/survival of migrating females, and their ability to ensure timely arrival to their

destination to promote calf survival.

3.1 Introduction

How the phenology of organisms aligns with the seasonality of environments is
central to understanding organism-environment interactions and thus the discipline of
ecology (Morisette et al., 2009). Schwartz (2013) defines phenology as “the study of
periodic biological events [...] as influenced by the environment, especially temperature
changes driven by weather and climate” and seasonality as “a related term, referring to
similar non-biological events, such as timing of the fall formation and spring breakup of
ice on freshwater lakes”. Studies that consider phenology and seasonality in relation to
each other often focus on identifying the environmental cues that initiate, and the
environmental drivers that cause, phenological responses (Chmura et al., 2019). But
given the diversity of organisms and the ubiquity of environmental variation, regardless
of how and how well phenology is synchronized with seasonality, a given phenological
stage or transition is likely to coincide with a wide range of prevailing environmental
conditions. The suitability or incompatibility of environmental conditions that prevail
during a given phenological stage or transition can have drastic and direct influence on
organismal survival and reproduction, including, for example, weather-related mass-

mortality events during bird migration (Newton, 2007), frost or drought-induced
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reproductive failure in plants (Schermer et al., 2020), weather-induced winter mortality
of diapausing insects (Musolin, 2007), and winter storm impacts on fish spawning and
larval drift (Checkley et al., 1988). Prevailing environmental conditions during a
particular phenological stage can also lead to carryover effects that alter the timing and
success of subsequent life history stages and allocations (Aikens et al., 2021; Marra et
al., 2015). Documenting how seasonal progressions and prevailing environmental
conditions affect the expression and success of phenological responses helps to reveal
the directional, stabilizing, or disruptive selection driving the evolution of phenological
traits and the prevalence and consequences of phenological mismatches in an era of

environmental change.

Migration is a common phenological response of mobile organisms in seasonal
environments (Alerstam et al., 2003). In this context, migration refers to seasonal
movement from one region to another, followed by a seasonal return to the starting
point, with the direction and timing of movement shared with conspecifics (Fudickar et
al., 2021). Migration phenology — the seasonal timing of migration — is an individual and
population trait known to be a key determinant of migration success, winter survival, and
spring reproduction (Cotton, 2003; Knudsen et al., 2007). Most studies of migration
phenology focus on environmental cues and drivers of migration timing (e.g., Haest et
al., 2018), migration timing as an indicator of climate change responses (e.g., Van
Buskirk et al., 2009), and how migration timing relates to prey abundance and predator
vulnerability during, before, and after migration (e.g., Bowers et al., 2016). But, similar to
other phenological responses, the environmental conditions that occur during migration

can be a key determinant of migration costs and outcomes. Birds are characterized by
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the longest distance migrations of all organisms (Fudickar et al., 2021), and
environmental conditions encountered during migration, including wind, fog,
temperature, ice and snow, cloud cover, precipitation and barometric pressure, have
been described to influence migration routes, stopover durations, orientation, and
overall migratory success (Newton, 2007). Other non-avian examples of long-distance
migration include, monarch butterflies (Danaus plexippus) (Reppert and de Roode,
2018), white sharks (Carcharodon carcharias) (Bonfil et al., 2005), sockeye salmon
(Oncorhynchus nerka) (Wood et al., 2008), Atlantic eels (Anguilla rostrata) (Wright et al.,
2022), loggerhead sea turtles (Caretta caretta) (Mansfield et al., 2017), flying foxes
(Pteropus poliocephalus) (Roberts et al., 2012), and humpback whales (Megaptera
novaeangliae) (Riekkola et al., 2020). Although all these species are likely to encounter
variable environmental conditions during migration, the medium through which they
move remains consistent; for those that fly air remains air and for those that swim water
remains water. In contrast, for land animals migrating in places and at times of year
when snow is melting from land surfaces and ice is melting from water surfaces,
environmental variation encountered during migration is likely to define the basic

modalities of their movements.

Barren-ground caribou undertake the longest terrestrial migrations on earth and
the energetic requirements of such an undertaking mediate their movement behaviours
and, consequently, their choice of migratory routes (Alerstam et al., 2003). For example,
snow depth has been shown to increase energy expenditure exponentially in caribou
(Fancy and White, 1987), and reduce travel rates during winter and migration periods

(Bergerud et al., 2008). To reduce energy expenditures during migration, caribou
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frequently travel on frozen freshwater bodies because these typically facilitate
movement and offer better visibility of predators. However, while the ice-free season on
freshwater lakes and rivers of northern Canada continues to increase (Latifovic and
Pouliot, 2007), the consequences on caribou migrations remain poorly understood.
Despite caribou being excellent swimmers, large lakes may become significant
obstacles in the absence of ice, and open rivers with abnormally strong flow have
caused massive drowning events in the past (Berkes, 1988). Thin ice also presents
significant dangers, as breaking through can lead to exhaustion, injury, hypothermia,

and drowning (Miller and Gunn, 1986).

As arctic regions undergo the most drastic climatic changes on our planet (IPCC,
2014; Rantanen et al., 2022), there is much concern on how barren-ground caribou, a
species of huge economic and cultural importance, will cope with rapid changes in its
environment. Many potential impacts of these changes have already been observed or
predicted, such as: increased insect harassment (Witter et al., 2012) and exposure to
disease and parasites (Hoberg et al., 2008); changes in plant phenology causing a
mismatch between calving and forage availability (Post and Forchhammer, 2008) as
well as reduced forage quality on summer ranges (Turunen et al., 2009); wet snow and
freezing rain reducing access to ground level forage during winter (Miller and Gunn,
2003); and increasing forest fires (Gillett et al., 2004) reducing potential winter ranging
habitat (Rupp et al., 2006). The resilience of caribou to the cumulative effects of these
environmental changes depends in part on their dynamic use of space and,
consequently, there is much interest in understanding how migratory patterns might be

influenced by climate.
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Our objective is to assess the impacts of ice phenology on the fine-scale
movement behaviours of caribou during migration. We hypothesize that ice presence,
absence, or transitional states during spring break-up will influence how caribou

respond to hydrological features in the landscape.

3.2 Methods

3.2.1 Study area and caribou herds

The annual ranges of the Bluenose-East and Bathurst herds cover large regions
of the Northwest Territories and Nunavut (see Fig. 3.1). Their winter range typically lies
in the southern areas of their annual range, below the treeline. In spring, females
migrate northward to their respective calving grounds adjacent to the Coronation Gulf
and the Bathurst Inlet, typically travelling hundreds of kilometres through three
designated ecozones (Ecological Stratification Working Group, 1995): the Taiga Plains,
the Taiga Shield, and finally the Tundra Plains (or Barren Ground). The landscapes they
encounter during these long-distance travel events are characterized by the highest
lake density in the world (Messager et al., 2016) and typically covered by 15 to 40%
freshwater (Duguay et al., 2003). The population of both these herds has declined
significantly over the past two decades (Government of the Northwest Territories, 2019,
2016). As a consequence of this decline, annual ranges have contracted to core areas

and the winter ranges of each herd have moved northward.
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Figure 3.1 Map illustrating the observed spring migration paths during the study period.
Spatial data for the annual ranges and calving grounds of each herd are provided by the
Government of the Northwest Territories.

3.2.2 Caribou migration telemetry data

We used GPS location data recorded by satellite telemetry collars deployed on
female caribou of the Bathurst and Bluenose-East herds. The GPS relocation data is
part of an ongoing caribou monitoring program administered by the Government of the
Northwest Territories’ (GNWT) Wildlife Division (Gunn et al., 2013) following strict ethical
guidelines (Cattet, 2011). As part of a data sharing agreement with the GNWT (#8515-
05 DR29), we accessed this data via the Movebank repository (Kays et al., 2022). We
selected female relocation data recorded between 2013 and 2021, inclusively, as this

period overlaps with the availability of freshwater ice phenology data with high spatio-
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temporal resolution (see Section 3.2.4.3). We screened all observed locations for
duplicates (i.e., identical timestamps/locations for a given ID) and other potential errors
such as unlikely speeds (i.e., remarkable outliers in population-wide distribution) and
rapid roundtrips (i.e., a rapid departure from and return to the same location indicative of
GPS-collar error). The GPS location sampling frequency varied between deployed
collars, years, and seasons (e.g., more frequent fixes during calving season, more
frequent fixes on collars deployed in recent years), and sampling frequencies were
typically every 1, 3, 8, or 24 hours. Within each individual track travelled by a distinct
individual in a given year, we resampled the time series with its coarsest fix rate (either
8 or 24h) to ensure consistent intervals between successive observations. We
accounted for these different intervals in our downstream analyses by including

sampling rates as a covariate in our models (see Section 3.2.5.1).

We identified individual spring migration events by inspecting (i) maps of
individual tracks, (ii) time series of movement speed, and (iii) time series of net square
displacement (NSD; Singh et al., 2016). To account for individual and annual variation in
migration periods, we closely inspected all female tracks in the period starting one
month prior to and ending one month after each herd’s previously reported spring
migration start and end dates (see Nagy, 2011). Specifically, the periods of interest we
flagged for inspection spanned from March 20th to July 1st for the Bathurst herd and
March 10th to June 27th for the Bluenose-East herd. For each potential individual
migration event, we calculated the movement speed between successive relocations
and the NSD relative to the initial observed GPS location within the period of interest. To

better discern overall trends in the time series, we computed the mean in a 48-hour
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moving window centered on each observation. We recorded an individual’s migration
start date when we observed, concurrently, a sudden increase in mean speed followed
by steadily increasing NSD and a trajectory with directional movement. Similarly, we
noted the migration end date when the individual's movement speed slowed, the NSD
reached a plateau, and the trajectory began slowly meandering within the bounds of a
calving ground. Using this approach, we identified a single migration path per female for
a given year and we hereby refer to this distinct id-year grouping of location data as a
“migration event”. We conserved a path even if small observational gaps were present,
and only discarded a path if any single time gap was greater than 72 hours or if more
than 10% of the observations between the migration start and end date were missing. In
total, we discarded 8 paths and conserved 274 identified distinct migration paths

composed of, on average, approximately 52 steps each.

We performed all the data manipulations, computations of movement metrics,
and visualizations and inspection of tracks required to identify potential migration events

using R (R Core Team, 2023) and QGIS (QGIS Development Team, 2022).

3.2.3 Used-available migration paths

We compared observed (used) female migrations paths to randomly generated
(available) migration paths using a path selection analysis (PSA) framework. While
classical habitat/resource selection analysis methods implement a used-available study
design based on location data to assess affinity for or avoidance of certain habitats
(Johnson et al., 2006), PSA focuses on the entire trajectory described by multiple
successive relocations along a path to understand how the landscape mediates animal

movement behaviours. Similarly to step selection functions (SSFs, Fortin et al., 2005;
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Thurfjell et al., 2014), PSA models the movement behaviour responses to landscapes
but using an entire path as a unit of comparison instead of individual steps (Zeller et al.,
2015). Similarly to Leclerc et al. (2021), we found PSA to be the most intuitive method to
constrain both observed and random paths to the fixed starting point (i.e., winter range)
and end point (i.e., calving ground) which are characteristic of barren-ground caribou

spring migrations.

For each observed annual migration path we identified, hereinafter referred to as
an “observed migration path”, we generated 20 associated random migration paths.
Each random path was bound to the same start and end locations as the observed
path, and the steps composing the new path were obtained by randomly sampling pairs

of the step distances and bearings, without replacement, from the observed path.

To study the relationship between freshwater ice phenology and migration path
use-availability, we sampled environmental covariates within a buffered area around
each individual step. Caribou movement responses to landscape features are scale-
dependent (Boulanger et al., 2021; Wilson et al., 2016) so we used a 2.5-kilometre
buffer to focus on the effect of the immediate landscape experienced by caribou during
movement events while accounting for the uncertainty of the exact path an individual

may have travelled between two successive GPS locations (Fortin et al., 2005).

3.2.4 Environmental covariates

To investigate the effects of freshwater ice phenology on migration paths, we
focused exclusively on environmental covariates related to hydrological features,

namely: (i) their prevalence in the landscape, (ii) their relative size, and (iii) the
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phenological state of their ice cover. We sampled each of these covariates of interest in
the 2.5-kilometre buffer around each step as described below. We accessed,
processed, and sampled all the hydrological and ice phenology data using Google Earth

Engine’s JavaScript API (Gorelick et al., 2017).
3.2.4.1 Hydrological proportion

Within each step’s buffer, we computed the proportion of the landscape covered
by freshwater, which we hereinafter refer to as “hydrological proportion”. We created a
freshwater raster layer using the European Commission Joint Research Center (JRC)
global water dataset (Pekel et al., 2016). The JRC surface water data product provides
an estimate of the persistence of water at a 30-metre resolution, globally, based on the
Landsat archive (1984-2022). Within our study area, we defined freshwater as pixels
with greater than 80% water occurrence in the Landsat archive thus effectively

excluding ephemeral water from our analysis.
3.2.4.2 Lake size class

We assigned each step one of three categorical classes indicative of the mean
lake size (i.e., surface area) within its buffer: small (0.1 - 10 km?), large (10 - 1000 km?),
and very large (> 1000 km?). We computed mean lake sizes for each step using lake
polygons and surface area measurements from the HydroLAKES dataset (Messager et
al., 2016). We calculated the mean size of the lakes within each step, weighted by the
proportion of the step occupied by each lake, and assigned the corresponding class
(i.e., small, large, very large). During our study period, caribou encountered only three

very large lakes (i.e., > 1000 km?) during spring migration: Great Bear Lake, Napaktuliq
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Lake, and Contwoyto Lake. We included lake size as a categorical variable in our
models to ensure that observed patterns were not uniquely driven by these very large
lakes and remained comparable to previous investigations of caribou migration and ice
phenology, which focused primarily on lakes or reservoirs larger than 1000 km?

(Leblond et al., 2016).
3.2.4.3 Ice, breaking ice, and open water proportions

Within each step’s buffer, we computed the proportion of the landscape covered
by ice, breaking ice, and open water. While the two previous covariates (hydrological
proportion and lake size) were computed from static layers, the ice phenology of
freshwater is a highly dynamic process in constant state of flux throughout the annual
spring breakup and caribou migration periods. To account for this, we used the OPEN-
ICE data product (Giroux-Bougard et al., 2023) which provides annual estimates of
spring breakup dates for all freshwater pixels in Canada at a 30-metre resolution
between 2013 to 2021, inclusively. Using these spring breakup date estimates, we
classified the freshwater within the 2.5-kilometre buffer for each caribou used-available
step into “ice”, “breaking ice”, and “open water” following a two-step procedure: (i) we
classified each pixel within the step buffer into ice or water based on the breakup day of
year relative to the day of year of the timestamp at the step’s end location, and then (ii)
we classified each distinct grouping of connected pixels (8-way connected) within a
step’s buffer as “ice” when 95% or more of the pixels in the group were still ice, as
“breaking ice” when less than 95% but more than 10% of the pixels in the group were
still ice, and as “open water” when 10% or less of the pixels in the group were still ice. It

was then possible to compute the proportion of each step buffer covered by freshwater
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in each phenological stage of spring breakup. Note that the sum of the ice, breaking ice,

and open water proportions within a step is equal to the hydrological proportion.

3.2.5 Path selection analysis

3.2.5.1 Model parameterization

To evaluate how observed migration paths responded to hydrological features
during spring breakup, we used generalized linear mixed models (GLMMs) to
implement path selection analysis. We parameterized our mixed models using the form:

W) = exp(aje + x1Brij+ .. HxicBrij + XiejVij) (Equation 3.1)

where w(u;;) denotes the relative probability that step i will be used during migration
event j; x;...x, are the environmental covariates of interest; a;, is the strata level

intercept of group j at time ¢ (i.e., group composed of an observed step with 20
associated random steps); ;... B, are the population-level coefficients of interest; and

Yx; the random coefficients fitted to environmental covariate x; associated to migration

eventj.

Following this mixed model structure, we fit three a priori candidate GLMMs to
model hypothesized behavioural responses of migrating females to hydrological
features during spring breakup (see Table 3.1). In each model, we included steps as
individual observations where the binomial responses were either “used” (1) for
observed steps or “available” (0) for associated random steps. We included each
environmental covariate of interest both as a fixed effect and as a random effect
whereby slopes were allowed to vary within groups of used-available paths associated

to a distinct migration event (i.e., year-id grouping of observed and associated random
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paths). This year-id grouping for each random slope further allowed us to include model

terms that control for variation due to individual behavioural differences and sampling

regimes (Gillies et al., 2006). We included interactions between environmental

covariates as fixed effects. We excluded global intercepts from all three models, instead

opting to estimate random intercepts within each stratum (see Equation 3.1). In order of

increasing complexity, we constructed the three candidate models using different

covariates as follows:

Model 1: Caribou select migratory paths based on the prevalence of freshwater
features in the landscape. Consequently, we might expect females to use or
avoid areas where the proportion of the landscape covered by freshwater
features (i.e., hydrological proportion) is high, regardless of the size of those
features or the presence of ice, breaking ice, or open water on those features. In
this model, we included the hydrological proportion of the landscape as the only
environmental covariate.

Model 2: Caribou select migratory paths based on the phenological state of ice
cover on hydrological features. For example, caribou might use freshwater
features still covered with ice but avoid those with breaking ice and open water.
In this model we included the proportion of ice, breaking ice, and open water as
the only environmental covariate.

Model 3: Caribou select migratory paths based on both the phenological state of
ice cover on hydrological features and their relative sizes. For example, we might
expect migrating caribou to use areas dominated by small lakes regardless of

their phenological state but avoid areas with larger lakes where breaking ice or
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open water have begun to form. In this model we included mean lake size class
and its interaction with the proportion of ice, breaking ice, and open water as

environmental covariates.

To reduce potential sources of bias in estimating the fixed-effect parameters of
each model (Forester et al., 2009; Muff et al., 2020), we fit each of the three candidate
models twice using: (i) the step distance to account for bias due to movement speed, or

(i) the step time to account for variations in sampling rates.
3.2.5.2 Model fitting

We performed model fitting and diagnostics using a Bayesian workflow. To
facilitate the fitting of PSA models using a Bayesian approach, we used a Poisson
family distribution with a binomial response and fixed variances for strata level
intercepts (Muff et al., 2020). We set normally distributed priors with a very large fixed
variance (i.e., N(0, 10°)) to avoid shrinkage of the strata intercepts towards the mean,
which can bias other parameter estimates (Muff et al., 2020). We specified normally-
distributed weakly informative priors (i.e., N(0, 10)) for all other parameters included in
our models (Lemoine, 2019). To estimate model parameters, we used ten Hamiltonian
Monte Carlo chains (Betancourt, 2017) run with 1500 iterations each, including 1000
warmup iterations, for a combined total of 5000 post-warmup iterations. We checked
models for divergent transitions and ensured that each model had sufficient iterations
for the estimated parameter distributions to stabilize across chains using the R-hat
convergence statistic (i.e., R-hat < 1.05). We evaluated individual model fit using
graphical posterior predictive checks (Gelman et al., 2020). We performed all model

fitting, diagnostics, and visualization using the “brms” (Burkner, 2017) and “bayesplot”
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(Gabry et al., 2019) packages implemented in the R and Stan languages (Stan

Development Team, 2022).

3.2.5.3 Model comparison

We evaluated the relative predictive ability of each PSA model using three
Bayesian model comparison metrics: the model weights, the k-fold cross-validation
information criterion (KFCV-IC; Vehtari et al., 2017), and the widely-applicable
information criterion (WAIC; Vehtari et al., 2017). We computed model weights using
Bayesian model stacking, which performs model averaging by optimizing the weights
accorded to each model in a manner that achieves the best predictive ability (Yao et al.,
2018). For each model, we computed KFCV-IC using a 10-fold cross-validation scheme
in which each fold (i.e., data partition) was stratified into groups of distinct migration
events, effectively allowing us to evaluate the predictive ability of the model when faced
with new data (Vehtari et al., 2017). To further inform model comparison, we computed
the WAIC for each model (Piironen and Vehtari, 2017; Watanabe, 2010). Alongside
each information criterion, we also included the expected log predictive densities
(ELPD) as well as the difference in ELPD (AELPD) between the most supported model
and the other two. We computed all model comparison metrics using the “brms”
(Burkner, 2017) and “loo” (Vehtari et al., 2022) packages implemented in R (R Core
Team, 2023). We further investigated the coefficients and conditional effects of the
model with the most support using the “bayesplot” package (Gabry et al., 2019)

implemented in R (R Core Team, 2023).
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3.2.6 Migration duration

We further investigated the effects of ice phenology on the duration of spring
migration events using a hierarchical generalized additive model (HGAM). While the
start date of spring migration varies considerably between individuals and between
herds, the plasticity of migration behaviours is such that females with delayed
departures typically migrate faster to reach the calving grounds in time (Gurarie et al.,
2019). We accounted for variability of departures in our HGAM by including the start day
(day of year) of each migration event (n = 274). To account for differences in departure
periods between herds and years, we added a factor smooth whereby the migration
start smooth term was further allowed to vary by groupings of herd/year with the same
wiggliness factor, an approach analogous to random slopes in a GLMM (Pedersen et
al., 2019). We also included random intercepts for each female to account for
behavioural differences in the initiation and duration of migration events. Even within the
same herd, individual winter ranges can be far apart, and population winter ranges shift
significantly over time (Bergerud et al., 2008). We therefore accounted for the different
distances required for each individual to reach its calving ground by including a smooth
term for the straight-line geographical distance between the start and end locations of
migration. Finally, to account for the potential effects of ice phenology on the duration of
migration we included a smooth term for the breakup condition encounter rate of each
migration event, which we estimated as the proportion of steps within each migration
path that encountered breaking ice or open water. We used thin plate regression splines

to model smooth terms (Wood, 2003), fitted the HGAM, and conducted model
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diagnostics and visualization using the “mgcv” (Wood, 2017) and “gratia” (Simpson,

2024) packages implemented in R (R Core Team, 2023).

3.3 Results

3.3.1 Migration events

Throughout the study period, we identified a total of 274 distinct spring migration
events undertaken by a total of 153 collared females that reached either the Bathurst or
Bluenose-East calving grounds. For 82% of collared females, we only identified one or
two migration events. For most of the remaining 18% of females, we identified three or

four migration events, and for two females we successfully identified five.

For the Bathurst herd, we identified 187 distinct migration paths travelled by 115
females. Throughout the study period, migrations typically started in mid-April and
ended in early June (see Fig. 3.2A), departing from overwintering grounds in the region
immediately north of Great Slave Lake and arriving at their calving grounds near
Bathurst Inlet (see Fig. 3.1). Specifically, the annual median departure dates ranged
from April 20th in 2021 to May 21st in 2018, while the median departure date across all
Bathurst female migration events during the study period was April 30th. In contrast, the
median arrival dates ranged from May 16th in 2021 to June 1st in 2018, with the median
arrival date across all migration events being May 24th. Many of the migratory paths
cross large lakes (see Fig. 3.1), most frequently Contwoyto Lake (1054 km?, 65°39'0" N,
110°43'0" W) and Lac de Gras (700 km?, 65°39'0" N, 110°43'0" W), as well as some
sections or tributaries of the upper Coppermine River system, such as Point Lake (977

km?, 65°14'0" N, 113°9'0" W) and Mackay Lake (967 km?, 63°55'0" N, 111°2'0" W).
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For the Bluenose-East herd, we identified 87 migration paths undertaken by 38
females. Throughout the study period, migrations predominantly began in late April (see
Fig. 3.2A) in the regions south and south-east of Great Bear Lake, although some
females overwintered on the westernmost peninsula of the Great Bear Lake prior to
undertaking a shorter spring migration than their counterparts (see Fig. 3.1). The annual
median departure date ranged from April 23rd in 2014 to May 12th in 2013, while the
median departure across all migration events throughout the study period was May 2nd.
Migration typically ended in early to mid-June (see Fig. 3.2A) in the calving grounds
stretching between Bluenose Lake and the Coronation Gulf (see Fig. 3.1). The annual
median arrival date ranged from May 30th in 2016 to June 5th in 2013 and 2018, while
the median arrival date across all migration events throughout the study period was
June 2nd. None of the migration paths travelled by Bluenose-East crossed Great Bear
Lake (31,153 km?, 65°50'0" N, 120°45'0" W), the largest lake in their annual range.
Bluenose-East herd migration paths did interact with one large lake, Hottah Lake (951
km?, 65°30'0" N, 118°29'0" W), but unlike their Bathurst counterparts, they did not cross

very large lakes.
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Figure 3.2 Temporal interactions between female caribou spring migration and lake ice
breakup between 2013 and 2022. (A) The overlap in the periods of spring migration and
breakup start. The spring migration period for each herd is shown by date intervals
illustrated in red for Bathurst and blue for Bluenose-East, with progressive colour
shading indicating the total proportion of collared females within each interval. The
black-lined boxplots show the distribution of lake breakup start dates for 260 randomly
selected lakes ranging from 0.1 to 1000 km? in size and distributed across the entire
study area. (B) The relationship between the start of lake breakup and the median start
of spring migration for each herd across years. The dotted trendline illustrates a non-
significant linear model (p = 0.95). (C) The proportion of observed migration paths that
encountered breaking ice or open water each year is shown by blue and red bars
alongside their corresponding fractions of observed paths.
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3.3.2 Timing of spring migration and breakup periods

The beginning of spring migration and the start of the lake breakup period vary
among years (see Fig. 3.2A), but there is no relationship or correlation between their
respective annual timing (see Fig. 3.2B). In some years, the overlap between the period
of lake ice breakup and spring migration is more pronounced. For example, between
2013 and 2017 when 25%-50% of sampled lakes (n = 260) began to break up before
the end of the Bathurst herd migration (see Fig. 3.2A) and approximately 75% of lakes
began to break up before the end of spring migration for the Bluenose-East herd.
Between 2013 and 2017, inclusively, 6%-78% of collared Bathurst females encountered
breaking ice or open water (see Fig. 3.2C) in at least one step along their migration
paths. For Bluenose-East females, 36%-100% of observed annual migration paths
encountered breakup conditions in at least one step (see Fig. 3.2C). In both herds, the
proportion of paths encountering breaking ice or open water was highest in 2015 and
2017 when 100% of Bluenose-East and 78% of Bathurst migration paths encountered
these conditions (see Fig. 3.2B). In contrast, the post-2017 period is characterized by
smaller periods of overlap between spring breakup and migration. Between 2018 and
2020, spring migration for both herds typically came to an end as approximately only
25% of the sampled lakes had begun breaking up. In 2021, none of the lakes had
begun to break up before the end of the Bathurst spring migration. For the Bathurst
herd, only 1 of the 83 paths observed between 2018 and 2021 encountered breaking
ice or open water. In 2019, half of the observed migration paths (4 of 8 paths) for the

Bluenose-East herd encountered breaking ice or open water, whereas only one in 2018
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(1 of 4 paths) and none in 2020 (0 of 4 paths) encountered these conditions (see Fig.

3.2B).

3.3.3 Path selection analysis

3.3.3.1 Model comparison

Path selection model 3, incorporating the phenological states of freshwater ice
and water body size, is the model with the most support (Table 3.1). While run time
varied with model complexity, we detected no chains with divergent transitions and all
models successfully converged to stable posterior distributions (see Suppl. Fig. 3.1).
The information criteria and associated expected log predictive densities (ELPD)
computed using both the KFCV-IC (Table 3.1) and WAIC (Suppl. Table 3.1) methods
reveal large differences between the candidate path selection models in favour of model
3. Model 1, which only included the proportion of each step’s area covered by
hydrological features, has the lowest support with a KFCV-IC of 198,012.7 (+ 998.8) and
corresponding a ELPD difference of -20,309.6 (x 122.6) relative to model 3. Model 2,
which incorporated the phenological state of freshwater, has marginally better support
than model 1, with an ELPD difference of -20,051.2 (£ 121.1) relative to model 3.
Bayesian model weights attribute full support to model 3 (weight of 1) relative to model

1 and 2 (weights of 0; Table 3.1).

Table 3.1 Model comparison metrics for the three candidate path selection models. The
environmental covariates of interest for each model are indicated along with their
relative support by the data as estimated by Bayesian model weights, the K-fold cross-
validation information criterion (KFCV-IC + standard error), the corresponding expected
log predictive densities (ELPD + standard error), and the differences in ELPD (AELPD +
standard error) relative to the best model.
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Model KFCV-IC ELPD AELPD
Model Environmental covariates weights  (x SE) (x SE) (x SE)
I T T T T T 1
3 Mean waterbody size (Small, Large, Very large) 1 157,393.6 -78,696.8 0
Proportion of ice x Mean waterbody size (814.5) (407.3) (0)
Proportion of breaking ice x Mean waterbody size
Proportion of open water x Mean waterbody size
I T T T T T 1
2 Proportion of ice 0 197,496.0 -98,748.0 -20,051.2
Proportion of breaking ice (994.9) (497.4) (121.1)
Proportion of open water
I T T T T T 1
1 Proportion of hydrological features 0 198,012.7 -99,006.4 -20,309.6
(998.8) (499.4) (122.6)

x Denotes interactions between variables
Bold typeface indicates the model and associated variables with the most support.

3.3.3.2 Effects of waterbody state and size on migration

Relative to associated random paths, typical females select migration paths

characterized by the prevalence of land or small ice-covered lakes and avoid paths

which encounter larger waterbodies, breaking ice, and/or open water (see Fig. 3.3 &

3.4). The inclusion of step distance (f = 0.006 [-0.010 — 0.023]; Fig. 3.3) or step time (B

=-0.001 [-0.003 — 0.002]; Suppl. Fig. 3.2) has no influence on these

selection/avoidance patterns.

The estimated population-level coefficients and their 95% confidence intervals for

small (8 =-3.01 [-3.04 — -2.97]), large (B = -3.05 [-3.12 — -2.98]) and very large (B = -

3.10 [-4.01 — -2.19]) lakes indicate increased avoidance of hydrological features with

increased waterbody size in observed paths relative to associated random paths (see

Fig. 3.3). Conditional effects indicate that, all other covariates being held constant, the
relative probability of females selecting paths encountering small waterbodies is 1.2 and

8.2 times higher, respectively, than paths encountering large and very large waterbodies

(see Fig. 3.4A).
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During spring migration, females typically show a weak selection of ice-covered
waterbodies (B = 0.62 [0.33 — 0.90]) relative to other parts of the landscape, but a strong
avoidance of open water (8 = -11.44 [-24.78 — -0.20]) and an extreme avoidance of
breaking ice (B = -22.37 [-29.88 — -15.77]; Fig. 3.3). Conditional effects reveal that the
relative selection or avoidance of lakes based on the state of spring breakup is further
mediated by an interaction with their size, with avoidance increasing as waterbody size
increases (see Fig. 3.3 & 3.4). The relative probability of a path being selected by
typical migrating females increases in areas of the landscape dominated by small ice-
covered lakes (see Fig. 3.4B). In contrast, paths over large ice-covered lakes are less
likely to be selected and paths over very large ice-covered lakes are avoided altogether
(see Fig. 3.4B). Once spring breakup begins, the relative probability of selection
abruptly drops to 0 as the proportion of breaking ice increases to 20% in the landscape
within around paths, even when the corresponding lakes are small (see Fig. 3.4C). This
drop is more pronounced for steps encountering large lakes, where the relative
probability of selection drops to 0 when the proportion of breaking ice increases to 10%
(see Fig. 3.4C). Breaking ice conditions over very large lakes were exceedingly rare and
only occurred in a single observed step, so there is low support (f =-1.34 [-20.38 —
17.58]; Fig. 3.3 & 3.4C) for this term in the path selection model. Observed paths rarely
encountered open water in large lakes (16 steps) and did not encounter open water in
very large lakes (0 steps) during the study period, so these interaction terms also have
low support in the model. Typical females actively avoided paths that encountered small
lakes with open water, with the relative probability of selection dropping to near 0 as the

proportion of open water increased to 30% (see Fig. 3.4D). All other terms being held
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constant at their means, the relative probability of selection is 8.9 times higher for areas
with 20% open water than for areas with 20% breaking ice in small lakes (see Fig. 3.4C

& D).

Proportion of breaking ice -AL
Proportion of breaking ice x Large waterbodies -
Proportion of open water - —/—I
Very large waterbodies - A
Proportion of ice x Very large waterbodies - A
Large waterbodies - l
Small waterbodies - I
Proportion of open water x Large waterbodies - I
Proportion of breaking ice x Very large waterbodies § I
Proportion of ice x Large waterbodies - L
Proportion of open water x Very large waterbodies - \
Step distance 4
Proportion of ice - ‘l
30 -20 -10 0 10 20

Posterior distribution of coefficients

Figure 3.3 Distribution of posterior estimates for each coefficient in the path selection
model with the most support, where step distance was included to reduce bias
associated to movement speed. The vertical band illustrates each distribution's median
value along with a shaded area representing 50% of the posterior distribution. The
distributions are truncated at 95% and bold typeface indicates covariates and
interactions that do not overlap with zero, illustrated in red. Interactions between terms
are denoted by “x”.
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Figure 3.4 Conditional effects of mean waterbody size class and proportion of ice,
breaking ice, and open water on female caribou path selection during spring migration.
The estimated relative probability of selection (£ 95% CI) varies as a function of the (A)
mean within-step waterbody size and its interaction with the proportion of the landscape
covered by (B) ice, (C) breaking ice, and (D) open water. Dashed lines depict low
confidence in each interaction level’s differentiation from the reference level of small
mean waterbody size (i.e., coefficient’'s 95% confidence interval includes zero, see Fig.
3.3). Note the variation in x-axis limits, which reflect the full range of proportions of ice,
breaking ice, and open water encountered in used/available paths throughout the study
period.

3.3.4 Migration duration

All the behavioural and environmental covariates included in the HGAM,
including lake ice phenology, are significant contributors to the duration of migration
events (Adjusted R? = 0.891, Deviance explained = 92,6%). Once we account for inter-
group differences in typical departure dates across herd/year as well as for inter-
individual behavioural differences, the duration of migration varies as a function of

population-level smooth terms including departure dates of individual migration events

110



(see Fig. 3.5A), the geographic distances between wintering grounds and calving (see
Fig. 3.5B), and the rate of encounters with breakup conditions during the migration (see
Fig. 3.5C). The most important determinant of spring migration duration was a female’s
departure date, with late departures resulting in significantly shorter migrations. The
partial effects uniquely attributable to migration start date are such that the latest
departures result in migration events that are 15 days shorter than the population mean
while, inversely, the earliest departures result in migration events that are almost 25
days longer. Across individual migration events, the geographic distance to the calving
ground at the start of migration varied between 116 and 516 km. Despite this range, the
partial effect of distance is limited to an approximately 7-day difference in duration
between the shortest and longest observed geographic distance at the start of migration
(see Fig. 3.5B). In contrast, the state of lake ice phenology is a more important
determinant of migration duration than geographic distance. As the rate of encounter
with breakup conditions along each migration path climbs to 30%, a typical migration is
delayed by approximately 8 days relative to migrations which only encounter ice (see
Fig. 3.5C). This delay increases to almost 2 weeks when the breakup encounter rate
doubles to 60%, but the confidence intervals become much wider given the rarity of
such observations during our study period (<5% of observations between 30% and

60%).
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Figure 3.5 Patrtial effects of migration start date, distance to calving ground, and ice
phenology on the duration of female caribou spring migration events. The duration of a
migration event varies as a function of (A) the day of year a female initiated migration,
(B) the geographic distance to the calving ground at the start of migration, and (C) the
rate (proportion of steps in migration path) of encounters with breakup conditions
including both breaking ice and open water. The three population-level smooth terms
(black lines) and corresponding 95% confidence interval (grey ribbons) are fitted to
observations (blue points) with an HGAM.

3.4 Discussion

By incorporating a freshwater ice phenology data product (OPEN-ICE) with high
spatial and temporal resolution, our study provides unique insights into female caribou
movement behaviour during spring migration across the full breadth of waterbody sizes
(i.e., 0.1 to 31,153 km?) and ice phenological states (i.e., ice, breaking ice, and open
water). Our main findings highlight that female caribou tend to select migratory paths
through parts of the landscape composed mainly of terrestrial habitats or small frozen
lakes and avoid larger lakes even if these remain ice-covered. As spring progresses and
freshwater ice begins to melt, caribou exhibit strong avoidance of open water and
extreme avoidance of breaking ice, with avoidance intensifying as the size of
encountered waterbodies increases. These results show that breaking ice and to a

lesser extent open water present important obstacles to migration, and that the
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phenological states of lake and river ice are important determinants of migratory routes

and, consequently, migration duration.

3.4.1 Small, ice-covered lakes are selected by migrating caribou but large, ice-

covered lakes are avoided

Our study demonstrates that females from the Bathurst and Bluenose-East herds
select ice-covered waterbodies during their spring migration, though this selection
behaviour was only observed in areas of the landscape dominated by smaller
waterbodies (< 10 km?; Fig. 3.4B). Due to the small size of these waterbodies and the
relatively coarse sampling frequency of GPS locations (8h or 24h) in our study, in some
areas it is difficult to ascertain if the exact path travelled by an individual between two
successive GPS locations crossed water or land. Nonetheless, the high proportion of
observed steps in regions with smaller lakes (~68%) combined with the strong signal of
the probability of selection increasing with the proportion of small ice-covered
waterbodies (see Fig. 3.4B) provides high confidence that caribou are preferentially
crossing small ice-covered lakes. Previous investigations have also reported that
caribou select routes along ice-covered waterbodies when these are available during
migration (Leblond et al., 2016; Leclerc et al., 2021). For example, Leclerc et al. (2021)
found that waterbodies were avoided relative to other open habitats such as tundra and
shrub tundra habitats, although no distinctions were made between ice and water states
over lakes. However, they did note a relatively high probability of selection of
presumably frozen waterbodies during higher speed migratory movements. Similarly,
waterbodies were avoided altogether when phenological states were not included as

covariates (see Model 1, Table 3.1). However, by distinguishing ice from other
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phenological states, our most supported model reveals a high probability of selection for
smaller ice-covered waterbodies and relatively weak avoidance of ice-covered larger
waterbodies. By distinguishing ice from water in 10 very large lakes and reservoirs
during spring and fall migrations, Leblond et al. (2016) also found evidence of selection
for routes travelling over ice-covered lakes and noted that selection strength increased

in the years when the ice-availability season was shorter.

Caribou avoidance of larger ice-covered lakes is indicated by no migratory paths
over the study region’s two largest lakes (e.g., Great Bear Lake and Great Slave Lake),
which remained ice-covered throughout every spring migration period. However, the
years prior to and during our study were characterized by significant population declines
resulting in the Bathurst herd’s range retracting to core areas north of Great Slave Lake.
In previous decades when the Bathurst herd overwintered in the regions south of Great
Slave Lake, migrating individuals were known to cross the East Arm of Great Slave
Lake where there are many islands to minimize exposed crossings over large expanses
(Gunn et al., 2013). Similar behaviour was observed in migratory caribou in Québec,
where an individual travelled 60 km over ice on the Robert-Bourassa reservoir (Leblond
et al., 2016), a very large waterbody (2,835 km?) with thousands of small islands.
Although, to our knowledge, there are no documented crossings of the larger exposed
portions of Great Slave Lake and Great Bear Lake by barren-ground caribou, other
migratory caribou and reindeer are known to undertake crossings between High Arctic
islands, sometimes travelling distances exceeding 100 km over extremely exposed
areas of sea ice (Miller et al., 2005). This contrast suggests that while caribou have the

ability to travel great distances over ice, they are more likely to do so in regions where it
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is required to access crucial parts of their range (e.g., Miller et al., 2005) or provides
considerable time and energy savings (e.g., Joly, 2013). The landscape structures
unique to each region likely explain the differences we observed in each herd’s
migratory behaviour in response to larger lakes. For example, the northward spring
migration of the George River herd requires paths to traverse an important East-West
freshwater barrier imposed by a series of large reservoirs from massive hydro-electric
complexes. In contrast, the Bluenose-East herd’s migration circumvents Great Bear
Lake, and individuals from the Bathurst herd frequently cross Contwoyto Lake which,

while very large, is long, narrow, and oriented perpendicularly to migratory routes.

The selection of ice-covered waterbodies during long distance movements is
likely due to a combination of factors such as snowpack and predation. For example,
frozen lakes are windswept and, consequently, the snowpack is denser and shallower
(Sturm and Liston, 2003), making them easier routes for caribou to travel than adjacent
terrestrial habitats with deeper snow (Pruitt, Jr., 1959). Frozen lakes also provide large
open areas which may help caribou detect and evade predators (Ferguson and Elkie,
2005) and avoid ambush hunters such as wolves. The unique physiology of caribou
hooves provides further evidence that they are highly adapted to long-distance travel
over ice. Specifically, the cusps of the hooves are equipped with micro-structures that
provide exceptional adherence and abrasion resistance to hard and slippery surfaces
(Zhang et al., 2017) and specialized tendons in the dewclaws help stabilize the hooves

(Hull et al., 2021).
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3.4.2 Breaking ice is strongly avoided by migrating caribou and avoidance

increases with lake size

Our study demonstrates that breaking ice, the transition state between ice cover
and open water, is the phenological state that is most strongly avoided by females from
the Bathurst and Bluenose-East herds during spring migration (see Fig. 3.4C). This
relative avoidance further increases when females encounter larger waterbodies.
Throughout the study period, breakup conditions did occur in larger lakes in some parts
of the Bathurst and Bluenose-East herds’ ranges, most often in areas with stronger
currents in long and narrow chain of lakes forming interconnected sections of larger
rivers such as the Coppermine River, Burnside River, Camsell River, and Snare River.
While many of these areas were typically avoided during migration, some migration
paths did cross these areas even when breaking ice was present, presumably because
they constitute strategic or obligatory crossing points. For example, observed migration
paths in the Bathurst range encountered breaking ice conditions in lakes of the upper
Burnside River system adjacent to the calving ground, such as the northernmost part of
Contwoyto Lake and Kathawachaga Lake, and lakes of the Coppermine River such as
Point Lake and the wide sections of the river between Desteffany Lake and Lac de
Gras. Within the Bluenose-East range, observed migration paths most frequently
encountered breaking ice conditions in crossings of the Dismal Lake system, and in
larger lakes of the Calder River system such as Breadner Lake. Only a single female
breaking ice conditions on a very large lake, and it was adjacent to the mouth of the
Dease River on Great Bear Lake. The current rarity of encounters with breaking ice over

very large lakes is likely attributable to: (i) the active avoidance of these lakes
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regardless of their phenological state (see Fig. 3.4A) and (ii) that ice cover persists

longer in larger/deeper lakes (Duguay et al., 2003; Giroux-Bougard et al., 2023).

Our inclusion of spring breakup conditions into a used-available study design is
new, but migratory caribou responses to breaking ice have been well documented in
other ways. The most complete account of caribou navigating breaking ice in the
scientific literature is based on observations of the fall migration by Miller and Gunn
(1986). In October of 1982, a year with delayed freeze-up due to warmer temperatures,
the authors observed multiple groups of Beverly herd caribou venturing over smaller
lakes and narrow channels, undeterred by the thin ice. Individuals that broke through ice
did not seem immediately distressed, but the authors observed minor-to-severe injuries
and mortality events from exposure or drowning as a direct consequence of difficult or
failed extrications from the breaking ice. Indigenous hunters also reported numerous
injuries to the anterior forelegs on caribou harvested that same fall (Miller and Gunn,
1986). Given that migrating caribou select ice but avoid breaking ice during spring
migration, that the transition between these two states can be very rapid especially in
moving waterbodies like rivers, and that thin or rotting ice is still sometimes crossed
when it cannot be avoided, caribou encounters with breaking ice are inevitable. For
example, migrating caribou are frequently observed drifting on ice floes during the
spring breakup of arctic rivers (Lord, 2014) or stranded on sea ice floes (Thompson,
2017), presumably having been caught off-guard at the moment of breakup or when ice

dams give away during obligatory crossings on their journey to the calving grounds.
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3.4.3 Open water is avoided by migrating caribou but not as strongly as breaking
ice

Once spring breakup is complete, migrating females avoid open water (see Fig.
3.3) but not as strongly as they avoid breaking ice. Because the spring migrations
observed during our study period generally coincided with early phases of spring
breakup (see Fig. 3.2), open water was only encountered over smaller waterbodies,
which typically break up faster than larger lakes (Giroux-Bougard et al., 2023). While
our results provide some evidence that avoidance of open water increases with
waterbody size (see Fig. 3.4D), the scarcity of large lakes with open water during our
study period constrains our ability to assess the relationship. Previous investigations of
migratory caribou movements also indicate strong avoidance of open water. Using path
selection analysis, Leclerc et al. (2021) found that caribou avoided all waterbodies
altogether in favour of tundra habitats during spring migration, although they did not
discern between water and ice. In contrast, using step selection analysis Leblond et al.
(2016) found that, relative to ice, caribou avoided open water crossings during
migration, a pattern which was accentuated in years when lake ice was available over a
longer period. The authors noted that while most individuals circumvented large lakes
with open water, some did initiate swimming crossings, and either turned around shortly
after or progressed much more slowly than their counterparts. Caribou are agile and
competent swimmers, assisted by their buoyant hollow-haired coats (Meeks and
Cartwright, 2005) and large toes for propulsion, but sustained travel on land is much
more energetically efficient than quadrupedal swimming (Fancy & White 1987). Despite

avoidance of large open water expanses, caribou do not hesitate to swim when it is
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strategic or obligatory. Barren-ground caribou undertake regular open water crossings
of rivers and narrow lake channels during their seasonal migrations (Williams and Gunn,
1982). Peary caribou are known to swim across open sea channels between islands to
access various parts of their range (~ 3 km; Miller, 1995). Woodland caribou undertake
frequent water crossings between small islands to access forage and avoid predators (~

1 km; Webber et al., 2021).

3.4.4 The ice phenology of small lakes and rivers

A major advance offered by our analysis of the effects of ice phenology on
caribou migration is the capacity of the OPEN-ICE algorithm to assess the phenological
state of small waterbodies. Small waterbodies are typically excluded from lake ice
monitoring efforts (e.g., Du et al., 2017; Duguay et al., 2006; Latifovic & Pouliot, 2007)
and caribou migration research (e.g., Gurarie et al., 2019; Le Corre et al., 2016; Leblond
et al., 2016) due to constraints in spatial resolution, despite their abundance (Messager
et al., 2016), their important combined surface area relative to other lake size classes
(Verpoorter et al., 2014), and their significance to caribou migration (Miller and Gunn,
1986; Williams and Gunn, 1982). While the freshwater ice phenology covariates in our
study incorporated both lakes and rivers, a future challenge is to tease apart the unique
effect of rivers. Rivers break up sooner in spring than lakes in the surrounding
landscape, and their length and continuity impose obligatory crossings for caribou which
cannot be circumvented like lakes. As such, natural river fords or narrows constitute
important caribou crossing sites. The current of rivers, combined with laminar flow and
depth heterogeneity, creates highly complex patterns of ice formation and breakup,

including rapidly changing ice conditions in spring, on the scale of minutes and hours,
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which are extremely difficult to observe (Floyd et al., 2014) and model (Das and
Lindenschmidt, 2021). Specifically, in some years the breakup of Arctic rivers is
characterized by a violent cycle of ice jams and floods, conditions which can injure or
drown migrating caribou (Miller and Gunn, 1986; Nault and Le Hénaff, 1988). Even
during less turbulent river breakup events, the mere presence of floating ice during
crossings is hazardous to swimming caribou, especially younger ones (Williams and
Gunn, 1982). Further research is needed to improve monitoring and assessment of river
ice phenology and to better understand how these important, seasonally dynamic

landscape bottlenecks impact caribou migration.

3.4.5 Ice phenology and the timing of spring migration

Because the timing of caribou migration and the timing of ice breakup varied
annually (see Fig. 3.2A) and independently (see Fig. 3.2B) of each other throughout the
nine-year study period, the proportion of observed migratory paths that encountered
breakup conditions varied from more than 75% in 2015 and 2017 to 0% in 2020 and
2021 (see Fig. 3.2C). While spring migration start dates are variable across years and
herds, females that depart late typically migrate faster, resulting in relatively consistent
arrival and calving dates within each herd (Gurarie et al., 2019). However, the cues for
the initiation of spring migration are decoupled from freshwater ice phenology (see Fig.
3.2B; Gurarie et al., 2019; Le Corre et al., 2016). Despite the plasticity in the timing of
departure and arrival (Gurarie et al., 2019) and the selection/avoidance behaviours
exhibited during migration (see Fig. 3.4), our research shows that interactions with
breakup conditions during spring migration can significantly prolong the duration of

migration (see Fig. 3.5) and, consequently, cause potential delays in arrival to the
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calving ground. As the ice-free season progressively lengthens and the timing of spring
ice melt advances throughout the northern hemisphere (Sharma et al., 2019), the
severity of these effects on the duration of migration are likely to increase, potentially

disrupting the timing of calving and calf survival.

Because it immediately precedes calving, the timing of spring migration
constitutes a key period in the annual cycles of barren-ground caribou. The observed
plasticity in the timing of migration constitutes a strategy to match up the parturition and
lactation period with the fresh growth high-quality forage (Gurarie et al., 2019), which
promotes calf health (Post and Forchhammer, 2008). This synchrony is so crucial that,
in some migratory caribou herds (e.g., George and Leaf River herds), calving date has
emerged as the single most important predictor of calf survival (Vuillaume et al., 2023).
In light of the rapid environmental changes unfolding in the Arctic (Post et al., 2019),
there is evidence that the timing of caribou migration and the synchronicity of calving
with spring plant phenology may be disrupted (Post and Forchhammer, 2008). Indeed,
in some herds migrating females have recently been observed calving before reaching
their calving ground due to late departures from their wintering grounds (Couriot et al.,
2023; Gurarie et al., 2019). Despite such concerns, multiple studies have highlighted
the significant plasticity in the timing of spring migration (Gurarie et al., 2019; Laforge et
al., 2023), and there is emerging evidence that migratory caribou can adapt the timing
of their migration to avoid trophic mismatch in the post-calving period (Mallory et al.,
2020). Although there remains a great deal of uncertainty surrounding the exact
environmental cues that prompt the initiation of spring migration, research suggests that

snow conditions in late winter are likely the main factor (Gurarie et al., 2019; Le Corre et
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al., 2016; Mallory et al., 2020). In addition, snow conditions and specifically the timing of
snowmelt is also the main determinant in the start of greening in tundra biomes (Kelsey
et al., 2021), which is an important determinant for the timing of calving. However, the
complex dynamics of freshwater ice formation and decay operate differently. Similarly to
snowmelt, the beginning of the breakup period is mainly related to air temperature
(Higgins et al., 2021), but the main determinants of the duration of the breakup period,
and indeed the duration of the entire ice-on period, are air temperature and thermal
inertia (i.e., heat storage as related to lake volume and depth) (Sharma et al., 2019;
Warne et al., 2020). When the ice-free season is longer, more heat is stored in
waterbodies which in turn leads to earlier and shorter breakup periods (Sharma et al.,
2019). Because of this feedback, the ice-free period is increasing at a faster rate than
the snow-free period throughout the Arctic (Dauginis and Brown, 2021). This suggests
that even if caribou show continued plasticity in adapting the timing of their migrations
based on environmental cues such as snow conditions, there will likely be a mismatch
between the timing of migration and the availability of ice on lakes and rivers due to
earlier breakup. In addition to experiencing more prevalent breakup conditions during
spring migration, caribou will also need to navigate increased year-to-year variability in
the timing of breakup (Weyhenmeyer et al., 2011). While individual spatial memory
(Avgar et al., 2015) and emergent collective movement behaviours (Dalziel et al., 2016;
Torney et al., 2018) may aid caribou to mitigate this increasing variability in the
landscape, the rapidity of these environmental changes at a time when several large
herds have experienced catastrophic declines casts some uncertainty on their ability to

do so (Mallory and Boyce, 2018).
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3.4.6 The connectivity of landscapes

As the pace of Arctic warming continues and freshwater ice availability declines
during spring migration, our results suggest that caribou will increasingly rely on
terrestrial corridors available in the landscape and limit their interactions with
waterbodies to obligatory crossings of rivers or narrow channels. Based on their own
findings, Leblond et al. (2016) concluded the same, and further estimated that 36% of
the ice crossings observed in their study of the Leaf River herd could disappear as soon
as 2041, effectively pushing migratory routes to adjacent terrestrial habitats and
increasing the overall travel distance required for individuals to reach their destination.
As migration routes become constrained to specific corridors and crossings, these
areas will play an important role in conserving the connectivity of these northern
landscapes. Due to the importance of these crossings and corridors for Indigenous
hunters who have relied on caribou for thousands of years, these areas are already well
documented through community-led traditional knowledge projects (Parlee et al., 2005;
Zalatan et al., 2006). Notably, some of these important crossing sites, such as the
Lockhart River outflow from Artillery Lake, are not presently used due to important range
shifts that have occurred following recent drastic population declines (Dokis-Jansen et
al., 2021). Within the Bluenose-East and Bathurst herd ranges, some of these corridors
are already heavily impacted by industrial development and roads (Government of the
Northwest Territories, 2019; Mueller and Gunn, 1996) which impact caribou movement
behaviours (Boulanger et al., 2021; Wilson et al., 2016). As continued rapid warming is
expected for the foreseeable future, comprehensive herd range and land use planning

may be the only tools available to wildlife management agencies to reduce potential
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disturbances to these crucial corridors and mitigate further impacts to spring migration

routes.

3.5 Conclusion

As the Arctic continues to warm at a faster pace than the rest of the planet, it is clear
that shifting freshwater ice phenology will bring about massive changes to the
landscapes experienced by caribou during spring migrations. While previous studies
have mainly focused on effects of ice and water on caribou movement, we have found
that it is the transitional state during which ice is breaking up that actually constitutes the
most avoided condition over freshwater features. Given the inherent difficulties and
dangers of navigating thin or rotting ice, this is an intuitive result with important
implications for the continued period of warming we are witnessing in the Arctic. Indeed,
in the immediate future it is mainly breaking ice, not open water, that we expect caribou
will encounter at a much higher rate. As avoidance of hydrological features increases,
migratory routes will increasingly rely on terrestrial habitats, the depth and
characteristics of snow cover, and the landscape structures and barriers imposed by
lakes and breaking ice within each herd’s range. In the immediate future, the increased
prevalence of breaking ice will not only be a concern for landscape connectivity and the
energetic costs involved in reaching calving grounds, but the increasing rapidity and
unpredictability of breakup and the potential delayed arrival to the calving ground may
impact recruitment through female survival during migration and calf survival following

parturition.
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3.7 Linking statement

In the previous chapter, | used GPS collar data from two migratory caribou herds
to investigate how females respond to shifting lake ice phenology conditions during
spring migration to reach calving grounds. To properly match the rapidity of their
movements and the highly dynamic processes driving the breakup of lakes and rivers in
spring, | relied on the high-resolution OPEN-ICE data product | developed in Chapter 2.
| found that migrating females typically avoided exposed crossings over larger lakes and
favoured regions of the landscape dominated by small ice-covered lakes. As they
encountered more spring breakup conditions, they strongly avoided breaking ice and to
a lesser extent, avoided open water, and this avoidance behaviour increased for larger
lakes. The study of fine-scale movement patterns using the approaches described in the
previous chapter is simply not possible without GPS collars, but while such devices are
the cornerstone of many wildlife monitoring programs, they are not without impact on

behaviour and, in some instances, survival.

In this next chapter, | focus on estimating the short-term impacts of capture and
collaring on the movement and survival of barren-ground caribou. In the Northwest
Territories, most caribou captures are conducted in late winter, at the end of a forage-
limited season and prior to the limited window-of-opportunity and energetically
expensive spring migration. In regions as remote and as difficult to access as the
ranges of the Bluenose-East and Bathurst herds, monitoring programs typically rely on
single-capture studies in which an individual is captured and fitted with a collar that is
preprogrammed to drop-off at later date. Indeed, in such landscapes it is logistically and

financially prohibitive: (i) to monitor an individual before a capture to establish baseline
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behaviour with which to compare potential capture-related changes, (ii) to monitor the
individual after release to identify potential capture-related illness, or (iii) to recapture a
previously collared individual to compare recorded movement behaviour before and
after a capture event. In this next chapter, | address the challenge of assessing capture
impacts in single-capture biologging studies. Specifically, | develop and describe some
statistical strategies: (i) to estimate the magnitude and duration of discrepancies in an
individual's movement rate relative to population baselines, (ii) to estimate survival
outcomes based on data that can be recorded and sampled during captures. This
information can provide crucial assessment of capture impacts and help refine capture,
immobilization, and collaring protocols to improve outcomes and reduce the period

during which observations are biased by capture-related stress.
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Chapter 4 - Post-capture survival and movements of barren-

ground caribou (Rangifer tarandus groenlandicus)

4.0 Abstract

While biologging and telemetry technologies such as GPS-equipped collars have
emerged as powerful tools for wildlife research, the stress experienced by individuals
during capture and handling can lead to unforeseen short-term effects on movement
behaviour and, in more extreme cases, capture myopathy. Visual observations of
behaviour before and after capture or recapture studies can provide individual baselines
that can highlight potential shifts in behaviour or onset of capture myopathy. However, in
single-capture study designs and in remote regions where visual observations or
recaptures are logistically unfeasible, establishing appropriate behavioural baselines
remains particularly challenging. We describe statistical modelling strategies that allow
comparisons of recently captured individuals to population baseline behaviours that
account for seasonal patterns, sex, inter-annual and inter-individual differences. Using
these models, we analyzed movement data collected through GPS-collars fitted on
male and female barren-ground caribou (Rangifer tarandus groenlandicus) through a
single-capture monitoring program for the Bluenose-East and Bathurst migratory tundra
herds in the Northwest Territories and Nunavut in Canada. We further evaluated capture
events for a subset of females from which stress-related blood serum indicators were
sampled during handling and estimated the risks of suspected capture myopathy cases
using survival analysis. Males and females from each herd exhibited, respectively, faster
and slower movement rates over a period of 3-4 days post-capture before returning to

baseline behaviours estimated from previously collared individuals. In the subset of
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females from which blood was sampled, survival outcomes were mediated by the
combined effects of the total duration of capture and handling and the individual-specific
stress response as estimated by cortisol concentrations in blood serum. We also found
evidence that blood indicators related to musculoskeletal stress (e.g., acetate
aminotransferase) experienced prior to capture might be related to survival outcomes.
Our study confirms that current capture guidelines are adequate for reducing short-term
effects on movement behaviours and capture related risks in barren-ground caribou and
provides statistical strategies to overcome limitations imposed by single-capture study

designs, especially in remote regions.

4.1 Introduction

Biologging advancements, including GPS collars, have unlocked unparalleled
insights into our understanding of animal behaviour and movement, especially in large
mammals that travel great distances in remote regions (Hofman et al., 2019). However,
the capture and immobilization procedures required to attach collars to free-ranging
animals are invasive and not without risk of adverse effects (Arnemo et al., 2006;
McMahon et al., 2012). Collaring requires immobilization, which can be accomplished
by chemical anaesthetics delivered through darts (Kreeger et al., 2023) or net-gunning
followed by physical restraints (Webb et al., 2008). Chemical or physical immobilization
is typically preceded by either trapping (e.g., Rockhill et al., 2011), ambush or pursuit on
foot (e.g., Brivio et al., 2015), water pursuit of swimming animals using a boat (e.g.,
Cumming and Beange, 1987; Miller and Robertson, 1967; Walker et al., 2012), snow
pursuit using a snowmobile (e.g., Jingfors and Gunn, 1989), or most commonly and

recently aerial pursuit using a helicopter (e.g., Baumgardt et al., 2023; Jacques et al.,
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2009; Rode et al., 2014). These sequences of trapping or pursuit, followed by darting or
physical restraint, and subsequent handling amount to a stressful event, which can
impact the physiology, behaviour, and survival of collared wildlife. Biologging
technologies and methods have continued to improve, for example by increasing battery
life (Crabtree et al. 2015), reducing the size and weight of instruments, collecting a
greater quantity and diversity of data (Kays et al., 2015; Williams et al., 2020), and
developing passive deployment techniques that avoid the need for captures in some
applications (e.g., bur-tagging; Wilson et al., 2023). To reduce the impacts of wildlife
research, less invasive alternatives for studying wildlife populations, such as snow
tracking, camera traps, and the genetic analysis of scat and fur, continue to be
promoted and advanced (Barber-Meyer, 2022; Cooke et al., 2017; Soulsbury et al.,
2020; Zemanova, 2020). Nonetheless, collaring animals remains an important and
increasingly used technique for assessing the habitat use, movements, and survival of
free-ranging wildlife, especially in large and remote landscapes. Biologging approaches
have been promoted as a method to reduce observer effects on free-ranging wildlife
(Brown et al., 2013), but determining whether this is in fact the case requires some
method of assessing impacts of capture and collaring on behaviour and survival.
Assessing and communicating the impacts of collaring methods on the physiology,
behaviour, and survival of wildlife is an important component of all biologging research

(Mclntyre, 2015).

The impacts of capture and collaring on wildlife can range from immediate to
long-term and from minor to lethal (Rachlow et al., 2014) and while all potential impacts

are important, some are much easier to detect and assess than others. Injuries,
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mortality, and stress indicators during the capture process can be directly observed and
the incidence of these immediate impacts have been widely reported (Arnemo et al.,
2006; Jacques et al., 2009). Assessing how capture and device attachment affect long-
term survival and reproductive success requires longer-term observations and indirect
inference, because less information is typically available for uncaptured, non-collared
control groups. Specifically, potential behavioural and survival impacts of capture and
collaring in the days to months immediately following the event are difficult to assess
and are rarely reported, primarily because the baseline behaviours and survival of
uncollared animals is unknown. To investigate long-term survival and reproductive
impacts of handling and collaring, studies have typically leveraged comparisons
between: population vital rates estimated from collared individuals and those estimated
from aerial surveys (Haskell and Ballard, 2007), survival metrics of collared and non-
collared individuals estimated from mark-recapture (LeTourneux et al., 2022), population
trends across groups of individuals fitted with different types of collars (Rasiulis et al.,
2014), or physiological and reproductive baselines of recaptured individuals relative to
their initial capture (Cattet et al., 2008; Rode et al., 2014). However, in many wildlife
biologging studies, there is no behavioural information available before or after a
capture event, either because collars are removed and not replaced during recaptures
or, increasingly, automatic collar drop-offs eliminate the need for recaptures. Assessing
the behavioural and survival impacts of a single capture and collar event, under
conditions where the behaviour and survival of uncollared individuals is not known, is

difficult and an important knowledge gap.
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Capture myopathy is an important example of the physiological stress and
potential mortality arising from the capture and immobilization procedures required to
collar wildlife. Analogous to exertional heatstroke in humans, capture myopathy is an
often fatal disease caused by a metabolic shock typically originating from lactic acid
buildup in the damaged muscle tissue (often skeletal muscles) of wildlife following
extreme exertion and prolonged or intense bouts of stress caused by chase, capture,
handling, and transport (Paterson, 2014). While we still lack a detailed understanding of
the underlying stress-induced mechanisms (Breed et al., 2019), capture myopathy
presents itself through a variety of visible and non-visible symptoms such as stiff limbs
and neck (e.g., torticollis), shivering, panting, hyperthermia, and lethargy, all of which
can lead to paralysis, unresponsiveness, and death (Breed et al., 2019; Paterson, 2014;
Spraker, 1993). In larger mammals, capture myopathy related mortalities can occur as
quickly as a few hours and as many as 30 days after capture (Beringer et al., 1996), but
in many remote regions it often remains logistically impossible to closely monitor
individuals after release or determine if and how handling and collaring may have
caused or contributed to mortality. However, the stress-related mechanisms that initiate
the cascade into capture myopathy (Breed et al., 2019) consist of: (i) stimuli in the form
of an exogenous stressor (e.g., helicopter chase), (ii) the activation of the central
nervous system (e.g., fight or flight response), (iii) the acute stress response activated
by the hypothalamic—pituitary—adrenal axis (HPA; Herman et al., 2016), and (iv) the
musculoskeletal activation. The analysis of blood samples collected during capture and
handling can provide important insights into these initial mechanisms by assessing the

relative magnitude of individual stress responses, early signs of muscle stress and
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muscle damage incurred from exertion, and possible predisposing risk factors
associated with capture myopathy. Specifically, cortisol can provide important
information on both baseline or chronic stress in individuals (Ashley et al., 2011) as well
as the magnitude of the acute stress response to stressors like capture events
(Trondrud et al., 2022). Other serological indicators like creatine kinase (CK) and
aspartate aminotransferase (AST) can inform us on preexisting muscle, liver, or heart
damage or muscle damage from recent exertion (Cattet et al., 2008; Kock et al., 1987).
GPS location data collected from recently fitted collars can also provide important
insights into individual behaviour and possible cases of capture myopathy. Individuals
that appear to recover quickly from capture-related stress can exhibit reduced
movement rates in the days following capture (Dechen Quinn et al., 2012; Jung et al.,
2019; Thiemann et al., 2013), although this remains difficult to detect without
appropriate movement baselines. Within the logistical constraint of remote regions and
single capture studies, while prolonged observation of individual behaviour or thorough
investigations of suspect mortalities are unfeasible, it remains an important priority to
identify and mitigate any capture-related factors associated with increased risks of

capture myopathy.

Caribou and reindeer (Rangifer tarandus) are of great traditional, cultural, and
economic importance throughout boreal and circumpolar regions. Due to the particular
ecological and cultural importance of migratory caribou, the remoteness of the regions
they occupy, the spatial extent of their migrations (Joly et al., 2019), the occurrence of
significant population declines (Gunn, 2016; Uboni et al., 2016; Vors and Boyce, 2009),

and the persisting uncertainties over primary drivers of their population dynamics
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(COSEWIC, 2017, 2016), collar-based research on caribou and reindeer has been a
major contributor to their research and management (Bergerud et al., 2008). Telemetry
monitoring efforts began with VHF collars, first deployed on the Delta and Western
Arctic caribou herds in Alaska in 1979 (Davis and Valkenburg, 1979), and accelerated
after the advent of GPS collars (Rodgers et al., 1996), first deployed on the Leaf River
caribou herd in northern Quebec in 1993 (Rodgers, 2001) and quickly adopted across
other jurisdictions. The first generation of GPS collars were 3 times heavier than their
VHF predecessors, and it was soon suspected that long-distance migrators such as
caribou might incur important energetic penalties from carrying the additional mass
(Dau, 1997; Haskell and Ballard, 2007). Indeed, early adopters found evidence of
increased mortality in females of the Western Arctic (Dau, 1997) and George River
(Rasiulis et al., 2014) herds equipped with these heavier collars. Population vital rates
extrapolated from both VHF- and GPS-collared individuals of the Western Arctic herd
were found to be negatively biased relative to population-wide vital rates estimated from
aerial censuses (Haskell and Ballard, 2007). In contrast, no such long-term effects on
mortality or even body condition were detected in the relatively sedentary Svalbard
reindeer herd (Borquet, 2020). Early studies evaluating the immediate effects of caribou
capture focused on the comparison of chemical immobilization protocols and the
compilation of injuries directly caused by different darts and helicopter chase and net-
gun methods (Valkenburg et al., 1999, 1983). Subsequent studies have carefully
recorded cases of mortality occurring in the 30 days following the capture of caribou and
reported them as suspected cases of capture myopathy (St-Laurent and Dussault,

2012; Wood, 1996). However, despite the fact that ungulates are particularly vulnerable
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to capture myopathy (Paterson, 2014), investigations of potential risk factors for
migratory caribou during and after capture and handling are lacking. While studies
evaluating stress responses to multiple recaptures have assessed both short- and long-
term effects of handling on activity levels, recovery rates, and reproductive success of
Svalbard reindeer (Trondrud et al., 2022; Ugland, 2021), these approaches are not
feasible for migratory caribou because their vast ranges constrain monitoring programs
to single-capture study designs for which movement baselines are harder to define.
Previous studies of post-capture movement in deer circumvented this problem by
comparing the movement rates of recently collared animals to those of animals collared
in previous years (e.g., Dechen Quinn et al., 2012). However, migratory caribou herds
undertake the longest terrestrial migrations on Earth (Joly et al., 2019) and their
movement rates follow pronounced seasonal cycles, which vary between herds (Nagy,
2011), sexes (Cameron and Whitten, 1979; Jakimchuk et al., 1987), and as a function of
environmental conditions including snow depth and hardness (Gurarie et al., 2019),
insect harassment (Joly et al., 2020), and plant phenology (Mallory et al., 2020).
Individuals also exhibit unique movement behaviours which are influenced by
personality traits (Spiegel et al., 2017), life history stage (Cameron et al., 2018), and
social group dynamics (Torney et al., 2018). Defining baseline movements in migratory
caribou herds requires methods to effectively describe these complex population- and

individual-level effects.

Our objective is to evaluate the short-term effects of capture and handling on
movement rates and survival of barren-ground caribou (Rangifer tarandus

groenlandicus) using data that can be sampled within the constraints of single capture
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collaring programs. Specifically, our study focuses on describing appropriate statistical
methodologies to: (i) estimate how capture and collaring affect post-release
movements, including estimates of the magnitude and duration of these capture effects,
and (ii) elucidate the effects of stressors (e.g., handling time) and stress responses
(e.g., glucocorticoids) during the capture event on movement rates and mortality within
a 30-day post-capture window. As part of ongoing monitoring programs administered by
the Government of the Northwest Territories, cows and more recently bulls of the
Bluenose-East and Bathurst caribou herds have been fitted with GPS collars for almost
30 years. Once population baselines are appropriately estimated, we predict that, like
other social ungulates (Jung et al., 2019), females and males will exhibit differences in
movement rates and recovery times in the period immediately following release. We
also predict that capture event duration and indicators of acute stress response
(cortisol) will be important predictors of suspected cases of myopathy in the 30-day
post-capture window, but not indicators of musculoskeletal stress (CK and AST) due to
short handling period and the typically longer serum kinetics associated to these

indicators.

4.2 Methods

4.2.1 Study area and caribou herds

Our study spans a period of 16 years (2006 to 2022) in the regions north of
Yellowknife, Northwest Territories, Canada (62.4540° N, 114.3718° W) in the winter
ranges of the Bathurst and Bluenose-East herds. The maximum known extents of the
Bathurst and Bluenose-East herds’ annual ranges cover thousands of square kilometres

spanning the northern limits of the boreal forests and the barren-ground plains adjacent
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to the seas of the Canadian Arctic Archipelago, including Coronation Gulf and Bathurst
Inlet (see Fig. 4.1). Like many large migratory caribou herds, the Bathurst and
Bluenose-East herds have shown large changes in abundance over time (NWT Species
at Risk Committee, 2017). The Bathurst herd was estimated at 470,000 in 1986 but
declined more than 98% to an estimate of 6,800 in 2022 (Adamczewski et al., 2023).
The Bluenose-East herd declined from about 120,000 in 2010 to about in 19,300 in
2018, then stabilized and was estimated at 39,500 in 2023 (Boulanger et al., 2024). As
a result of these important population declines, the annual ranges of each herd have
contracted towards their respective former cores. The Bathurst herd’s annual range has
contracted northward and now occupies a mere 20% of the range occupied at peak
population numbers (Mennell 2021). Since 2015, the herd now overwinters mainly at or
above treeline. While the population decline of the Bluenose-East herd has been less
pronounced, their winter range has also contracted. All the captures were conducted on
the winter ranges of the two herds, which are now situated in the region north of
Yellowknife between Great Slave and Great Bear Lakes above and below treeline (Fig.
4.1). Their current winter ranges are located in the Taiga Plain and Taiga Shield
ecozones, which are characterized by spruce forests (Picea spp.) in the Mackenzie
River lowlands and on the Canadian Shield, respectively. In spring, barren-ground
caribou migrate north far above the treeline to reach their coastal calving grounds on

the tundra of the Southern Arctic ecozone.
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Figure 4.1 Map illustrating the region of each herd’s range in which capture and
collaring efforts were concentrated throughout the study period. Spatial data for annual
and calving ranges were provided by the Government of the Northwest Territories.
Regions of captures for each herd were drawn using a 95% minimum convex polygon
around all capture locations. Projection: NWT Lambert, NAD83.

4.2.2 Capture and serology data

As part of ongoing caribou monitoring programs administered by the Wildlife
Division of the Government of the Northwest Territories since 1996, handlers and net-
gun capture specialists captured female and male barren-ground caribou from the
Bluenose-East and Bathurst herds and fitted them with GPS satellite collars to track
individual and population movements. Following standard operating procedures
established by the NWT Wildlife Care Committee (Cattet, 2018), crews captured

individual caribou by net-gunning from a helicopter then promptly applying a blindfold
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and binding all four legs together to securely immobilize and reduce stress during
handling without the use of chemical immobilization. Captures mostly occurred in March
due to a combination of abundant snow cover to cushion the animal’s contact with the

ground, a suitable temperature range and extended daylight hours for field work.

Helicopter pilots initiated chases of caribou over sparsely covered or unforested
terrain, typically over frozen lakes, to facilitate net-gunning and reduce the time required
for landing and handling routines. Areas with rugged terrain or bare ice were avoided.
Capture caribou were released as quickly as possible, generally within 15 minutes of
initial capture. Each caribou was only captured once, and its fitted tracking collar was
programmed to release and drop after a predetermined sampling period, usually 2.5 to
3 years. Collars on females were fitted relatively snugly, allowing for a hand to be fitted
inside the collar. Collars on males were fitted more loosely, allowing for a fist to be fitted
inside the collar, to allow for neck swelling during the rut. Field crews generally limited
chasing a group of caribou more than once. In parallel to fitting of GPS collars (Lotek
and Telonics), technicians recorded chase start time, net-gun deployment time, sex, and
release time (see Appendix E in Cattet, 2018). Hereinafter, we refer to the time elapsed
between the initiation of the helicopter chase and the final release of the individual as
the “capture event duration”, which we used as an indicator of the relative stress of each

capture event in our evaluation of capture myopathy risks (see Section 4.2.5).

Field crews took a number of samples during captures, including hair, feces, and
blood for diverse monitoring and research applications. Blood was sampled from
captured caribou prior to their release and assayed to evaluate diverse indicators of

overall physiological health, including stress and musculoskeletal indicators that can be
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used to evaluate risks of capture myopathy. The blood sampled during handling was
stored either as whole blood or as serum spun from blood on the same day as captures.
Serum was subsequently analyzed for several serological parameters following the
procedure described by Johnson et al. (2010). We used the concentrations of cortisol in
blood samples as an indicator of pre-existing and current (i.e., during capture and
handling) stress levels in caribou. Additionally, we used the concentration of creatine
kinase (CK) and aspartate aminotransferase (AST) in serum as indicators of pre-
existing and current muscle stress that could potentially predispose individuals to
capture myopathy. While the population-wide frequencies of serological indicator
concentrations in blood samples are typically normally distributed, it is relatively
common for the distribution of some indicators to be right-hand skewed (Feldman and
Dickson, 2017). To address this in our own study, we applied a natural log-

transformation on CK and AST concentration values.

4.2.3 Daily movement rates

To study movement behaviours in the days and weeks after capture, we
computed daily movement rates (DMR) for each individual using location data recorded
by their GPS collars throughout the study period. Since 1996, telemetry collars have
been deployed on new individuals in barren-ground caribou herds using a staggered
entry sampling design to facilitate herd population-level survival estimates (Pollock et
al., 1989) and to keep the number of active collars relatively consistent (Gunn et al.,
2013). Total deployments have increased considerably in the last decade (2015-2022),
especially on males, as part of more intensive monitoring of the two herds associated

with their low numbers and declining trend. We retrieved location data recorded by
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collars equipped with GPS (i.e., no ARGOS data) for the Bathurst and Bluenose-East
herds via a Movebank repository (Kays et al., 2022) preprocessed to filter out location
errors and outliers. The resulting dataset spanned 16 years (2006 to 2022), a period
during which sampling frequencies varied by collar, season, and year, typically ranging
from 1 to as many as 24 locations recorded per day as technology improved and
monitoring objectives evolved (e.g., increased sampling during calving/post-calving or

geofencing near industrial development).

We screened individual tracks for duplicate records and unlikely movement
speeds between two successive locations (e.g., extraordinarily rapid movement relative
to population distribution and/or rapid round trips due to GPS errors). To reduce
sampling frequency bias in speed estimates (Gunn et al., 2001; Prichard et al., 2014;
Rowcliffe et al., 2012), we resampled one location per day for each individual to match
the coarsest sampling rate across all collars (i.e., 1 fix/day). Specifically, for each
individual each day we retained whichever observation was recorded closest to 09:00
hours (UTC-07:00), which constituted the most frequent GPS fix timestamp across all
the deployed collars in the dataset. Finally, we computed the geographical distance
travelled (i.e., Earth great-circle distance) between two successive latitude/longitude
coordinates using the haversine law, and estimated DMR (km/h) over the elapsed
period between the recorded daily locations. We square-root transformed DMR to
reduce the right-hand skew in the distribution of residuals in downstream analyses. We
conducted all collar location data inspection, visualization, manipulation, and
computation of DMR estimates using the “dplyr” and “ggplot2” packages in R (R Core

Team, 2023).
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4.2.4 Post-capture daily movement rates

We evaluated patterns in movement speeds of barren-ground caribou throughout

their annual cycle and in the post-capture period by parameterizing, fitting, and

comparing candidate models nested in increasing order of complexity using hierarchical

generalized additive models (HGAMs). We modelled seasonal patterns in DMR using

smooth terms for day of year (“doy”, 1 to 366) and post-capture temporal patterns using

days since capture (“dsc”, 1 to 30). We accounted for individual (“id”), annual (“year”),

and social (“sex” and “herd”) differences in the shape of those smooth terms by using

factor variables as interactions with smooth terms or as factor smooth terms. We used

these covariates to build three candidate models representative of our a priori

hypotheses:

Model 1: The daily movement rates of each sex and each herd follows distinct
annual seasonal cycles that vary according to individual behavioural differences
and annual environmental differences. We accounted for seasonal cycles in our
baseline model by including a cyclic cubic regression spline for “doy” to constrain
the start (0) of the spline to its end (366). We added a combined interaction of
“herd” and “sex” to the cyclic smooth, effectively allowing the model to fit
separate population-level (i.e., fixed effect) smooths and intercepts for the
seasonal cycles within each group. To account for differences in movement
speeds due to individual behavioural traits and annual variations in
environmental conditions, we also included a factor smooth term whereby the
shape of the smooth term for “doy” was further allowed to vary as a function of

“id” and “year” combined as a single factor variable (hereinafter “id/year”), an
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approach that is analogous to random slopes in generalized linear mixed models
(Pedersen et al., 2019). This model explains movement speed patterns using the
most current knowledge of barren-ground caribou behaviours and movement
ecology, effectively serving as a baseline model with which to compare the next
two.

- Model 2: The daily movement rates of recently captured caribou differ from the
population baselines. In this model we included all the same terms as Model 1,
but we allowed for a continuous population-wide response in DMR over the post-
capture period by adding a cubic regression spline for days since capture (“dsc”)
up to 30 days.

- Model 3: The responses of caribou to capture events are sex specific. Following
Model 2, we allowed for a continuous change in DMR in the post-capture period
up to 30 days, but we allowed separate cubic regression splines of “dsc” for each

sex by including an interaction with the “sex” factor variable.

We verified that smooth terms were fit with the appropriate degrees of freedom
(i.e., “k” parameter allowing level of wiggliness) using the HGAM workflow described by
(Simpson, 2018), and we fixed this parameter for smooth terms across models to allow
comparisons (Pedersen et al., 2019) and reduce bias in likelihood ratio tests (Young et
al., 2011). For models 2 and 3, we expected any movement rate differences in the post-
capture window to gradually resolve over a 30-day period, so we specified low
wiggliness (k = 3) for the smooth term of days since capture, effectively mimicking a
low-order polynomial that returns to the seasonal baseline on day 30. Time series

analyses with both population- (i.e., “doy” cyclic regression for “sex” and “herd”) and
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group-level (i.e., “doy” factor smooth for “id/year”’) smooth terms can be susceptible to
concurvity, analogous to collinearity in linear models. Following Pedersen et al. (2019),
we mitigated concurvity in the three models by: (i) carefully including appropriate
combinations of continuous/factor variables within the same model, (ii) specifying higher
wiggliness (i.e., parameter “k”) in the population-level smooths for seasonal cycles
relative to group-level smooths and post-capture smooths, and (iii) penalizing
pronounced departures from zero in the group-level smooths (i.e., parameter “m” set to
1). Following this approach, we did not include a separate population-level smooth term
for “year” because it was highly concurve with a factor smooth term of “doy” and “id”
given the staggered entry sampling design for the GPS collars in this monitoring
program. In addition to mitigating possible concurvity, attributing increased wiggliness to
the population-level smooths versus group-level smooths constitutes an important
requirement for proper inference given the gregarious nature of migratory caribou and
the strong seasonal signal in each herd’s dataset. We fit the three models using square-
root transformed daily movement rates as a response variable in order to normalize

model residuals and conserve the true zero of the response variable.

We parameterized, fit, and inspected each model using the “mgcv” (Wood, 2017)
and “gratia” (Simpson, 2024) packages implemented in R (R Core Team, 2023). To
improve computation time, we used cubic regression or cubic cyclic splines (i.e. no thin
plate regression splines), discretized model covariates (Li and Wood, 2020) and fit each
model using fast Restricted Maximum Likelihood in the “mgcv::bam()” function (Wood et
al., 2015) with parallel processing enabled (32 cores). To evaluate the trade-off between

predictive ability and parsimony, we compared the three nested HGAMs using Akaike’s
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Information Criterion (AlC) adapted to GAMs (Wood et al., 2016) and selected the best

model based on the lowest AlIC.

4.2.5 Capture myopathy survival analysis

We used survival analysis to evaluate how stress-related factors mediate the risk
of capture myopathy related mortality in a subset of females included in the study (n =
143). Specifically, we used generalized additive model (GAM) implementations of the
Cox proportional hazards model (Cox, 1972) to allow the fitting of non-linear and

interacting smooth terms (Wood et al., 2016).

We used the number of days an individual survived after a capture event as the
response variable in the survival analysis. In the post-capture period, deaths related to
predation and capture myopathy can be conflated (Beringer et al., 1996) and it is often
logistically unfeasible and cost-prohibitive to conduct immediate aerial investigations or
perform field necropsies to determine the exact cause of any given mortality given the
vast and remote study area. Despite helicopters being deployed in the NWT to
investigate any stationary collars in the 4-6 week period after a capture since 2012, in
the vast majority of cases there are no conclusive observations with regard to the cause
of mortality due to scavengers and predators. Consequently, we considered all
stationary collars within the first 30 days to be suspected cases of capture myopathy
related mortalities (Baumgardt et al., 2023; Beringer et al., 1996) and we right-censored

individuals that survived beyond that period.

To emulate frameworks describing the initial steps of capture myopathy (Breed et

al., 2019), we included model covariates representative of exogenous stressors and the
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resulting endogenous stress expressed in the form of increased nervous system
activation and musculoskeletal activity. Specifically, we used the capture event duration
as a proxy for the relative magnitude of the exogenous stressor experienced by each
individual and incorporated it into our model as a smooth term. We also included the
concentration of stress indicators in blood samples as measures of the endogenous
stress responses in each female. We included the concentration of cortisol as an
indicator of nervous system activation and CK and AST as indicators of the stress
engendered by musculoskeletal exertion. In addition to variations in pre-existing
baseline stress levels unrelated to the capture event (e.g., previous injury/exertion,
nutritional stress), the concentration of these indicators can increase as a direct function
of the duration of the capture and handling procedure (albeit at different rates) up to the
moment blood is sampled prior to release. Therefore, they should be included in the
model both as direct consequences of exogenous stress (capture event duration) and
as predisposing risk factors. To account for this, we included each stress indicator in the
model twice: (i) as a 1-dimensional smooth term (indicative of predisposing risk factors)
and (ii) as a 2-dimensional anisotropic tensor smooth term in which the indicator
interacts with capture event duration (indicative of capture event related stress). We
modelled all covariates using smooth and tensor smooth terms using thin plate spline
regressions with shrinkage, an approach analogous to variable selection whereby terms

can be penalized toward 0 if they are not important predictors (Marra and Wood, 2011).

We parameterized, fit, and inspected the Cox proportional hazards model using
the “mgcv” (Wood, 2017) and “gratia” (Simpson, 2024) packages implemented in R (R

Core Team, 2023). We used scaled score plots (Klein and Moeschberger, 2003) to
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verify that proportional hazard model assumptions were not violated by the model. We
used the partial effects of significant covariates to estimate their effect on predicted
survival at day 30 while fixing other covariates (including non-significant terms) at their

mean value.

4.3 Results

4.3.1 Capture and collar data

In total, we analyzed data from 450 individuals fitted with GPS collars as part of
monitoring programs in the NWT. Observations for the Bathurst herd are distributed
among 151 and 54 collared females and males, respectively. For the Bluenose-East
herd, there were collars fitted to 169 females and 76 males. Following
recommendations by Cattet (2018), most captures (90%) occurred in barren-ground
caribou’s late winter season (sensu Nagy, 2011) between March 10th and April 10th,
allowing more than one month of recovery prior to the calving season. This also
corresponds to the period of the year when caribou are relatively sedentary and during
which winter weather and snow conditions are the most favourable. Save 10 males
captured during the spring migration or calving seasons, the remaining 10% of collared
individuals were captured in early or mid winter (December to March). In the subset of
143 females included in the survival analysis (see Section 4.3.3), a total of 5 deaths
were recorded in the first 30 days, a mortality rate of approximately 3.5%. While these
are all treated as suspected cases of capture myopathy, only 2 of them occurred in the

week following capture, while 3 of them occurred 20 days or more after.
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4.3.2 Post-capture movements

Following our initial prediction, male and female migratory caribou exhibit
different daily movement rate (DMR) patterns in the recovery period immediately
following capture events. We successfully fit a baseline model (Model 1) that explains
population-level DMR patterns throughout seasonal cycles between herds and sexes
while accounting for group-level variability among years and individuals. Adding a
smooth term for “days since capture” to investigate post-capture recovery (Model 2)
does not improve predictions of DMR relative to the baseline model (AAIC < 2, Table
4.1). However, when smooth terms for “days since capture” are fit separately for each
sex (Model 3) we obtain important gains in predictive ability despite the added
complexity, which results in the lowest AIC score among the three candidate HGAMs
(Table 4.1). This best model’s explained deviance is 39.6% with an adjusted coefficient

of determination of 0.387 (Table 4.2).

Table 4.1 Model comparison metrics for the three candidate hierarchical generalized
additive models. The Akaike Information Criterion (AIC) for each model is presented
along with the AIC difference (AAIC) relative to the best model.

Model Terms AlIC AAIC
I T T T 1
1 s(day of year, by = herd/sex) + -60,435.17 9.05
s(day of year, id/year) +
herd +
sex
I T 1 T 1
2 Model 1 + -60,434.35 9.87

s(days since capture)

I T 1 T
3 Model 1 + -60,444.22 0

s(days since capture, by = sex)

Bold typeface indicates the model and associated terms with the most support.
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The baseline component of the best model (Model 3) highlights important
patterns in the movement rates between each herd and each sex, across each season
in the annual cycle, and across individuals and years (see Table 4.2 & Fig. 4.2). The
partial effects of the model’s parametric terms describe four intercepts, one for each
unique combination of sex and herd, that reveal statistically significant differences in the
mean movement rates between groups. Specifically, based on the mean of all observed
DMR values for Bluenose-East females (reference level), our model estimates they
travelled 5078.40 metres each day. In contrast, each day males travelled on average
92.26 metres less (SE = 1.18, p < 0.0001) than females while individuals from the
Bathurst herd travelled 5.40 metres more (SE = 0.25, p < 0.0001) than their
counterparts from the Bluenose-East herd (Table 4.2). While the wiggliness of the
model’s seasonal components is the same, the partial effects of smooth terms for “day
of year” (DOY) describe significantly distinct (p < 0.0001; see Table 4.2) shapes that are
unique to each factor level. For example, females exhibit greater fluctuations in DMR
throughout their annual cycle (see Fig. 4.2): (i) they are more sedentary than males in
late winter, (ii) they travel faster than males during the spring migration and abruptly
slow down again during the calving period, and (iii) they travel faster than males in late
summer. The population-level movement rates of females peak during spring migration
(DOY = 137) in the Bathurst herd and during early summer (DOY = 200) in the
Bluenose-East herd (see Fig. 4.2A & C). The only period in which male DMR is higher
than females of the same herd is during the rut, which typically peaks in mid to late
October (DOY = 290, Fig. 4.2B & D). After the breeding season, DMR slowly declines

across both herds and sexes throughout the duration of winter, hitting its annual
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minimum just prior to spring migration (see Fig. 4.2) when most captures occur. The
factor smooth allowing seasonal patterns to vary by individual and by year (i.e., “s(doy,
id/year)”) provides a significant contribution to the model (p < 0.0001; Table 4.2),
therefore improving estimates of population-level intercepts and smooth terms across

sex and herd.

Table 4.2 Model summary output for parametric and smooth terms in the selected
candidate model that best describes daily movement rates of barren-ground caribou.
Model was fit using a hierarchical generalized additive model. Parametric terms include
factor-level intercepts for combinations of sex and herd relative to the intercept for the
model’s reference level (“Intercept”, Bluenose-East Female), in units of the response

variable (,/km/h). Smooth terms include cyclic cubic spline regressions for day of year
(“s(doy)”), factor-level smooths for day of year for each individual each year (“s(doy,
id/year)”), and thin-plate spline regressions for days since capture up to 30 days
following a capture event (“s(dsc30)”).

Parametric terms Estimate Std. error  t-value p-value
Intercept 0.460 0.004 118.663 0.0000 ***
sex.Male -0.062 0.007 -9.163 0.0000 ***
herd.Bathurst 0.015 0.003 4.610 0.0000 ***
Smooth terms edf Ref. edf F-value p-value
s(doy):sex.Female/herd.Bluenose-East  21.932 22.000 1215.639  0.0000 ***
s(doy):sex.Male/herd.Bluenose-East 21.676 22.000 407.169 0.0000 ***
s(doy):sex.Female/herd.Bathurst 21.881 22.000 765.394 0.0000 ***
s(doy):sex.Male/herd.Bathurst 20.851 22.000 203.982 0.0000 ***
s(doy, id/year) 3769.497 5692.000 5.084 0.0000 ***
s(dsc30):sex.Female 1.840 1.971 3.583 0.0262 *
s(dsc30):sex.Male 1.884 1.984 4.047 0.0241 *

Significance codes: 0 <= "**' < 0.001 <"™*' < 0.01 <™ < 0.05

R-sg.(adj) = 0.387, Deviance explained = 39.6%

REML = -26802, Scale est. = 0.046516, n = 279405

“» denotes interaction, “.” indicates factor’s level, “/” indicates combination of two factors

The best model includes a statistically significant effect of “days since capture”
when the associated smooth term is fit separately for males (p = 0.0241; Table 4.2) and
females (p = 0.0262; Table 4.2), partially confirming our initial prediction that each sex
would exhibit differences in movement rates in the post-capture period. Once we

account for the additive effects of seasons, herd, sex, id, and year (i.e., baseline
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movement rates), females typically exhibit lower movement rates in the days

immediately following capture (see Fig. 4.2E) while males exhibit higher movement

rates (see Fig. 4.2F). While male and female movement rates are affected differently

(i.e., increase vs. decrease), these differences gradually return to baseline movement

rates over similar time frames, partially rejecting our initial prediction that recovery time

would be different between sexes. The recovery period for females is approximately four

days, at which point the differences in DMR are no longer distinct from baseline (i.e., Cl

overlaps with 0). For males, we observe a return to baseline movement rates on the

third day after capture.
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Figure 4.2 Partial effects of the smooth terms on daily movement rates of caribou fit with
a hierarchical generalized additive model (HGAM). (ABCD) Seasonal patterns unique to
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each sex and each herd are modelled by a cyclic cubic regression of caribou daily
movement rates as a function of day of year. (EF) Post-capture movement behaviours
are modelled by a cubic regression spline of daily movement rates as a function of days
since capture. Solid lines and shaded ribbons represent smooth term estimates and
their corresponding confidence intervals. Dotted lines indicate trends in which
confidence intervals overlap with zero. Strips in the margin of each plot indicate distinct
levels for interacting terms for sex and herd. Bathurst herd estimates are illustrated in
red while Bluenose-East estimates are illustrated in blue. Y-axis scale is the square-
root-transformed daily movement rate (km/h).

Comparing the best model’s summed effects for recently captured individuals (<=
30 days post capture) versus previously captured individuals (> 30 days post capture)
highlights that recovery time is short (see Fig. 4.3), even when predicted differences in
movement rates are relatively large. Most captures were performed when baseline
movement rates are at or approaching their annual low. Consequently, while absolute
divergences in DMR immediately following capture are small, they are proportionally
high relative to seasonal baselines, especially for females. For example, on the 80th
day of the year (the median capture date) the predicted movement rates of females
immediately following capture are 13% to 14% lower than expected based on the
seasonal behaviours of previously captured females, in the order of approximately 221
and 201 metres per day less than baseline for the Bathurst (see Fig. 4.3A) and
Bluenose-East (see Fig. 4.3C) herds, respectively. The lower DMR predicted for
recently captured females rapidly resolves and gradually increases until it intersects the
baseline around the 10th day. From day 10 to day 30, the trajectory and the shape of
the predicted DMR response for recently captured and habituated females are almost
identical. In contrast, predicted male DMR gradually decreases post capture and the
predicted trajectory and shape of DMR smooths for recently captured and habituated

males is similar throughout the 30-day post-capture period. The predicted movement
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rates of males immediately following capture are approximately 14% to 16% higher than
expected based on the seasonal behaviours of previously captured males of the same
herd (see Fig. 4.3B & D), a difference of approximately 218 and 175 metres per day

more than baseline for the Bathurst and Bluenose-East herds, respectively.
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Figure 4.3 Comparison of predicted daily movement rates (DMR) of caribou in the 30-
day period following capture and handling (i.e., post capture) relative to population
baseline. DMR for both female (AC) and male (BD) caribou in the Bathurst (AB) and
Bluenose-East (CD) herds as predicted by a hierarchical generalized additive model
(see Fig. 4.2). Capture events (red diamonds) are evaluated as having occurred on the
80th day of the year (~ March 20th), the mean capture date. Predicted post-capture
DMR (solid red line, £ 95% confidence interval) and baseline DMR (black dashed line)
are evaluated for the 30-day period thereafter.
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4.3.3 Post-capture survival

Capture event duration and the concentration of cortisol and aspartate
aminotransferase (AST) in blood samples are important predictors of suspected cases
of capture myopathy in females in the 30-day period following capture (Table 4.3). The
tensor smooth combining the effects of cortisol and capture event duration is the most
significant term in the model (p = 0.0016; Table 4.2), while the smooth term for log(AST)
is marginally significant (p = 0.0926; Table 4.2). Together, these two terms explain
35.5% of the deviance in the dataset of 143 females (Table 4.2). As a result of the
shrinkage splines used to estimate smooths, all other terms in the model effectively
shrank towards 0O (see Table 4.2 & Suppl. Fig. 4.1). The predicted probability of surviving
the 30-day post-capture period decreases gradually following a gradient of increasing
capture event duration and increasing cortisol concentration (see Fig. 4.3A). When
capture event duration is below 10 minutes, the predicted probability of survival is very
high (between 100% and 98%), even for females with an above average cortisol
concentration (> 110 mmol/L). When capture event duration increases to 15 minutes,
the predicted probability of survival is similar for individuals with below average cortisol
concentration (< 110 mmol/L), but it decreases to between 95% and 98% for females
with above higher cortisol concentrations. After 20 minutes the predicted probability of
survival remains above 90% even for females with higher cortisol levels, but between 20
and 25 minutes the predicted survival decreases below 80% then precipitously drops
regardless of cortisol levels. Independently of capture event duration, the rising
concentration of AST in blood samples is associated with a decline in the predicted

probability of survival (see Fig. 4.3B). While log(AST) provides some contribution to the
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model, the confidence intervals of the predicted relationship overlap with 1 (see Fig.
4.3B) and the confidence intervals of corresponding partial effects on the log-hazard
function overlap with O (see Suppl. Fig. 4.1D). The predicted probability of survival
remains above 98% until the log(AST) reaches approximately 4.55 ([AST] = 95 U/L), at
which point it gradually declines towards 92.5% when the maximum observed log(AST)

is reached at 5.16 ([AST] = 175 U/L).

Table 4.3 Model summary output for generalized additive Cox proportional hazard
model implemented with shrinkage on thin plate regression smooth and tensor terms.

Smooth/tensor terms with shrinkage edf Ref. edf Chi.sq p-value
T T T T T 1

s(capture event duration) 0.000 2 0.000 0.3849
s(cortisol) 0.000 2 0.000 0.3233
s(aspartate aminotransferase) 0.6614 2 1.790 0.0926 .
s(creatine kinase) 0.000 2 0.000 0.7533
te(capture event duration, cortisol) 2.4459 11 9.933 0.0016 **
te(capture event duration, aspartate aminotransferase) 0.2799 10 0.371 0.1803
te(capture event duration, creatine kinase) 0.000 10 0.000 0.3795

Significance codes: 0.001 <™**' <0.01 <™ <0.05<‘"<0.1
Deviance explained = 35.5%
-REML =21.476, Scale est. =1, n = 143
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Figure 4.4 Predicted probability of female caribou survival 30 days post-capture as a
function of significant capture and stress indicators. The probability of survival is
predicted by: (A) the combined effects of capture event duration (minutes) and cortisol
concentration (mmol/L) modelled by a tensor smooth (2-dimensional response surface
illustrated with stretched colour scale) and (B) the effects of natural log-transformed
aspartate aminotransferase concentration (units/L) modelled using a thin-plate
regression smooth (black line, grey ribbon for + 95% confidence intervals). The
probability of survival was predicted using a generalized additive Cox proportional
hazards model implemented with shrinkage smooths to identify important predictors.
See Table 4.3 and Supplementary Figure 4.1 for all model terms and corresponding
partial effects. Note that colour scale is bound by the limits of predicted values for
survival (0.23 to 1).

4.4 Discussion

The short-term impacts of capture on the movement rates and survival of barren-
ground caribou can be assessed, within the constraints imposed by single-capture
GPS-collar study designs and monitoring programs, using statistical routines that model
baseline movement behaviours to compare recently captured individuals with previously
collared individuals. Our assessment suggests that, across both herds, captures of
females conducted in late winter reduce movement rates by less than 300 metres per

day for approximately three days before returning to population baselines. We also
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found that longer capture and handling times and the magnitude of a female’s stress
response are associated with a small decrease in the probability of survival in the 30-
day period following release. We have demonstrated how, beyond reporting the
incidence of capture-related mortality, data commonly collected within the constraints of
single-capture collaring programs (i.e., GPS location data, blood serum analysis) can be
used to evaluate and communicate the impacts of capture and to inform strategies to
reduce them. Using these methodologies, our study further improves our understanding

of the effects of capture and handling on migratory caribou.

4.4.1 Short-term effects on movement rates

At a population level, there is a discernible effect of capture and collaring events
on the movement rates of barren-ground caribou in the days following release, but our
results suggest that this effect is relatively limited, and that recovery is swift. Specifically,
female movement rates were lower than seasonal baselines for up to three days after
release. During this three-day period, females typically moved 220 meters less than
baseline (see Fig. 4.3). However, given that most captures are conducted when
movement rates are at their annual minimum (i.e., late winter), this difference represents
an approximately 15% reduction relative to the baseline rate for females of each herd.
Males also returned to baseline movement rates within three days of being released,
but in contrast to females, males travelled more during the three-day period, typically up
to 220 meters more per day than expected (see Fig. 4.3B & D), an approximately 15%
increase over the male seasonal baseline for each herd. However, recovery time is
essentially identical between sexes (see Fig. 4.2F). To our knowledge, no other studies

have estimated capture effects on the movement behaviours of caribou in the period
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following an initial capture event. Trondrud et al. (2022) compared activity data recorded
by subcutaneous accelerometers before and after the recapture and chemical
immobilization of female Svalbard reindeer, estimating that activity levels decreased by
approximately 10% and returned to baseline within approximately 11 hours, on average.
The authors observed that when females were recaptured multiple times a year, activity
levels increased at each subsequent recapture but returned to baseline faster, although
the time required for heart rate to decrease back to a normal range was much longer
(Trondrud et al., 2022; Ugland, 2021). Other studies have investigated potential
changes in behaviours of wild caribou after longer interventions such as capture and
translocation for maternal penning or reintroduction. In a study of mountain caribou,
Ford et al. (2023) found that the movement rates of females following their release from
maternal pens were undifferentiated from their non-penned counterparts. Mathieu et al.
(2022) found that habitat selection of recently released translocated female mountain
caribou was identical to that of resident individuals. Post-capture effects in movement
behaviours are well documented in closely related cervids. For example, female white-
tailed deer (Odocoileus virginianus) exhibit lower movement rates, and their recovery
period extends to 14 days post-capture (Dechen Quinn et al., 2012). In contrast, female
mule deer (Odocoileus hemionus) exhibit elevated movement rates and displacement
following capture and translocation, and recover much faster, typically returning to
baseline behaviours within 24 hours. Like mule deer, female moose (Alces alces) also
increase their movement rates and displacement, and discrepancies in these

behaviours are detectable up to five days post-capture (Northrup et al., 2014).
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The contrast in movement behaviour between male and female caribou
immediately following capture could be attributed to: (i) physiological and energetic
differences between sexes, especially for pregnant females, and (ii) a higher affinity of
females to their immediate social group in a season when they are already highly
sedentary. Late winter represents an important seasonal energetic bottleneck due to the
low availability of high-quality food and the increased effort required to move around
and crater in deep snow (Bergerud et al., 2008). Pregnant females incur higher
energetic costs than other females during this period because they are diverting more
resources toward gestation (Barboza et al., 2020; Barboza and Parker, 2008) and
because they are heavier (Gerhart et al., 1997), which increases the cost of locomotion
through snow (Fancy and White, 1986). As a result of these additional energetic and
metabolic requirements, pregnant cows have higher heart rates than non-pregnant
females during the active phases of their daily cycle in late winter (Trondrud et al.,
2021). Recent research also suggests that hair cortisol concentration, an indicator of
chronic stress levels, is slightly higher in females than males of the Bluenose-East herd
and increases throughout late winter to reach its annual peak during migration and
calving (Rakic et al., 2023). The post-release decrease in movement observed in
females is likely driven by shifts in behaviours to promote rest and recovery from the
additional stress and energy expenditures associated with capture events. Social
dynamics may also play an important role. For example, Jung et al. (2019) studied
bison (Bison bison), another social ungulate, and observed that the movement rates of
females increased in the period following recaptures conducted by helicopter chase and

chemical immobilization, a pattern the authors attribute to the drive to regain their social
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group and dependent calves. Unlike bison, who are sexually segregated throughout
most of their annual cycle, migratory caribou occur partially in mixed sex groups during
the late winter season (Jakimchuk et al., 1987) when captures are conducted although
mature bulls still tend to congregate together. Late winter is the most sedentary phase
of caribou’s annual cycle, so it is unlikely that a captured individual’s social group has
ventured far from the site of capture once the helicopter pursuit ends. We speculate that
the post-capture increase in movement for males could be due to a stronger flight
response following release and a looser affinity to their immediate social group relative

to females.

Overall, our study demonstrated that the effects of capture on movement rates
for both sexes are limited, and the latency period required for behaviours to return to
population baselines are short. It remains possible that these population-level patterns
may mask some individual variation. Given the duration of the movement effects we
detected, researchers could censor the first week of location data associated with each
collar to reduce capture-effect biases if their research focuses on the late winter season.
However, given that (i) potential biases related to acclimation behaviours decrease
when longer time series are considered (Dechen Quinn et al., 2012) and (ii) the spring
migration period is characterized by some of the highest movement rates observed
throughout migratory caribou’s annual cycle, censoring data is unlikely to change the
outcomes of analyses conducted over the weeks and months following the capture

period.
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4.4.2 Statistical tools for estimating baselines and divergences from baselines

We demonstrated how hierarchical generalized additive models can be used to
estimate capture effects in single capture studies. We accomplished this assessment by
estimating population-level baseline movement rates, which are compared to recently
captured individuals to estimate the magnitude and duration of deviations. In recapture
studies, an individual can be compared to itself, but this precludes the evaluation of the
effects of the first capture. Alternatively, where possible, direct visual observation of
uncaptured and recently captured individuals can provide a powerful means to compare
their respective behaviours (Arzamendia and Vila, 2012; Nussberger and Ingold, 2006;
Stabach et al., 2020). However, in most cases where direct observation is not possible
and capture events occur only once, establishing a baseline requires control groups of
previously captured and collared individuals. For example, studies have compared post-
capture movement metrics or spatial distributions to those of previously captured groups
of individuals over the same period, employing methods such as individual-based
comparisons to daily summary statistics computed from groups of previously captured
individuals (Dechen Quinn et al., 2012), ad hoc comparisons of separate models fit to
recently and previously captured individuals (Northrup et al., 2014), and randomization
tests to detect differences between groups of recently and previously captured
individuals (Prichard et al., 2023). Some studies have forgone the use of control groups
entirely, opting to model post-capture time series with sigmoidal curves based on the
assumption that movement metrics for groups of recently captured individuals should
regress toward the unknown uncaptured population mean over a specified period

(Bengsen et al., 2021). In essence, the strategy we employed combines this last
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approach with those based on control groups, whereby we include model terms to
describe population baselines (i.e., cyclic smooths for day of year) while accounting for
annual and individual variation (i.e., factor smooths for id and year) then test for any
divergences from this baseline in the post-capture period by adding an additional term
(i.e., smooths for days since capture) with low wiggliness (i.e., low order polynomial)
emulating a return to baseline over the 30 days since capture. The main advantage of
this method is that a single model can be parameterized with all the covariates of
interest, avoiding the need to fit multiple models for individual covariates which would
likely violate model assumptions (Zuur and leno, 2016). Specifically, we were able to
examine the magnitude and duration of divergences from population baselines in the
post-capture period without the need for multiple individual statistical comparisons,
multiple single-covariate models with structured residual patterns, or visual inspection of

descriptive statistics.

The modelling strategy described herein demonstrates the power of cyclic cubic
spline regressions as a tool to account for the highly non-linear and cyclical daily and
seasonal movement patterns that can be especially pronounced in migratory species. In
ungulates, it is generally recommended to monitor for movement behaviour
discrepancies for up to 30 days post capture because this is a typical window within
which physiological effects of stress and capture myopathy may present themselves
(Arnemo et al., 2006; Beringer et al., 1996; Dechen Quinn et al., 2014). In many studies,
captures are conducted at different periods of the year, either opportunistically or by
design, posing an important challenge as comparisons of post-capture responses

across seasons with different baseline behaviours can introduce bias and uncertainty
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into estimates of the strength and duration of effects (Northrup et al., 2014; Trondrud et
al., 2022). Even when capture efforts are focused in a narrow period of the year, the
seasonal shifts in movement behaviours over the 30-day window can introduce
important biases into estimates of post-capture behavioural differences and recovery
periods. Our own study perfectly illustrates this challenge because the 30-day period
following the median capture date overlaps both the late winter and spring migration
seasons which are characterized, respectively, by some of the lowest and highest
movement rates (see Fig. 4.3) observed throughout migratory caribou’s annual cycle
(Nagy, 2011). By including cyclic cubic spline regressions to describe baseline seasonal
movements, researchers can control for these important variations and reduce the
potential biases they introduce into comparisons of post-capture effects across different
periods of the year. Similarly, they can be used to account for daily cycles when

sampling frequencies are high.

Researchers must carefully consider which hierarchical model structure may be
most suitable for their own study species. For example, migratory caribou are highly
gregarious and individual movements closely match herd-wide patterns (Nagy, 2011).
As such, the baseline components of the HGAMs are parameterized using population-
level smooths (i.e., one for each combination of herd and sex) and group-level smooths
(i.e., id/year) with similar wiggliness between groups (sensu Model GS, Pedersen et al.,
2019). However, in some species inter-individual differences in movement behaviours
may be the only pattern present or may completely eclipse any population-level patterns
(Shaw, 2020). When a population-level pattern is still present but inter-individual

differences in movement patterns are a stronger driver of variability, HGAMs can also be
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parameterized with a global smooth and group-level smoothers with a different
wiggliness for each group (sensu Model Gl, Pedersen et al., 2019). Researchers must
carefully consider the benefits of this approach, with particular attention to the greater
risks of introducing concurvity and inflating uncertainty around global-level smooths, and
the increased computational costs required to estimate penalties separately for each

group of observations (Pedersen et al., 2019).

4.4.3 Stress response and post-capture survival

While the incidence of post-capture female mortality was very low, our analysis
reveals that the risk of suspected cases of capture myopathy increases through the
combined effects of the total duration of the capture event (including helicopter chase,
physical immobilization, and handling) and the individual-specific stress response (as
indicated by cortisol and aspartate aminotransferase concentrations in blood samples).
A term combining the effects of cortisol and capture event duration was the most
significant term in the model and a term indicating AST concentration was marginally
significant. Creatinine kinase was also measured but was not found to be predictive of

post-capture survival.

While cortisol levels can indicate an individual stress response, their
concentration in wildlife blood samples can fluctuate with capture method, species, sex,
age, and habituation (Morton et al., 1995). The cortisol concentrations we observed
were typically between 27 and 237 nmol/L, which is lower than the 64 to 363 nmol/L
reported for 139 female boreal caribou blood sampled following a single capture by
helicopter using only physical restraints (no chemical immobilization) (Johnson et al.,

2010). This difference may be explained by shorter capture and handling times when
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conducting helicopter captures in tundra versus forested habitats. Levels in our study
are more similar to the 8 to 266 nmol/L cortisol ranges reported for female Svalbard
reindeer recaptured by snowmobile chases using both physical restraints and chemical
immobilization (Trondrud et al., 2022), although the Svalbard study’s handling times
were notably longer than ours, frequently lasting more than 25 minutes and sometimes
over an hour. In our study, we avoided chemical immobilization due to the susceptibility
of caribou to thermal stress when sedated in the cold temperature of late winter in our
study area and, consequently, all efforts were made to keep handling time below the
recommended 15 minutes (Cattet, 2018). In addition, barren-ground caribou are a
hunted species in the NWT and some hunters expressed concern about residual drugs
in caribou they might harvest. While numerous reindeer and caribou studies have
reported on baseline serological indicators of stress (e.g., Johnson et al., 2010) or on
the incidence of short-term capture/handling related mortalities (e.g., Mathieu et al.,
2022), to our knowledge none have related serological indicators to survival.
Endogenous responses to exogenous stressors initiate the metabolic mechanisms that
lead to capture myopathy in many species (Breed et al., 2019), and previous studies
have confirmed that increased handling time is the most important determinant of
cortisol levels in the blood samples of captured reindeer (Trondrud et al., 2022). By
including capture event duration and cortisol concentration into our survival model as a
tensor smooth term, our modelling approach accounts for their interdependence and
confirms that their interaction is an important determinant of survival outcomes.
Specifically, our results show that the predicted probability of survival declines as

capture events lengthen and cortisol concentrations elevate (see Fig. 4.4). Previous
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survival analyses conducted on caribou have focused on estimating population-wide
mortality rates and therefore have typically removed capture-related mortalities to avoid
potential biases (e.g., Hervieux et al., 2013). Focusing survival analyses on mortalities
occurring at capture or in the 30-day post-capture period can provide valuable insights
into the factors that mitigate or increase stress and risks to different ungulates. For
example, Baumgardt et al. (2023) found that neither sex nor age class influenced nilgai
antelope (Boselaphus tragocamelus) survival outcomes, but that overall mortality risk
was greatest in the first five days immediately following release. Van De Kerk et al.
(2020) found that mule deer (Odocoileus hemionus) mortality doubled relative to
population baselines for up to four weeks after capture and that younger deer were
generally more vulnerable. Jacques et al. (2009) used logistic regression to show that
relocation distances following capture were directly related to capture-related mortality
for pronghorn (Antilocapra americana), an effect that was not observed for the white-
tailed deer (Odocoileus virginianus) in the same study. In addition to species and age,
baseline stress or pre-existing musculoskeletal stress may also increase an individual's

susceptibility to capture myopathy (Breed et al., 2019).

Our results suggest that aspartate aminotransferase (AST) concentration in
blood samples is related to post-capture survival outcomes in migratory caribou,
although the source of detectable AST in our study is attributable to pre-capture
musculoskeletal stress. Blood indicators can provide a trove of information on the
nutritional and physiological health of individuals prior to capture. In particular,
musculoskeletal stress indices such as creatine phosphokinase (CK) and AST can

provide direct evidence of the physical exertion and muscle injury which may lead to
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capture myopathy (Breed et al., 2019). However, when capture events are short (< 15
minutes) it is unlikely that CK and AST would be produced and released into the
bloodstream quickly enough to be detected in samples collected prior to release. Serum
kinetics are poorly understood in wildlife species, and lacking species-specific rates of
AST and CK release from muscle cells and subsequent removal from the bloodstream
may limit our ability to discern indications of the onset of capture myopathy (i.e., muscle
damage) from pre-existing musculoskeletal stress as a result of prior injury, exertion, or
predator evasion. The modelling strategy we have described can account for this
uncertainty, whereby the inclusion of CK and AST in the survival analysis both as
independent terms and as terms that interact with capture event duration can help
discern if their concentration in the blood serum were are likely related to pre-capture
stress or a direct consequence of capture-related stress, respectively. Indeed, because
there was no evidence that AST or CK interact with capture event duration, we attribute
their variation to population baseline levels and pre-existing musculo-skeletal stress. In
domestic mammals there is evidence that serum concentrations of AST remain elevated
up to a week after muscle stress, while for CK only increases in the first day or two
before dropping (Latimer et al., 2003). In our own study, we speculate that because of
its longer detection window, AST provides a better indicator than CK for pre-capture
muscle stress and exertion, which likely explains why it was favoured as a covariate
within the survival model. Although no capture-related deaths were included in their
analysis, Trondrud et al. (2022) reported that recapturing female Svalbard reindeer
multiple times in the same year was linked to increased stress indices including longer

heart rate recovery time, higher cortisol concentration, and lower body mass relative to
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females capture once annually, results which suggest that baseline health and stress

levels further mediate stress responses.

4.4.4 Overall implications and recommendations

The results of this study indicate that post-capture movement rates of female and
male caribou return to baseline within four days of capture when assessed at a
population level, but the recovery time of some individuals may be considerably longer.
Given the importance of spring migration to caribou’s reproductive strategy, we
recommend allowing at least double and ideally triple this four-day population average
of post-capture recovery and acclimation prior to the start of spring migration. Because
the initiation of spring migration varies across years and between individuals, we
acknowledge that ensuring this post-capture and pre-migration recovery window can
prove difficult to balance with other important considerations such as temperature, wind
chill, and visibility (Cattet, 2018). Overall winter and spring snow conditions are likely the
best indicators for inferring the likely timing of migration, as shallow and/or compact
snow conditions may motivate earlier departures while deep snow may retard them

(Gurarie et al., 2019; Laforge et al., 2021; Le Corre et al., 2016).

While the varied acute stress responses of each individual to capture-related
stressors present an important confounding factor, the duration of capture events is the
primary variable that wildlife managers can control to reduce the risk of capture
myopathy. Current capture guidelines for barren-ground caribou suggest limiting the
total duration of capture and handling to 15 minutes (Cattet, 2018). Our results support
this limit on duration, and suggest it is adequate to mitigate the risks of capture

myopathy in the majority of captured females given the distribution of observed stress
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responses. Our analysis also suggests that when females exhibit a more pronounced
acute stress response relative to their peers, limiting capture event duration to 10
minutes can improve their probability of survival by almost 3%. While reducing capture
event duration by an additional five minutes is difficult even with experience and optimal
conditions, crews conducting migratory caribou captures should continuously strive to
minimize all handling time. In addition, although we did not investigate this specifically,
avoiding repeated helicopter chases of the same group of individuals may reduce

potential stressors and improve survival outcomes.

4.5 Conclusion

To minimize the impacts on individuals and maximize the benefits of collaring,
each wildlife monitoring program must carefully reconcile unique logistical constraints
and species-specific vulnerabilities. This can prove particularly challenging in remote
areas, where evaluating short-term and long-term impacts of captures and collars on
behaviour and survival is constrained by the lack of information from uncollared
individuals. In single-capture study designs, the types of analyses presented herein may
constitute one of the only sources of information to understand the relationships
between capture procedures and observed survival outcomes, especially in previously
unstudied or understudied species where physiological and veterinary knowledge is
limited. The rarity of immediate or short-term mortalities following caribou captures in
our own study is encouraging and highlights important advances in our understanding of
stress in ungulates and improvements of protocols and procedures to reduce potential

harm.
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5. General discussion

In this thesis, | have provided unique insights into the migratory movements of
barren-ground caribou in response to the rapid phenological shifts in lake ice occurring
throughout their circumpolar distribution. | have also analyzed how captures required for
current tracking and monitoring approaches effect caribou behaviour and survival. By
developing a new remote sensing algorithm named OPEN-ICE, | successfully
processed large quantities of satellite imagery from the open-access archives of
multiple optical sensors, fused them into a single times series of ice and water
observations, and produced the first high-resolution map of spring freshwater ice
phenology events that can accurately provide breakup dates for both very small (< 0.01
km?) and very large lakes (> 10,000 km?) lakes over entire continents (Chapter 2).
Capitalizing on the spatial resolution and broad coverage of the OPEN-ICE data
product, | was able to investigate the full breadth of freshwater ice phenology conditions
in the thousands of waterbodies encountered by female caribou during spring migration,
and found that females from Bluenose-East and Bathurst herds selected routes through
areas of the landscape dominated by small ice-covered lakes, generally avoided larger
waterbodies, and strongly avoided areas with breaking ice (Chapter 3). | further
investigated caribou movement and survival in the period immediately following their
capture, and found that: (i) movement rates of males increased in the days after capture
while those of females decreased, but that both sexes typically returned to their
respective population means within three to four days of release, and (ii) female
mortality in the post-capture period was rare, though its probability increased with the
duration of capture events and higher blood cortisol (Chapter 4). As a whole, this thesis
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provides unique contributions to our understanding of the seasonality and phenology of
the Arctic and its most abundant and widely-distributed large mammal, migratory
caribou, and sheds light on how its behaviour is shaped by spatio-temporal variation in

its environment and by the very methods we employ to monitor them.

5.1 Big data approaches to remote sensing and wildlife ecology

By distilling massive quantities of data into useful and easily interpretable
aggregate products, visualizations, and results, this thesis has contributed to developing
and describing analytical tools and methodologies that contribute to big data
approaches in the fields of remote sensing and movement ecology (Chapter 2, 3, and
4). Key scientific discoveries emerge from both experimental and observational study
designs, but as the complexity and the spatio-temporal scales of the systems being
studied increase, sampling large collections of observations across the different nodes
and links of a system informing ad hoc analysis is often the only avenue of investigation
(McCleery et al., 2023). Indeed, in disciplines like climatology or landscape ecology,
experimental manipulations at broad spatial scales are often impossible. The recent
explosion of both Earth observations (Chi et al., 2016; Wulder et al., 2019) and
biologging (Nathan et al., 2022) has provided unprecedented opportunity to dissect
complex spatio-temporal relationships between the environment and wildlife, including
investigations of nutrition and energetics (English et al., 2024), individual and population
behaviours (Gurarie et al., 2019), emergent collective behaviour (Dalziel et al., 2016),
and population dynamics (Johnson et al., 2022). However, traditional statistical and
computational methods may be insufficient or incapable of handling such large

quantities of data. As the low hanging fruits of ecology have been mostly picked dry
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(Low-Décarie et al., 2014), many disciplines have increasingly devoted efforts to
developing novel methods that can analyze and condense exponentially large datasets

to extract metrics with which to investigate and explore new questions in ecology.

In developing the OPEN-ICE algorithm and deploying it over all of Canada
between 2013 and 2021, | estimate that approximately 1.5 million distinct images were
accessed, classified, temporally filtered, and analyzed to identify temporal transitions
from ice to water in each 30-metre freshwater pixel (Chapter 2). Together, these images
have a combined footprint of approximately 22 billion square kilometres and contain
approximately 0.898 petabytes of information, an amount of data which would take
centuries to analyze even on most modern computers. The OPEN-ICE algorithm
successfully summarized all this information to extract an annual spring breakup date
for each freshwater pixel of Canada, which along with 3 other bands containing QA/QC

is approximately 10 gigabytes of information for each year.

While the collection of GPS observations collected by the collaring programs for
the Bathurst and Bluenose-East herds is several orders of magnitude smaller that the
image collections used to produce the OPEN-ICE data product, they nonetheless form
large databases that present challenging characteristics such as the hierarchical
structures and interdependence imposed by groups of observations tied to each
individual (Chapter 3 and 4). Furthermore, spatial analyses that estimate
selection/avoidance based on used-available study designs (i.e., path selection
analysis) can be extremely challenging to implement at these spatial scales especially
when some of the covariates of interest are in a rapid state of flux. For example, to

investigate the influence of lake ice on spring migration, we sampled ice phenology
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conditions by aggregating the frequencies of pixel breakup dates in the landscape
immediately surrounding each step (i.e., observed and random steps), requiring over 2
million distinct operations cumulatively summarizing all the 30-metre freshwater pixels in
an area over 100 million square kilometres. None of these operations would have been
possible without a cloud-computing platform such as GEE, which explains why such
tools are an increasingly essential part of the movement ecologist’s toolbox, and indeed

for any discipline investigating questions at such broad spatial scales.

5.2 Broad-scale high-resolution freshwater ice phenology data

product

The OPEN-ICE algorithm and data product delivers the first high-resolution (30-
metre) freshwater ice phenology product with North American coverage, providing an
unprecedented level of detail for the more than 880,000 Canadian lakes larger than 0.1
km? (Messager et al., 2016), and countless smaller ones (Cael and Seekell, 2016),
distributed throughout regions undergoing some of the fastest warming on Earth
(Rantanen et al., 2022). Beyond its utilization for migratory caribou research in this
thesis, the potential applications for the OPEN-ICE data product are diverse and
impactful, ranging from safety and transportation to limnology, aquatic and terrestrial
ecology, global biogeochemistry and climatology. Smaller lakes are more numerous
than larger ones (Messager et al., 2016), their combined area likely occupies a greater
proportion of the Earth’s surface than large lakes (Cael and Seekell, 2016; Verpoorter et
al., 2014), and, relative to their size, they are disproportionately large contributors to
atmospheric gas exchanges and geochemical cycles, including greenhouse gases
(Downing, 2010; Holgerson and Raymond, 2016; Pi et al., 2022). Despite ice cover
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playing such a central role in their interface to global cycles, a broad-scale
understanding of their ice phenology characteristics and feedback with regional climate
systems has been lacking. The thermal inertia of large lakes attenuates some of the
inter-annual variability in phenological events and, as such, they are and will continue to
be extremely important sentinels of long-term changes in climate (Sharma et al., 2022).
In contrast, small lakes exhibit much more interannual variation in ice-on/ice-off dates,
and monitoring breakup over thousands of lakes spanning many orders of magnitude in
size may help isolate the effects of thermal inertia in order to refine our understanding of
the climate drivers of that interannual variability, their relative contributions, and how
their local and regional differences may emerge into global trends. The OPEN-ICE data
product can also contribute to transportation safety and economic development, and
though it lacks the real-time capabilities for logistical and operational deployments, it
can be used to identify areas of lakes that are consistently first or last to thaw as an
indication of areas with thinner or thicker ice-cover, a crucial piece of information for
winter ice road networks or access to traplines and traditional territories (Mullan et al.,

2017; Prowse et al., 2009).

In its current form, OPEN-ICE has two main avenues for improvement: (i)
extending the algorithm to the fall freeze-up period, and (ii) accessibility of the product
for non-experts. Because freeze-up occurs when the duration of daylight decreases
throughout northern latitudes, the quantity and quality of the images captured by optical
sensors are lower during fall freeze-up than during spring thaw, a problem which is
further compounded by more prevalent autumn cloud cover (Sudmanns et al., 2020). As

a result, developing broad-scale models of freeze-up is a more difficult problem that is
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more prone to poor accuracy. Since the deployment of the Sentinel-1 SAR satellite
constellation (Torres et al., 2012), there has been a rapid increase in the availability of
open-access high-resolution radar imagery which is particularly well suited to detecting
ice conditions through clouds or in the darkness of night. This thesis would be
incomplete without a brief mention of the trials and tribulations | experienced trying to
classify Sentinel-1 imagery to integrate them into OPEN-ICE, efforts which | eventually
abandoned. While water and ice have distinct backscatter signatures in radar imagery,
during periods of transition between both states it can be quite challenging to discern
them (Geldsetzer et al., 2010). Researchers have demonstrated how Otsu thresholding
(Otsu, 1979) can be applied to Sentinel-1 imagery to accurately detect ice phenology
events like freeze-up in High Arctic lakes (Murfitt and Duguay, 2020). This methodology
requires building large frequency histograms of backscatter signatures in groups of
pixels over a region or through time. This is a powerful approach, but one that remains
difficult to adapt to broad-scale automated analyses due to memory limitations even on
cloud-computing platforms like Google Earth Engine. While easily scalable threshold-
based methods do exist for Sentinel 1 imagery, they are much less accurate. For
example, the Copernicus Land Monitoring Service’s ARLIE data product has integrated
Sentinel-1 ice classification in its current offering, but the designers of the underlying
algorithm report it only achieves 76.7% accuracy (CLMS, 2023). While freeze-up
remains unavailable within the OPEN-ICE data product, its algorithm is modular to
facilitate future integrations of other sources of ice-water classifications such as
Sentinel-1 imagery. The code base for the OPEN-ICE algorithm is open-source and

freely accessible through GitHub, but the data product itself remains difficult to share
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with non-experts because: (i) it is stored in 10 gigabyte rasters (one raster per spring),
(ii) it requires GIS software with a powerful computer or a Google Earth Engine (GEE)
account to visualize, and (iii) it does not provide lake-based or local regional statistics
without further processing. While it is possible to build web-apps on the GEE platform
and deploy some simple tools that would allow users to analyze or extract information
from lakes of interest, it does require some investment to cover the fees of hosting large
datasets. Such a platform could contribute valuable resources for citizen science
projects like IceWatch (naturewatch.ca/icewatch/) and Fresh Eyes on Ice
(fresheyesonice.org), helping drive engagement and integrate local and global scales of

observations.

5.3 The spatio-temporal dynamics of caribou spring migration in a

warming Arctic

This thesis provides significant insights into the migratory behaviour of female
caribou, specifically their avoidance or selection of paths in response to the size of
waterbodies and the phenological conditions of ice in the thousands of lakes they
encounter on their journey to calving grounds in spring. Because the timing of calving is
so crucial to calf survival (Vuillaume et al., 2023), a better understanding of the factors
that can facilitate or impede the arrival of females to the calving ground informs
understanding of caribou adaptability to the increased variability of conditions in a
rapidly warming Arctic. While emerging research has highlighted the roles of snow and
lake ice conditions during migration (Gurarie et al., 2019; Joly et al., 2021; Le Corre et
al., 2016; Leblond et al., 2016), only the presence or absence of ice has been
considered, usually in exceptionally large lakes over the landscape due to limitations in
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resolution. Using the OPEN-ICE high-resolution ice phenology product, | was able to
discern the phenological states of lakes to study how caribou not only respond to ice
and water, but how they respond to the transition between them, breaking ice, in both
small and large lakes in the landscape. | found that migrating females select migration
paths through areas of the landscape dominated by smaller ice-covered lakes and
typically avoid exposed crossings over large ice-covered lakes (see Fig. 3.4). While
females avoided areas with open water, they exhibited stronger avoidance of areas with

breaking ice, especially in larger lakes (see Fig. 3.4).

The research in this thesis has also demonstrated that the cues for the initiation
of migration by caribou are decoupled from spring ice phenology, which indicates that
migrating females will encounter breakup conditions more frequently as the Arctic
continues to warm. Recent broad-scale investigations of the timing of spring migration
suggests that females can adapt the timing of their migration to spring snow conditions
in anticipation of snowmelt and spring green-up at their calving grounds (Couriot et al.,
2023; Gurarie et al., 2019; Laforge et al., 2021; Mallory et al., 2020). However, the
thermal inertia of lakes and the additional heat stored during longer ice-free seasons
has resulted in a more rapid advance of break-up relative to snowmelt (Dauginis and
Brown, 2021), indicating that migrating females will encounter breaking ice more
frequently even as they advance the timing of their migration to earlier spring snowmelt
and green-up. While breakup conditions were still relatively uncommon during the study
period, observed migratory paths that encountered breaking ice more frequently
incurred important delays (see Fig. 3.5). Given that the migration routes of many

migratory caribou herds traverse some of the most lake-rich landscapes on Earth, these
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findings have profound implications for the future of caribou migrations. As breaking ice
is encountered more frequently in the coming years, it is likely that caribou will rely more
heavily on water-free corridors and land bridges during migration. Protecting these
movement corridors from industrial development or human disturbance will become
essential to conserve landscape connectivity and mitigate further disruptions to
migration. Spring snow conditions are and will continue to be a highly important
determinant of not only the timing, but also the duration of spring migration (Gurarie et
al., 2019). Indeed, while we understand that snow depth increases the energetic costs
of caribou movement (Fancy and White, 1987), we currently lack adequately detailed
remote sensing products to investigate snowscapes (Boelman et al., 2019) and their
broader impact on females, the energetic costs of their migration, and the inter-annual
variability of their arrival to the calving ground. While these constitute important
research priorities, identifying and protecting spring migratory corridors from human
disturbance through herd range planning is not only crucial but, save slowing the pace

of climate change, it is perhaps the only measure that is entirely within our power.

5.4 Estimating short-term effects on behaviour and survival in single-

capture studies

This research has contributed to our understanding of the short-term impacts of
capture and collaring events on the movement rates and survival of barren-ground
caribou and, more broadly, has described statistical strategies that enable researchers
to estimate capture effects in caribou and other species using data that can be collected

within the constraints of single-capture study designs (e.g., GPS location data, handling
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times, individual stress indicators). Estimating the effects of capture on movement
behaviour generally requires prior knowledge of an individual’s baseline behaviour as a
unit of comparison. However, directly observing behaviour prior to a capture or
conducting recaptures to compare behaviour before and after a capture (e.g., Stabach
et al., 2020) is unfeasible in many regions, especially those as large and remote as the
ranges of migratory caribou. Instead, researchers can compare a recently captured
individual's behaviour with baselines established by previously collared individuals that
are presumably habituated (Dechen Quinn et al., 2014). In this thesis, | describe a
strategy based on Hierarchical Generalized Additive Models (HGAM) that allows
researchers to estimate both the magnitude and duration of differences in post-capture
behaviour while controlling for important sources of variability such as the capture
period and the seasonal, inter-annual, and inter-individual fluctuations in movement
behaviour across herds. By controlling for herd, sex, year, and day of year, | found that
both male and female caribou exhibited different movement rates relative to population
baselines for approximately 3 to 4 days after capture (see Fig. 4.2E & F). But, contrary
to our initial expectations, the direction of that divergence differed between sexes.
Specifically, relative to the movement rates of their previously captured counterparts,
females moved less while males moved more following captures, a difference which we
speculate may relate to females experiencing higher energetic costs due to pregnancy
requiring them to reduce rather than increase movement following a stressful, energy-
demanding event. Indeed, captures were predominantly conducted in late winter, a
food-limited season that immediately precedes an urgent and expensive long-distance

migration.
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In this thesis, | demonstrated how survival analysis models can be used to
evaluate relative risks of capture myopathy and identify associated risk factors to help
improve capture methodologies. Capture myopathy is more common in ungulates
relative to other mammals and can occur within hours and up to 30 days after capture
(Breed et al., 2019; Paterson, 2014; Spraker, 1993). In the absence of visual monitoring
of potential symptoms after release or confirmation by a necropsy of muscle tissue, it is
often impossible to diagnose capture myopathy in remote areas where it is often
conflated with predation even if inspection of a carcass is possible (Beringer et al.,
1996; Flueck et al., 2005). As a result, unless a mortality occurs during capture and
handling, it can be extremely difficult to include post-release survival outcomes in the
evaluation of the short-term impacts of capture methodologies. However, using post-
capture movement and survival data from GPS-collars, we can flag suspected cases of
capture myopathy (Dechen Quinn et al., 2012) and use survival analysis to estimate if
characteristics of a particular capture event (e.g., handling time) or an individual
response to capture (e.g., combativeness, stress) correlates with survival outcomes. In
our study, we used this approach to analyze the survival outcomes of females in the 30-
day post-capture period and found that, while mortality was extremely low, the total
duration of the capture event (i.e., helicopter chase and handling time) and individual-
specific indicators of the relative intensity of current stress response (i.e., cortisol) and
pre-existing muscle stress response (i.e., aspartate aminotransferase) were predictive
of suspected cases of capture myopathy. Indeed, the concentration of stress indicators
in blood samples collected from individuals prior to release can provide a powerful tool

to evaluate capture-related or baseline stress (Cattet et al., 2008; Kock et al., 1987;
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Morton et al., 1995; Trondrud et al., 2022) and, to our knowledge, our study provides the
first evidence linking these stress indicators to post-capture survival outcomes in

caribou or reindeer.
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6. Conclusion

The future of migratory caribou is uncertain, but the emergence of new big data
applications and their importance to the future of wildlife science and conservation
seems clear. Combining Earth observations and biologging information is full of promise
and challenges, and this thesis has attempted to navigate both to advance knowledge
regarding lake ice phenology and caribou movement ecology. Future work can refine
and extend the big data and movement analysis approaches described here to
remaining knowledge gap, which include the fall freeze-up, winter and spring snow
conditions, and the applicability of these findings to other migratory caribou herds.
Regardless of the potential conservation value of biologging research, we must
continuously strive to reduce the impacts of biologging methods on the well-being of
wildlife and be wary of the potential for stress-related biases in observations. This thesis
has helped describe statistical strategies to evaluate these potential impacts. Future
work should focus on the development of less invasive technologies that require little to
no handling. While biologging and telemetry will likely remain important contributors to
many wildlife monitoring programs, researchers must carefully consider their impacts,
their associated research questions, and their potential for real and actionable

conservation outcomes.
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7. Supplementary materials

7.1 Supplementary materials for Chapter 2

Supplementary Table 2.1 Names, HydroLAKES IDs, surface area, and centroid
geographical coordinates of the 24 lakes from which spectral data was randomly
sampled from scenes captured by Landsat 7, Landsat 8, and Sentinel-2.

Lake Name ID Surface Area  Latitude Longitude
(km?)

Napaktulik Lake 21 1031.69 66.304 -113.089
Baker Lake 25 1664.70 64.162 -95.281
Dubawnt Lake 26 3583.21 63.111 -101.403
Lake Claire 34 1332.93 58.584 -112.089
Cedar Lake 51 2504.26 53.327 -100.134
Manicouagan Reservoir 55 1795.64 51.389 -68.648
Lake Nipigon 58 4505.95 49.822 -88.515
Red Lake Reservoir 61 1141.61 48.032 -94.916
Bluenose Lake 218 425.67 68.454 -119.717
MacAlpine Lake 234 392.01 66.558 -102.748
Nose Lake 255 155.19 65.411 -108.923
Artillery Lake 327 516.24 63.177 -107.867
Buffalo Lake 397 553.24 60.228 -115.446
Payne Lake 423 487.93 59.435 -74.103
Black Lake 425 443.84 59.183 -105.296
Peter Pond Lake 498 827.51 55.948 -108.817
Molson Lake 565 394.73 54.215 -96.815
La Grande 4 Reservoir 585 805.72 53.956 -73.266
Big Trout Lake 587 644.10 53.760 -89.993
Missisa Lake 622 182.80 52.312 -85.197
Trout Lake 646 347.42 51.204 -93.303
Kesagami Lake 665 175.21 50.347 -80.243
Lake Abitibi 707 946.77 48.750 -79.800
Duncan Lake 3890 69.27 62.872 -113.961
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Supplementary Table 2.2 Currently available large-scale data products used for
monitoring sea ice, snow cover, and lake ice.

Data product  Sensor(s) Spatial Reuvisit Method Area covered Years
resolution time covered
IMS Daily AMSU-A, 1 kilometre 1 day Analyst-informed Northern 1997 -
Northern ATMS, interactive Hemisphere present
Hemisphere = AVHRR, decision tree
Snow and Ice  GOES I-M
Analysis IMAGER,
MODIS
(USNIC, '
2008) :VITSAT 1R
mager,
MTSAT 2
Imager,
MVIRI, SAR,
SEVIRI,
SSMi,
SSMIS,
VIIRS
MODIS MODIS 250/500 1 day Threshold-based Global 2000 -
Snow/Ice Terra/Aqua metre classification coverage present
Products
(Hall et al.,
2023)
Copernicus Sentinel-3 500 metre 1 day Gaussian mixture  Northern 2021 -
Global Land  SLSTR model Hemisphere present
Service Lake (~13,000 lakes)
Ice Extent
(LIE-NH;
CGLS, 2023)
ESA Lakes MODIS 250/500 2 days Threshold-based Global 2000 -
8lr|1mate Terra/Aqua metre retrieval algorithm (~2,000 lakes) 2020
ange
Initiative data
product
(Lakes_cci;
Crétaux et
al., 2021)
Aggregated Sentinel-1 20 metre 2 days Threshold-based Europe 2015 -
River and SAR, classification freshwater present
Lake Ice Sentinel-2
Extent MSI+
(ARLIE;
CLMS,
2023a)
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Supplementary Figure 2.1 Individual and combined coverage of top-of-atmosphere
reflectance image collections captured by open-access high-resolution optical sensors
over Canada between 1999 and 2022. Coverage is illustrated by (A) the total area of all
scenes captured by each sensor and (B) the mean revisit time of each sensor over
10,000 randomly selected water pixels across Canada. Coverage was assessed
annually specifically within the window used by OPEN-ICE to estimate spring breakup
(February 15th to September 30th). The area of the timeline highlighted in red
corresponds to the period currently covered by the OPEN-ICE data product. Coverage
was assessed using Collection 2 Tier 1 images for Landsat sensors and Level 1-C for
Sentinel-2.
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Supplementary Figure 2.2 Individual and combined coverage of top-of-atmosphere
reflectance image collections captured by open-access high-resolution optical sensors
over Canada between 1999 and 2022. Coverage is illustrated by (A) the total area of all
scenes captured by each sensor and (B) the mean revisit time of each sensor over
10,000 randomly selected water pixels across Canada. Coverage was assessed
annually specifically within the window used by OPEN-ICE to estimate spring breakup
(February 15th to September 30th). The area of the timeline highlighted in red
corresponds to the period currently covered by the OPEN-ICE data product. Coverage
was assessed using Collection 2 Tier 1 images for Landsat sensors and Level 1-C for
Sentinel-2.
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Supplementary Figure 2.3 Maps illustrating a (A) Sentinel- 2 RGB compos:te of two
lakes alongside the four layers provided by the OPEN-ICE data product for the year
2020. For each pixel, OPEN-ICE provides (B) the breakup date (day of year), (C) the R?
of the logistic temporal filter (see Fig. 2.2E), (D) the total number of observations used
to detect the breakup sequence, and (E) the breakup gap (in days) between the last
observed ice and the first observed water (see Fig. 2.2F). Talbot Lake (64.02° N, 99.92°
W) was chosen to illustrate a case of extreme turbidity where OPEN-ICE performs
poorly. In this case, OPEN-ICE quality metrics indicate that the logistic filter’s R? is low,
that the number of observations is low, and that the breakup gaps are large relative to
the neighbouring Moose Lake (53.91° N, 99.76° W).
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Supplementary Figure 2.4 Distribution of per lake means of pixel quality metrics
associated with OPEN-ICE breakup estimates between 2013 and 2021. For each of the
105 lakes monitored by the Canadian Ice Service (see Fig. 2.1), per lake means were
computed for (A) the R2 of the logistic temporal filter (see Fig. 2.2E), (B) the total
number of observations used to detect the breakup sequence (between February 15th
and September 30th), and (C) the breakup gap (in days) between the last observed ice
and the first observed water (see Fig. 2.2F).
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Supplementary Figure 2.5 Trends of OPEN-ICE quality metrics extracted from 4000
random lakes annually between 2013 and 2021. Per lake means were computed for (A)
the R? of the logistic temporal filter (see Fig. 2.2E) and (B) the breakup gap (in days)
between the last observed ice and the first observed water (see Fig. 2.2F). These two
metrics are presented as a function of the mean lake observations per pixel to assess
their trends as the data density of time series increases. The presented trends are fit
using a generalized additive model.
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7.2 Supplementary materials for Chapter 3

Supplementary Table 3.1 Model comparison metrics for the three candidate path

selection models. The environmental covariates of interest for each model are indicated

along with their relative support by the data as estimated by the widely-applicable

information criterion (WAIC % standard error), the corresponding expected log predictive

densities (ELPD + standard error), and the differences in ELPD (AELPD * standard

error) relative to the best model.

WAIC ELPD AELPD
Model Environmental covariates (x SE) (x SE) (x SE)
I T T T T 1
3 Mean lake size (Small, Large, Very Large) 157,395.7 -78,697.8 0
Proportion of ice x Mean lake size (814.7) (407.3) (0)
Proportion of breaking ice x Mean lake size
Proportion of open water x Mean lake size
I T T T T 1
2 Proportion of ice 194,741.0 -97,370.5 -18,672.7
Proportion of breaking ice (979.1) (489.6) (113.1)
Proportion of open water
I T T T T 1
1 Proportion of hydrological features 195,181.4 -97,590.7 -18,892.9
(982.2) (491.1) (114.0)

x Denotes interactions between variables

Bold typeface indicates the model and associated variables with the most support.
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Supplementary Figure 3.1 Bayesian estimate trace plots depicting the estimated values
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Supplementary Figure 3.2 Distribution of posterior estimates for each coefficient in the
path selection model with the most support, where step time was included to reduce
bias associated to sampling frequency. The vertical band illustrates each distribution's
median value along with a shaded area representing 50% of the posterior distribution.
The distributions are truncated at 95% and bold typeface indicates covariates and
interactions that do not overlap with zero, illustrated in red. Interactions between terms
are denoted by “x”.
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7.3 Supplementary materials for Chapter 4
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Supplementary Figure 4.1 Partial effects of stress-related covariates on the log-hazards
function of a Cox proportional hazards model. Panel lettering in bold typeface indicates
terms with significant (C) and marginally significant (D) contributions to the survival

model (see Table 4.3 and Fig. 4.4).
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