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Abstract

This major paper explores the physical, economic, and cultural consequences of thawing
permafrost in Churchill, Manitoba. By analysing a combination of texts and permafrost data, this
paper examines how permafrost degradation will reshape Churchill’s make up in future years.
The research questions I address are as follows: (1) To what extent is permafrost thawing in
Churchill, Manitoba? (2) What are the implications of thawing permafrost in Churchill,
Manitoba? Specifically: (a) How does thawing permafrost affect economic activity (primarily
ecotourism) in Churchill? (b) In what ways does thawing permafrost affect the cultural practices

of Churchill’s Indigenous population (Chipewyan, Swampy Cree, Métis, Dene, and Inuit)?

Finding suggests that at least a quarter of Churchill’s continuous permafrost will degrade
in the next fifty years and may completely disappear by the end of the century (Gagnon &
Gough, 2005; Gough & Leung, 2002). The extent of this thaw creates a positive feedback loop
with Churchill’s industries, further threatening the sustainability of the town’s activities and
ground stability. This paper concludes with recommendations for future research on how to

move forward as a town in transition.

Keywords: Periglacial geography, permafrost, Churchill, northern community development,

subarctic environments



Foreword

This Major Research Paper is a contribution to, and culmination of two years of studies in the
Master of Environmental Studies (MES) program at York University. The guiding document of
my MES program was my Plan of Study (POS) which outlines students’ area of concentration,
learning objectives and learning strategies. I identified three components structuring my area of

concentration, which drive this research paper.

Permafrost: Exploring this rapidly changing component of the cryosphere was central to
understanding the transition Churchill will soon face. To support this component, I took ENVS
6179 Climate Change: Science and Policy in the Fall of 2018 to better understand current and
projected consequences of climate change. In the winter semester of 2019, I took ENVS 5112
Ecology in Environmental Studies to support my understanding of permafrost’s role within an
ecosystem, as well as ENVS 6182 Quantitative Research Methods to aid in my analysis and
understanding of permafrost degradation data. I completed an independent directed study on the
topic of periglacial geography with Peter Timmerman in the summer of 2019 and took ENVS

4447 Northern Ecosystems in the fall of 2019.

Churchill: The site of the case study explored in this paper is Churchill, Manitoba, an ecoregion
treasure at the junction of the boreal forest, the Arctic tundra, and the Hudson Bay. To support
this component, I took ENVS 6115 Ecological Economics in the fall of 2018 to expand my
understanding of the environment’s importance in Churchill’s economy. I also took ENVS 5011
Food, Land and Culture in the fall of 2018 to better understand the subject of Indigenous food

sovereignty and traditional land practices, which are threatened as permafrost thaws in Churchill.



I also completed an independent directed study on the history of Churchill with Peter

Timmerman in the summer of 2019.

Qualitative Methodologies: Prior to the COVID-19 pandemic, I had planned on conducting semi-

structured interviews in Churchill to better understand the implications that thawing permafrost
has on daily lives and livelihoods. To develop my understanding of qualitative methodologies,
including research design, interview structures, data management and analysis I took ENVS
6183 Qualitative Research Methods and ENVS 6152 Reshaping Research with Aboriginal
People in the Winter of 2019. While travel and my research interviews in Churchill were

ultimately cancelled, these courses aided in preparing me for literature review.



Overview

Chapter 1 presents the research context that will inform the Major Research Paper. Here I offer
fist a history of Churchill, Manitoba and explain the development of the town’s industries. Next,
I provide an introduction to permafrost and introduce factors that influence its development and

global spread.

Chapter 2 focuses on methodology. I outline my research plan and necessary research

recalculations after the COVID-19 pandemic.

Chapter 3 examines patterns of permafrost degradation globally and locally in Churchill, before

identifying physical factors and consequences of permafrost thaw.

Chapter 4 examines the economic implications of Churchill’s permafrost that, starting with the
significance of the town’s train line, and the train line’s importance to the reopening and
diversification of Churchill’s Arctic port. Next, Churchill’s ecotourism activities and their

relationship with permafrost are reviewed.

Chapter 5 looks at the cultural implications of Churchill’s permafrost thaw, specifically

addressing access to hunting and culturally appropriate food.

In the conclusion, [ summarize the premises and outcomes of the major paper. [ address limits

due to insufficient data and provide recommendations for future research.



Key Terms

Active layer: The top layer of permafrost ground that thaws and becomes cryotic with seasonal

variability.

Continuous Permafrost: Permafrost zones where 90-100% of the earth contains permafrost.
Cryotic: Soil or rock at temperatures of 0°C or lower.

Discontinuous Permafrost: Permafrost zones where 50-90% of the earth contains permafrost.
Isolated Permafrost: Permafrost zones with less than 10% permafrost coverage.

Permafrost: Ground with a temperature that remains at or below 0°C for two or more years.
Sporadic Permafrost: Permafrost zones where 10-50% of the earth contains permafrost.
Talik: A layer of body of non-cryotic ground that occurs in permafrost.

Thermokarst pond: Shallow bodies of water that occur when ice-rich permafrost thaw and

release moisture which then occupies the depression formed by the ground settlement
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Chapter 1: Research Context

1.1 History of Churchill, Manitoba

Positioned at the junction of the boreal forest, the Arctic tundra, the Churchill River and the

Hudson Bay, Churchill, Manitoba is a Canadian ecoregion treasure. Situated on the 58th parallel

north, Churchill and its nearly 1,000 residents are far from any other settlements and can only be

reached by plane, train, or boat, as there are no roads leading to Churchill. Despite the size of the

town, Churchill holds a big history and a significant presence in Canada.
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b

Figure 1: Location of Churchill, Manitoba
Image retrieved from World Easy Guides (n.d).
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1.1.1 Indigenous and First European Contact
1700 B.C — 1620 A.D.

Oral histories recount that the first residents of what is now Churchill were Pre-Dorset
peoples, a group of Paleo-Eskimo peoples, around 1700 B.C. (Brandson, 1994). The Pre-Dorset
peoples lived a semi-nomadic lifestyle and would travel southward to this area to hunt caribou in
the summer and ringed seal in the winter. Around the year 600 B.C. Dorset peoples, successors
of the Pre-Dorset peoples, arrived in today’s Churchill (Struzik, 2014). The Dorset peoples were
members of the Arctic Small Tool tradition (ASTt), a cultural group that developed along the
Alaska Peninsula and arctic Canada, who used a distinctive toolkit fitted with a microblade
(Brandson, 1994). They were later displaced by the Thule peoples, Inuit ancestors, who arrived
from the west around 1000 A.D. (Struzik, 2014) It is believed that by the 1500s the Inuit, Dene

and Cree in northern Manitoba had established strong trading networks.

Europeans first made contact with Churchill on September 7, 1619, when a Danish
expedition entered the Churchill River on the west coast of the Hudson Bay (Struzik, 2014). The
expedition was led by Jens Munk and was made up of 64 men who sought to discover the
Northwest Passage. Their two ships, the Unicorn and the Lamprey, were forced to winter in the
mouth of the Churchill River and Munk’s men succumbed to disease and starvation. Only Munk
and two others survived the winter and made it home the following year (Struzik, 2014). A
harbour at the mouth of the Churchill River in Hudson Bay was named Munk Harbour in

recognition of the explorer.



In 1688 the Hudson’s Bay Company attempted to establish their first permanent
settlement in Churchill at the same site as where Munk and his crew wintered years before.
However, the company temporarily abandoned the project as the post burned down in 1689. The
company’s second attempt in 1717 proved fruitful and the Hudson’s Bay Company opened a log
fort post eight kilometers upstream from the mouth of the Churchill River. This placed the post
approximately 200 kilometers northwest of the York Factory, another settlement, and Hudson’s
Bay Company trading post at the mouth of the Hayes River in Manitoba (Selwood, 2012). The
intention behind the new post was to “attract the Northern Indians to the fur trade” (Bussidor &
Bilgen-Reinart 2002). The post was named the Churchill River Post in honour of Lord Churchill,
who later became the first duke of Marlborough (Selwood, 2012). However, in 1718 Governor
James Knight, the Chief Factor for the Hudson Bay Company, requested a new name for the
post. The Governor and London Committee chose ‘Prince of Wales Fort” in honor of the British
royal family (Parks Canada, 2017). Trades at the Churchill River Post predominantly involved
fur from the Sayisi Dene peoples, and the Europeans relied heavily on the caribou meat at the
Sayisi Dene provided (Bussidor & Bilgen-Reinart, 2002). This contact was not without severe
consequences for the Sayisi Dene; during the eighteenth century the population of Sayisi Dene
peoples throughout the Canadian Northwest was substantially reduced from epidemics of
chicken pox, scarlet fever, smallpox, cholera, influenza and the whooping coughs (Bussidor &
Bilgen-Reinart 2002). Bussidor and Bilgen-Reinart cite Samuel Hearne as stating that “nine-

tenths of the Northern Indians died from diseases introduced by the Europeans™ (2002).

The uneasy peace between England and France in the 1720s led to the Hudson Bay

Company moving the post, for fear of attack. In 1730 a small peninsula called Eskimo Point at



the entrance of the Churchill River was chosen for the new stone post dubbed Prince of Wales
Fort II. As the water at the mouth of the river was only 640 meters wide the fort was “considered
to be quite defensible” (Parks Canada, 2017). In 1731 twenty-four Englishmen began
construction on the new fort which ultimately took more than 40 years to build because of the
short building season and sheer size of the fort. In 1782 the French invaded Prince of Wales Fort,
greatly outnumbering Samuel Hearne and his 31 men. Hearne and his men surrendered without
firing a single shot and were granted passage back to England (Parks Canada, 2017). In 1783
Hearne returned to Churchill to establish a new fort upriver; it became a stable trading post but
was never lucrative because of the continuing presence of the Hudson Bay Company. The nature
of the fur trade changed over the next several decades; when American whalers began sailing
into the Hudson Bay in 1860 their growing interest in polar bears was not for their hides, but
rather for sport and huntsman souvenirs (Struzik, 2014) By 1910, non-Indigenous trappers
arrived with the intention of harvesting insatiable numbers of pelts. At the demand of the Hudson
Bay Company to regulate the fur trade, the federal government passed the North West Game Act
in 1917 to prohibit the hunting of some animals and setting limitations for others (Bussidor &

Bilgen Reinart, 2002).

The Hudson’s Bay Company sold Rupert’s Land to Canada in 1870 and soon after signed
five different treaties with Indigenous peoples in southern Manitoba. At the time, the government
was focusing on opening the prairies for settlement and did not pay considerable attention
towards northern Manitoba, as it was considered too harsh for settlement and to not be of much

economic value (Bussidor & Bilgen-Reinart, 2002). Therefore, despite repeated requests from



northern Indigenous leaders, the process of signing treaties with northern Indigenous peoples did

not start for another 30 years.

1.1.2 Military Presence in Churchill

1900 — 1985

By the end of the nineteenth century the idea of creating a shipping harbour in Hudson Bay was
becoming popular as a way to have a more direct route to Europe and stake Canadian claim in
the Arctic (Gilmore, 2018). Initially in 1912, Port Nelson was chosen to house the new shipping
harbour, but the project was abandoned, and Churchill was chosen as the new build-site after the
First World War (Bussidor & Bilgen-Renart, 2002). In 1928 the railway finally reached
Churchill and a port and grain elevator were built (Bussidor & Bilgen-Reinart, 2002). The port
began shipping grain in 1931, primarily to European markets (Gilmore, 2018). The port was
dependent on grain from the Canadian Wheat Board, as 90% of the port’s business was wheat
(Gilmore, 2018). Bussidor and Bilgen-Reinart estimate that employment opportunities at the port
brought up to 3,500 men in the summer, while 50 people or less would remain in the winter

months to work for the Hudson Bay Company, as Anglican missionaries, or RCMP officers

(2002).

The Second World War brought about significant change for the Canadian North. When
the United States entered the war in 1941 Churchill became an important strategic zone for the
forces. With Canada’s permission in 1942 the United States Army Air Corps built the Fort
Churchill military centre which included an airstrip and living quarters eight kilometres east of

Churchill (Bussidor & Bilgen-Reinart, 2002). The United States Army began their First Army



Test Detachment in 1947, the same year that the Canadian Defense Research Board began a
northern laboratory at Fort Churchill to weather test equipment for both militaries (Taylor,

2002). Thousands of military personnel arrived in Churchill at this time, disrupting the wildlife
and social relations of the town (Bussidor & Bilgen-Reinart, 2002). After the Second World War
the United States Army constructed a Strategic Air Command (SAC) base at Churchill to support
northern monitoring stations, and as the military began pulling out of Churchill the airstrip
became the town’s airport, Churchill Airport (Struzik, 2014). The military formally left Churchill

in 1964 (Taylor, 2002).

As military presence dwindled in the 1950s Churchill was actively thought of as a
wasteland only suitable for trapping and hunting (Struzik, 2014). This thought brought Churchill
to the attention of Canada’s Defence Research Board, which added Churchill and surrounding
area to a list of sites where 12 Hiroshima-sized atomic bombs might be tested. Ultimately, the
atomic bombs were not tested in this area, as it was thought that northern Canada would be too

uncomfortable for the scientists involved with the project (Struzik, 2014).

In 1954 the same Defence Research Board built the Churchill Rocket Research Range 23
kilometres outside of Churchill. The military presence at Fort Churchill was a key factor in the
selection of the site as the base provided the necessary infrastructure and logistical support and
linked the research with the military. However, the location’s high aurora activity was another
significant motivator (Taylor, 2002). After a brief shut down in 1955, the International
Geophysical Year reopened the site from 1956-1958 to use the site to study the upper

atmosphere with sub-orbital launches of sounding rockets (Taylor, 2002). The United States



Army later used the site to test sounding rockets and new solid fuel propellant systems before
fire destroyed much of the facility in the late 1960s. After a rebuild the Canadian National
Research Council used the site during the 1970s and 1980s until its closure in 1985 (Taylor,
2002). Afterwards, the Churchill Northern Studies Centre developed their field station on the
rocket range. They now operate year-round with nine full-time staff and four-ten part-time or
seasonal employees, and host 100-175 researchers each year (Churchill Northern Studies Centre,

2018).

1.1.3 Relocation of the Sayisi Dene to Churchill

1950 — 1970

The Dene peoples have historically lived in the sub-Arctic region extending north and west from
Hudson Bay to the Mackenzie Valley and the Great Bear/Great Slave Lakes (Bussidor & Bilgen-
Reinart 2002). “Sayisi” means “the people from the east” in Dene and is the name for the Dene
community who lived on the eastern edge. The nomadic Sayisi Dene lived between the open
tundra and the tree line along the Churchill River, moving with the caribou herds each winter and
summer. Caribou were of great importance: women dried and smoked the meat, fat was used for
cooking and lanterns, sinew and hide were used to make clothes, snowshoes, teepees, bones were
used as tools (Bussidor & Bilgen Reinart, 2002). In the winter, as many caribou as possible were
killed and any carcasses that were not immediately needed would be kept frozen in snow, saved

for times of need (Bussidor & Bilgen Reinart, 2002).

As interest grew in northern Manitoba’s economic potential at the beginning of the

twentieth century the government offered an adhesion to Treaty Five for northern Indigenous



peoples to sign. The Sayisi Dene, who were one of the last northern Indigenous peoples to sign
the adhesion, signed on August 1, 1910 at Fort Prince of Wales. The treaty was poorly
communicated; it contained words and concepts for which the Dene language has no equivalent,
like rights, title, privilege, acre, longitude, latitude (Bussidor & Bilgen Reinart 2002). The Sayisi
Dene expressed concern over their traditional lifestyles and ability to hunt to which the
commissioner, former Methodist missionary Rev. John Semmens, responded “not for many years
to come, probably not in the lifetime of any of them, would their hunting right be interfered
with” (Bussidor & Bilgen Reinart 2002). The Dominion of Canada then laid claim to the
resources of the Sayisi Dene homeland in exchange for a visit by a doctor and five dollars per
adult annually (Bussidor & Bilgen Reinart, 2002). The treaty did not have immediate effect on
the Sayisi Dene aside from the celebration of Treaty Day each year, where the Sayisi Dene
would gather at Fort Prince of Wales near Churchill to celebrate and receive treaty money and

some food provisions.

In 1951 the Government of Canada adopted a new Indian Act which openly aimed for
assimilation and as early as 1953 plans were being developed to move the Sayisi Dene out of
their traditional lands (Bussidor & Bilgen-Reinart, 2002). There was a meeting about the
relocation on Treaty Day in July 1956, where the Sayisi Dene were promised more services if
they were to move to Churchill (Bussidor & Bilgen-Reinart, 2002). Chief Artie Cheekie
responded: “Our people are here because the caribou come here. There are plenty of fish on these
connecting lakes and that’s why this trading post was built here, to be near us. What is there for
us to live on in Churchill?” (Bussidor & Bilgen-Reinart, 2002). Still, a military aircraft arrived

on August 17, 1956 to move the Sayisi Dene population from Duck Lake to Churchill. The first



flight moved 58 people and 73 dogs, and subsequent army trucks moved the rest of the
population of 250-300 people (Bussidor & Bilgen-Reinart, 2002). Chief Cheekie again raised
concerns over the relocation with government officials when at a meeting in The Pas a month
after the move. Government representatives expressed interest in exploring the North River area
for relocation, however its banks flooded in 1957, forcing the community to stay put in

Churchill.

By the 1950s, Churchill had developed a stable population of non-Indigenous, Cree,
Metis and Inuit peoples who were in Churchill as military personnel, government officials, port
and elevator workers, or entrepreneurs. Until their relocation, the Sayisi Dene had been isolated
from the Churchill community, and the group quickly ended up in the margins of Churchill’s
society. The Sayisi Dene were referred to as “Indian Squatters”, “a serious Public Health
problem”, and their dogs were considered a nuisance and rabies threat, so were shot by the

RCMP (Bussidor & Bilgen-Reinart 2002). Without dogs, the Sayisi Dene would no longer travel

trap lines.

By the summer of 1957, 300 Sayisi Dene were living in Churchill, and in 1958 the
Department of Indian Affairs finally built cabins for the community. The neighbourhood, called
Camp-10, was built a couple of kilometres from the eastern limits of Churchill, close to the
Churchill cemetery. The neighbourhood had no source of fresh water, very little coal and no
kindling, an occasional garbage truck, and many difficulties with snowfall, including challenges
opening housing doors (Bussidor & Bilgen-Reinart, 2002). Quite notably however, is the

proximity of the neighbourhood to the cemetery. The Sayisi Dene greatly respect the spirits of



the dead and believe that a burial ground is not to be disturbed. Furthermore, Camp-10 was
situated on a polar bear path and no firearms were allowed in the neighbourhood. Bussidor and
Bilgen-Reinart explain that poverty, loss, and a sense of powerlessness drove most of the adults
at Camp-10 to alcohol (2002). Alcohol abuse and an unfamiliarity with store-bought food and

preparation resulted in kids and adults constantly scrounging in the Churchill garbage dump.

In 1966 Indian Affairs began making plans to move the Sayisi Dene to better
accommodations in the Churchill area. Indian Affairs chose to build Dene Village five
kilometres southeast of Churchill, and styled the new houses on cheap southern, suburban
homes. The new neighbourhood was built on muskeg that never drained and according to Phil
Dickman, a community development worker, the community was designed in a way to increase
interpersonal-tensions as “putting the houses close together has severely aggravated the
adjustment problems of people who were accustomed to living out of sight of one another”
(Bussidor & Bilgen-Reinart 2002). Bussidor and Bilgen-Reinart stated that “the settlement was
like a war zone. In Dene Village, the loud noises of people fighting, and shouting would start in
the early evening. It was like a war” (2002). Families began moving to Dene village in the fall of
1967. Death rates accelerated after the move as tuberculosis, malnutrition, house fires, river
drownings, beatings/stabbings, sexual assault, and freezing to death were common. Family
breakdown and social disintegration also accelerated; the Dene population made up 5% of
Churchill’s population, but 75% of police activity, and nearly all of the school truancy (Bussidor
& Bilgen, 2002). By 1971 families began deciding to move away from Churchill and return to
the land, however Bussidor and Bilgen-Reinart acknowledge that the trauma of the forced

relocation is long lasting (2002).
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1.1.4 Becoming the Polar Bear Capital of the World

1970 — Present

While the Sayisi Dene’s housing communities were undeniably extremely rough and poorly
planned, Churchill’s other residents also experienced poor housing conditions. Struzik explains
that these houses were bare-framed shacks “with additions that had been slapped on without any
observance to municipal codes” (2014). Water was sent into residential areas and stored in fuel
drums, and that the lack of sewage meant that honey buckets, chemical toilets and outhouses
were used but often resulted in raw sewage floating down the street during the spring thaw
(Struzik, 2014). Heat sources included oil, coal and woodstoves that would not have met safety
standards, and Struzik claims that “voluntary firefighters were busier than they would have been
in any other rural community” (2014). At this point in time, the 1960s, bear threats were
common and bear attacks were not rare (Struzik, 2014). There was a tumultuous relationship
between residents of Churchill and the town’s bears; the bears were thought of as “rats of the

north” and were shot to be killed when they came into town (Struzik, 2014).

It became clear in the 1970s that a plan needed to be implemented to address the polar
bear problem. In reflecting on the debate on what to do with the bears, Struzik recounts that it
received significant international attention with an estimated 300 million people turned in to
listen to the conversation (2014). Many suggested that Churchill’s polar bears should be culled,
while Churchill’s first conservation officer Dale Cross and Brian Davies, the founder of the
International Fund for Animal Welfare, suggested that problem bears be airlifted 200 kilometers
outside of the community. There were concerns about the amount of money and effort being
spent on moving the bears, while other groups were impressed by the humane conservation

11



efforts. Ultimately, as groups such as IFAW were already combatting the Canadian
government’s 1970 decision to allow Inuit-guided sports hunts in the Northwest Territories and
the International Agreement on the Conservation of Polar Bears was still being represented,

Operation Bearlift was indeed conducted in 1972 (Struzik, 2014).

In 1975 Churchill was in the final stage of reconstructions to improve upon the town’s
living conditions. This included the decision that polar bear problem responders should be put
into place permanently. One of the recommendations put forward by Roy Bukowsky, a wildlife
specialist, suggested that the government lease or purchase a building at Fort Churchill called D-
20, a military building due for demolition, so that problem bears could be held there. D-20 was
indeed purchased for the coast of a dollar in the summer of 1978 with the condition that the
province promised to dismantle it, remove the concrete pad, and landscape the area at the end of
its usable life (Struzik, 2014). D-20 opened in 1979 as a polar bear holding facility, often called

‘polar bear jail’ to support a long-term polar bear management solution.

The relationship between Churchill, its bears, and tourism changed in the 1980s. Struzik
states that as far as anyone can remember, the first instance of polar bear tourism was in 1972
when two American journalists arrived in Churchill looking for a chance to take photos (2014).
Eventually, Dan Guravich, a freelance photographer from Greenville, Mississippi, approached
Len Smith, a Churchill Shell gas station owner, and suggested he build a vehicle to help him get
his photography equipment out onto the tundra (Struzik, 2014). Smith then assembled the first
version of a Tundra Buggy, which he then called the Tundra Bus, using “a crankcase from a

gravel truck, an engine from a snowplough, differentials from a front-end loader, seats from a

12



school bus, and sixty-six-inch crop-spraying tires” (Struzik, 2014). The Tundra Buggy gave
Guravich the idea of offering polar bear tours to larger groups, which he pitched to Victor
Emanual, the owner of Texas-based Nature Tours Company. Emanuel agreed when the Canadian
Department of Tourism offered to support a promotional tour in the autumn of 1980 (Struzik,

2014).

In 1981, National Geographic aired a one-hour show featuring E.G. Marshall and
Academy Award winner Jason Robards, which marked a turning point for tourism in Churchill
(Struzik, 2014). Soon after, media interest in Churchill’s bears skyrocketed. Life Magazine and
CBC’s Fifth Estate both published pieces on Churchill’s tourism, and Guravich and Richard C.
Davids’ published a book called Lords of the Arctic. Bonnie Chartier claims that it was really the
National Geographic article that began bringing Churchill residents together in the tourism
industry, and that “no one in Churchill really knew much about the tourism industry until
National Geographic aired that program” (Struzik, 2014). Struzik writes that the tourism industry
brought together non-Indigenous peoples and Cree, Chipewyan, Metis and Inuit entrepreneurs in
a unique multicultural way (2014). Churchill’s residents had a meeting at the Chamber of
Commerce to formally discuss how the media attention could be harvested into a successful
economic venture; many of the entrepreneurs made up a brochure for their establishment or tour,
and everyone contributed “about $500 so that Penny Rawlings (Arctic Trading Company) could
mail the flyers out” (Struzik, 2014). Within a few short years, Churchill’s tourists grew from just
a few hundred, to 3,000-4,000, to today’s numbers of 10,000-14,000 (Struzik, 2014). Churchill is

now known as the polar bear capital of the world.
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Gilmore suggests that “the entrepreneurs and the researchers and tour guides will continue to
keep towns like Churchill alive” (Gilmore, 2018). Indeed, in 2011 when Stephen Harper’s
Conservatives ended the Wheat Board monopoly, farmers began choosing less expensive
shipping companies based in Thunder Bay or Vancouver. The decreasing shipping demand
resulted in OmniTRAX closing Churchill’s port and freight service in August 2016. Michael
Spense, the mayor of Churchill, noted at the time that the port was responsible for 30% of the
town’s economy, but “luckily, the tourism sector accounts for at least twice that.” (Gilmore,
2018). However, this begs the question of how the town so reliant upon ecotourism will fare as
global climate change affects the permafrost and ultimately infrastructure and animal patterns

their tourism industry so heavily relies upon.

1.2 Introduction to Permafrost

Permafrost is earth that is perennially cryotic, meaning that its temperature remains at or below
0°C for two or more years (Brown & Kupsch, 1974; Van Everdingen, 1976). The term
‘permafrost’ was first defined in 1945 by S.W. Muller as shorthand for ‘permanently frozen
ground’ (Brown, 1970), however this definition was later widely dismissed, as it was discovered
that the freezing point of water in permafrost terrain may be depressed several degrees below
zero, and that water may not be present at all (Brown & Kupsch, 1974). Brown and Kupsch
introduced the terms ‘cryotic’ and ‘noncryotic’ to periglacial literature in 1974 to solve this
major semantic problem (Harris et al., 1988). In this vein, permafrost is not considered ‘frozen’
and is described as ‘thawing’ and not ‘melting’ as it degrades. In addition to the varying
quantities of ice, which can range from ice held within soil pores to pure ice many meters thick,

permafrost material can consist of rock, sediment, and soil (National Snow & Ice Data Center,

14



2017). Permafrost is typically overlain by an ‘active layer’ which is the top layer of permafrost
ground that thaws and becomes cryotic with seasonal variability and measures an average of 15-
100 cm deep (Harris et al., 1988). The origin of permafrost is not well understood. The
Intergovernmental Panel on Climate Change (IPCC) writes: ... Permafrost has not persisted
throughout geological time but occurred rather sporadically without a discernable pattern”
(1990). However, the majority of present-day permafrost is believed to have formed during the
Pleistocene Epoch, ending 11,700 years ago (Brown, 1974) though evidence of permafrost has
been dated as far back as 600 million bp (IPCC, 1990). There are two modes of permafrost
formation: epigenetic and syngenetic (Vincent et al., 2017). Epigenetic permafrost occurs when
pre-existing rock or previously deposited surface deposits become cryotic, typically in periods of
significant climate shifts and cooling such as in the Glacial, Neo-glacial, and Little Ice Age
periods (Vincent et al., 2017). Whereas syngenetic permafrost involves surface deposits

accumulating under extremely cold conditions (Vincent et al., 2017).

Permafrost is classified based on its continuity into four zones: continuous,
discontinuous, sporadic, and isolated zones. Continuous permafrost is classified as areas where
90-100% of the earth contains permafrost, and is generally found in areas with mean annual
temperatures of less than -6°C (Anisimov & Reneva, 2006; French, 1999; Lawrence & Slater,
2005). Discontinuous permafrost zones have 50-90% continuity, while sporadic zones have 10-
50% continuity (Anisimov & Reneva, 2006; Lawrence & Slater, 2005). Areas with less than
10% permafrost coverage are considered isolated zones (Anisimov & Reneva, 2006; Lawrence
& Slater, 2005). Permafrost in continuous zones can reach up to 1500 meters in depth, as seen in

parts of Siberia, while permafrost may only be a few meters thick in sporadic and discontinuous
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areas (Arctic Monitoring and Assessment Programme [AMAP], 2004). There is a clear
relationship between climate and the zonation of permafrost zones. In examining this, Shur and
Jorgenson (2007) cite three types of climate, as first described by Shur and Ping in 1994: (1)
climate favourable to permafrost (permafrost always present); (2) climate neutral to permafrost
(permafrost can be present or absent); and (3) climate unfavourable to permafrost (permafrost
absent). Shur and Jorgenson explain that climate favourable to permafrost characterizes the
continuous permafrost zone, while climate neutral to permafrost characterizes the discontinuous

zone (2007).

1.2.1 Factors Influencing Permafrost Distribution

Permafrost’s presence is controlled by the energy balance at the ground surface
(Canadian Permafrost Association, 2020). Permafrost’s thermal regime is influenced by factors
such as topography, surface water and groundwater, soil properties, vegetation, and snow
accumulation (Jorgenson et al., 2010). Jorgenson et al. write that “There are numerous
interactions among these ecological components that can lead to both positive and negative
teedbacks to permafrost stability.” (2010). The interacting factors affecting permafrost’s
presence and stability can be categorized into climatic or terrain factors. Harris et al. explain that
climatic factors control the temperature and duration of heat on the earth’s surface, and include
altitude, latitude, longitude, and air mass movement patterns (2017). Terrain factors include
vegetation, topography, hydrology, and substrate. Harris et al. write that “The climatic factors are
dominant in areas of continuous permafrost, wherein the terrain factors increase in importance as

the percentage of ground underlain by permafrost decreased” (2017).
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The interaction of these factors direct Shur and Jorgenson’s (2007) five patterns of
permafrost formation: (1) climate driven permafrost: which develops in the continuous
permafrost zone under cool temperatures; (2) climate driven, ecosystem modified permafrost:
which develops when the collection of organic maters supports the formation of an ice rich layer,
supporting permafrost’s development; (3) climate-driven, ecosystem protected permafrost: which
is maintained by the ecosystem around it, but could not develop again in the same circumstances;
(4) ecosystem driven permafrost: which depends on a number of ecological features; and (5)

ecosystem protected permafrost: which could not develop again in the same circumstance.

1.2.1.1 Climatic Factors

Harris et al. first identify latitude as a significant factor that influences permafrost distribution.
As latitude determines the range of angles of incidence and solar radiation, it is understood that
“the potential amount decreases towards to poles, intensifying cooling in winter, and reduces the
effectiveness of the low-angle sun in the summer.” (Harris et al., 2017). They explain that
altitude affects the distribution of permafrost as air becomes colder with increasing altitude: this
is called the lapse rate, and the average near-surface lapse rate is -1.6°/100 m rise in altitude
(Harris et al., 2017). Next, they point to the significance of longitude as it influences eastward or
westward movement of air masses. Specifically, permafrost distribution is closely related to the
Arctic, Antarctic, and polar air masses. Harris et al. write “These air masses are very cold in
winter, and the dense cold air spreads out towards the equator until it collides with the
subtropical air moving poleward to the maritime Temperate air mass moving eastwards on-shore
from the two major oceans. Wherever the cold air masses go for substantial periods in winter,

permafrost and glaciers are commonly found” (2017). Cold air runoff winds, produced in
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mountainous terrain when air meets terrain surfaces, cools, and flows downslope, also affects

permafrost’s presence (Harris et al., 2017).

1.2.1.2 Terrain Factors

Hydrology is a significant terrain factor in permafrost’s presence. Snow cover plays a critical
role in permafrost areas for two reasons. First, the presence of snow changes the albedo of the
ground surface. The albedo of ground with vegetation is 0.1-03, while ground covered in snow
has an albedo of 0.7-0.85 (Harris et al., 2017). The reduced quantity of absorbed radiation keeps
underlying ground cool. Harris et al. write: “Snow cover, through its influence on ground
temperature can significantly affect permafrost occurrence. In discontinuous and sporadic
permafrost areas, snow cover may be the critical local factor determining whether permafrost is
present or not” (2017). Second, significant amounts of snow can provide ground insulation to
varying results. Thick snow cover can insulate the ground from heat loss, keeping the ground
warmer than under snow-free or minimal snow cover conditions. Harris et al. cite a study by
Goodrich in 1982 wherein his calculations concluded that “a doubling of the snow cover from 25
to 50 cm increased the mean annual surface temperature by several degrees. Rapid build up of
snow in autumn augmented this effect” (2017). In warmer conditions, snow cover can lead to a
deepening active layer. Opposingly, in cold environments, snow cover can support the presence
of permafrost if the snow cover can persist into the spring or summer. Harris et al. write: “This
delay would reduce the amount of warming of the ground that can occur.” (2017). Furthermore,
there is a complex relationship between rainfall and permafrost. McQuate writes that rain has an
underappreciated ability to transport thermal energy into soils, increasing the thawing ability of

permafrost landscapes (2019). However, rainfall can also support permafrost’s presence in
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instances where rainfall on snow cover reduces snow’s insulating quality (Harris et al., 2017).

Harris et al. also note that cloud cover associated with precipitation can also reduce incoming

solar radiation (2017)

In flat areas, vegetation plays an important role in permafrost by creating a canopy above
the ground’s surface and intercepting incoming solar radiation (Jorgenson et al., 2010).
Vegetation can also intercept the accumulation of insulating organic matter as well as snow, and
can promote transpiration (Harris et al., 2017; Jorgenson et al., 2010). Larger vegetation such as
trees provide a significant canopy against snow. Streletskiy et al. report that “increases of 30-45
percent in seasonal snow accumulation have been measured after the removal of evergreen forest
cover by clear-cutting at sites across Canada” (2015). Snowmelt is also reduced underneath
canopies as snow is protected from incoming solar radiation (Streletskiy et al., 2015).
Furthermore, moss plays a significant role in heat exchange as it has a low thermal conductivity
in summer and a high thermal conductivity of cryotic material in winter, meaning that moss can
generally “facilitate the effective cooling and storage of cold within the permafrost” (Streletskiy
et al, 2015). Streleskiy et al. write that in northern Alaska the addition of a 10 cm moss layer

resulted in a 15 percent reduction of the active layer thickness and a near 3°C decrease in the

mean summer soil temperature (2015).

Next, topography plays a role in permafrost’s presence as it affects the amount of solar
radiation reaching the soil surface. In discontinuous permafrost zones topography generally
causes permafrost to occur on north facing slopes that receive less direct radiation (Jorgenson et

al., 2010). Permafrost is also more commonly found in flat low-lying areas where winter air
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temperatures are generally colder, and where vegetation has a greater insulating affect

(Jorgenson et al., 2010). Topography can also affect snow accumulation and hydrology patterns

(Harris et al., 2017).

Soil texture plays a role in vegetation’s success, but more importantly affects moisture
and thermal properties. Shur and Jorgenson list the three contributing factors to the accumulation
of heat in the soil in summer and its loss in winter to be: (1) soil texture on drainage and
moisture, (2) moisture on the development of wetland ecosystems and peat accumulation, and (3)
soil moisture on thermal conductivity (2007). Wet organic soils typically have permafrost, while
silty and clayey soils in low-lying areas often have permafrost, as they tend to be poorly drained
and have higher thermal conductivities when cool in winter, than when warm in summer
(Jorgenosn et al., 2010; Shur and Jorgenson, 2007). This difference in conductivity results in
slower heat penetration in the summer and rapid heat loss in the winter (Jorgenson et al., 2010).
Permafrost is rarely found in gravelly soils because they tend to be well drained, with little
difference between thermal conductivities when cryotic or non-cryotic (Jorgenson et al., 2010;
Shur & Jorgenson, 2007). At the southern boundary of the discontinuous permafrost zone,

permafrost can only be found in soils with peat (Shur & Jorgenson, 2007).

Peat soil is unique because it is not of geological origin, rather, it is the product of other
organisms and can develop over any soil type given the right hydrology (Shur & Jorgenson,
2007). Peat is a deposit formed by a thick layer of dead plant remains and is formed when
vegetable matter decomposes slower than it is deposited. While permafrost and peat exist

individually of one another, permafrost peatlands are a key component of the Arctic and
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subarctic zones of Canada, Denmark, Finland, Norway, Russia, Sweden and the United States
(United Nations Environment Programme [UNEP], 2019). A positive feedback loop exists
between permafrost and peat: the cold temperature, water-saturation and water stagnation of
permafrost allows the accumulation of sediment and prevents it from decaying, thereby creating
peat. Peat then insulates permafrost from heat in the summer and helps keep permafrost cool in

the winter by becoming wet and cryotic itself (UNEP, 2019).

1.2.2 Permafrost Spread and Extent

Permafrost terrain covers 25% of the earth in the Northern Hemisphere, 37% of which exists in
western North America (Anisimov & Nelson, 1996; National Snow and Ice Data Centre, 2017).
There is an estimated 16.7 million km? of permafrost in northern Eurasia and 10.2 million km? in
North America (Anisimov & Reneva, 2006). Permafrost cover nearly 65% of Russia and 82% of
Alaska’s terrain (National Snow and Data Centre, 2017). Subsea permafrost, also known as
submarine permafrost or offshore permafrost also exists in the continental shelves of the polar
regions. This specific form of permafrost formed during the Pleistocene when the Arctic was
almost 20°C colder, and sea levels were 120-130 m lower (Osterkamp, 2001; Streletskiy et al.,
2015). Permafrost was then able to aggrade on the shelves exposed due to low sea levels
(Osterkamp, 2001). As subsea permafrost can not form under present climatic conditions it is

considered relict permafrost and is beginning to degrade.

The southern limit of permafrost is often represented with the -1° C mean annual air

isotherm (IPCC, 1990) but permafrost can also be found in the mountain ranges of the South

American Andes, on New Zealand’s Southern Alps, as well as on Tanzania’s Munt Kilimanjaro
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