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Preface

As a researcher, we may like to think that the findings we published ten years ago are
still valid, and I keep referring to them as if they are. However, life conditions and
ecosystems are constantly changing. The Intergovernmental Panel on Climate
Change (IPCC) just recently (August 2021) published their new report, “Climate
Change 2021,” with a summary of the current state of the climate and scenarios for
the future. According to this report, we will probably see increasing shifts in climate
conditions which will cause more extreme weather events and their consequences
(drought, wildfires, floods, erosion, and landslides) than ever before, affecting the
life of animals and many people around the globe.

What about the Arctic region? The frozen north—where people are still
harvesting from what nature may offer and relying on traditional knowledge gath-
ered through many generations to survive? Unfortunately, the prospective climate
change and its impact are expected to be even more severe in northern regions than
in other parts of the globe.
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This map shows the March (dark blue) and September (light blue) median extent
of the ice in the Northern Hemisphere during 1981–2010, a period that has been used
as an important reference for climate. In comparison, the ice extent for August 2020,
which is demarcated by a red line, indicates that the amount of ice is rapidly
declining in this region. This will likely have a severe impact on the life conditions
for many northern species, such as birds, seals, polar bears, and the marine
organisms in general—and for people.

Compared to other regions, very few people live in the Arctic today. However, as
the temperatures are increasing in many places, glaciers are retracting revealing
barren land that may have been covered by ice for thousands of years. The findings
of stone arrows, leather clothes, and bones from hunters and gatherers who perished
long ago remind us that people have actually been living off this land for thousands
of years—shaping stones for tools and learning how to make shelter and clothing to
combat the harsh and relentless natural forces of the Arctic.
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As a veterinarian, I have enjoyed the opportunity to work with infectious diseases
and zoonoses in wildlife species and populations in the northern regions for the most
of my career. However, as the work with this book developed, I realized that this
book project was not just about veterinary medicine. In an effort to increase the
understanding of the complexity of the biology, health, and diseases in these
northern ecosystems as well as its animal populations and its peoples, it instead
evolved into an attempt to introduce multidisciplinarity.

Thus, although a core part of this book, the aim was not just to present a review on
relevant pathogens and their epidemiology in northern regions. The group of authors
have all strived to reveal what is unique about the northern ecosystems and its
inhabitants. We have tried to portray the Arctic region as a whole, describing how it
is affected by different environmental, biological, and anthropological processes,
including climate change, seasonal animal migrations, loss of original wildlife
habitats, and pollution. We also present chapters on toxic hazards by hunting with
lead, potential hazards associated with traditional ways of conservation and prepara-
tion of arctic food, wildlife health surveillance, and challenges by providing good
veterinary services in small and local communities, as well as a short introduction to
reindeer herding and health and disease challenges.

As I am writing this, a small virus with just a few genes is ruling the world! After
nearly two years of the COVID-19 pandemic, we are still struggling to find the best
way forward for our families and local communities, as well as on national and
global scales. The pandemic has changed our lives in so many ways. It is a serious
reminder that a virus hosted by animals may sometimes overcome the host
restrictions and become a threat to people´s lives and our vulnerable societies and
economies.

This experience contributed to a strong tailwind, encouraging us all to have this
book published. It is more clear than ever that the well-being of the environment and
its living components are all connected. One Health is more than zoonotic
diseases—it is a multidisciplinary approach to broaden our views and knowledge.
It allows us to make better and more holistic decisions and to find sustainable
solutions on local, regional, and global levels. We hope this book will inspire
students and professionals alike to become engaged in the Arctic region and to
learn about the many ways this vulnerable region of the planet is challenged.

Tromsø, Norway
Koppang, Norway

Morten Tryland
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Part I

Introduction



The Arctic Region and Its Inhabitants

Anastasia Emelyanova

1 Borders of the Arctic

There is no unified border of “The Arctic.” Eight countries, different in many ways,
have land and waters in the arctic region—the Russian Federation, the United States
of America, Canada, Norway, Denmark (Greenland and the Faroe Islands), Sweden,
Finland, and Iceland. Russia has the longest border to the Arctic, with a coastline
spanning 22,600 km of the total 38,700 km (58.4%). Natural and social sciences
employ different definitions of “the Arctic,” and there needs to be awareness and
appreciation of these differences. The first Arctic Human Development Report
(AHDR) published in 2004 (Einarsson et al. 2004) and the second one in 2015
(Larsen and Fondahl 2015) employ the same delimitation of the Arctic, discussing
the various ways of defining it. They provide a commonly used definition for the
social sciences, although this definition has certain drawbacks. In particular, it
underscores the great subregional differentiation across the arctic territory, although
“Arctic residents do face many of the same challenges across the entire region”
(Larsen and Fondahl 2015). The detailed definition of the Arctic in the AHDR
(Einarsson et al. 2004) takes onboard the approach, where the location of jurisdic-
tional or administrative boundaries and the availability of data are prioritized for
practical reasons. For the specific focus of this chapter, we will follow the same
approach, utilizing the available population and health data (Fig. 1). As can be noted
from Fig. 1, large regions defined as Arctic administrative areas are in fact south of
the Arctic circle, which sometimes is used as a strict boundary of the Arctic.

The Arctic Council is a high-level intergovernmental organization that works
with the issues faced by the Arctic countries. It consists of several working groups,
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and they use different definitions of the Arctic, known as the Arctic Monitoring and
Assessment Programme (AMAP) working group’s borders, Emergency Prevention,
Preparedness, and Response (EPPR) borders, and the ones from the Conservation of
Arctic Flora and Fauna biodiversity working group of the Arctic Council (CAFF).
These definitions of the Arctic consider various bioclimatic subzones, vegetation,
glaciers, oceans, governance, laws and regulations, tourism, husbandry, and many
other key elements of the Arctic. These various borders show that “Arctic regional-
ism is territorially erratic and potential boundaries are set (and change) along
principally functional landmarks and towards problem-oriented governance” (see
the figure, e.g., in Knecht 2013).

Several interconnected interdisciplinary approaches provide an exhaustive basis
for determining the boundaries of the Arctic. One approach, recently published in the
largest Arctic Encyclopedia (Lykin 2017), mentioned some distinctive features of

Fig. 1 Arctic administrative areas are denoted by a purple line. Map compiled by Winfried
K. Dallmann, Norwegian Polar Institute

4 A. Emelyanova



the Arctic border, e.g., the Arctic Circle (66� North latitude). This definition is
particularly different from the AHDR definition that includes the territory north of
the 60� latitude, especially in the Western Northern hemisphere. Others include
physical features, e.g., differentiation of landscapes, zoning, tundra, forest tundra,
and taiga, as well as societal features such as discomfort for human life in high
latitudes, a rise in labor costs, production costs, depreciation of fixed assets, and
quality of life of the population (Lykin 2017). Zaikov et al. adds that the growth
season in the Arctic is much shorter than in lower latitudes, the periods with colder
air temperatures are longer, there are large territories of permafrost, and that also
other physical features of the Arctic are economically challenging. Some examples
include higher costs of industry and infrastructure development and maintenance,
higher costs of energy supply and transportation, special requirements for the
communal services in the arctic settlements, and in many places a limited diversity
of the local economy (Zaikov et al. 2019).

All the above-stated approaches to defining the borders of the Arctic are evolving
due to the processes of globalization and climate change, which represent new
challenges and opportunities for modern arctic people. Perhaps these definitions
do not so much focus on, e.g., nomadic Arctic people’s livelihoods. One example is
reindeer herding: When Sámi herders ruled northern Fennoscandia, they travelled
with reindeer between the coast and inland, utilizing different pastures. Then, the
borders between Norway, Sweden, Finland, and Russia were drawn between the
eighteenth and twentieth centuries, and “their country” was divided between four
nations, with perhaps little interest in the Sámi or reindeer herding (Evengård et al.
2015). Hence, the borders are important structures when talking about inhabitants,
both human and wildlife, of the Arctic.

2 Prehistoric Human Settling of the Arctic

For thousands of years, the Arctic was a home to many diverse groups of Indigenous
people, “surviving in at times unforgiving conditions while developing vibrant
cultures” (Evengård et al. 2015).

A number of sources discuss various aspects and dates of human colonization of
the Arctic, going back 30,000 to 45,000 years ago (e.g., Pitulko et al. 2016). The
times of colonization vary across the different Arctic regions. Proto-Eskimo culture
(ancestors of all modern Eskimo) in the Far Eastern North appeared about
12,000 years ago, when the first signs of humans were found in Alaska (Gusev
and Shumkin 2011; Guseinov 2012). The first groups of hunters entered the high
latitudes in America already 24,000 years ago (Diakonov 2019). Gusev and
Shumkin stated that people may have been attracted to the Far North to hunt animals
of the large Pleistocene fauna for food and valuable raw materials (e.g., mammoth,
woolly rhinoceros, musk buffalo, bison) and reindeer. Later, about 8000–7800 years
ago, the main objects of hunting were reindeer, polar bear, smaller prey, and birds,
according to the early hunter settlements of the Arctic. Domestication of dogs was
one unique feature of human activity at that time (Diakonov 2019). Humans peopled
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the North American Arctic (northern Alaska and Canada) and Greenland around
6000 years ago, leaving behind a complex archaeological record that consisted of
different cultural units and distinct ways of life (Raghavan et al. 2014). According to
Diakonov, Gusev, and Shumkin, Greenland was settled from the East about
4500 years ago when larger groups of proto-Eskimo hunters for marine mammals
moved into the area (Gusev and Shumkin 2011; Diakonov 2019). After that, the
Bering Sea culture began to develop about 3500 years ago (Guseinov 2012). The
inhabitants of the Bering Strait and the Arctic coastal area of Fennoscandia started
forming stationary settlements and community support systems, improving housing,
and establishing specialized marine mammal hunting with the use of a harpoon
(Gusev and Shumkin 2011).

Numerous detailed descriptions of how the Arctic was settled have been
published (Anderson et al. 2014; Raghavan et al. 2014; e.g., Filatov 2017;
Kotlyakov et al. 2017; Diakonov 2019). In Russia, the inclusion of the territories
of the Russian European North (tenth to twelfth until seventeenth century) and
Siberia and Far East (sixteenth to twentieth century) made this country the largest
of the Arctic nations. The colonization or resettlement of the Russian arctic regions
was done by many different peoples living in Russia and started almost a century
later than the colonization processes run by some of the European countries. It
continued until the late twentieth century, when many people moved up north
from the middle latitudes of Russia, partly forcefully (prisoners) but mainly volun-
tarily (labor migration). The essence and peculiarities of the colonization of the
northernmost regions of Russia, especially the Asian regions, were compared to
similar processes in America and other parts of the world (Rybakovsky 2018).

The population of northern Norway grew three to four times bigger after acquir-
ing independence from Denmark (1814) and building infrastructure; for example, in
1902, a railway was built that connected the north of the country to its south and
neighboring countries. For a very long time, the Canadian North was a colony and
not free to make decisions, including those regarding settling policy and processes. It
was visited by professional workers in a so-called shift method (several weeks/
months in the Arctic, several weeks/months out) until the main cities were
established in the twentieth century (Filatov 2017).

Many scientists and adventurous explorers from outside of the Arctic entered the
northernmost territories in the eighteenth century (Evengård et al. 2015). Those far
away Arctic lands were already well settled with Indigenous peoples and a small
number of settlers from the outside. The new visitors were also the first people to
introduce the Arctic to the global world, to describe its landscape, the wildlife fauna,
humans, and the various cultures met there (Evengård et al. 2015). While curiosity
was one factor driving people up North, commercial interests over the Arctic
resources started to prevail in the last three centuries, bringing more people to the
region. The economic reasoning behind the Arctic settlement was changing mas-
sively over time. In the period from the seventeenth to nineteenth centuries to the
beginning of the twentieth century, biological resources (fur and food) were traded,
and the main industries were hunting and fishing. From the end of the nineteenth
century until now, transportation development became important to satisfy not only
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national but also world interests. Since the 1930s, military defense activities in the
Arctic were strengthened, flourishing especially in the 1950s and 1970s, during the
Cold War. Today, the minerals and raw material, oil, and gas business of the Arctic
economy are the main driving economic forces, which started to take shape from the
end of the nineteenth century (the beginning of gold mining in Alaska—1880)
(Fauzer and Smirnov 2018).

3 Ongoing Population and Health Developments
in the Arctic

When assessing the health changes in the Arctic, it is crucial to understand the
demographic elements. In the recent past, population dynamics in the whole arctic
region have been shaped in many ways by the Russian depopulation processes. This
is because the Russian population comprises the largest share of the total Arctic
population.

From 1989 to 2019, the Russian Arctic lost about 30% of its population (Danilova
2020; Fauzer et al. 2020). In contrast, population growth has increased by 16.3% in
the non-Russian Arctic during the same period, due to several concurrent population
processes. In the North American and North Atlantic Arctic, the arctic communities
experienced a marked population growth in the twentieth century due to internal and
external factors (Emelyanova 2018). In 1945, the population of Alaska (USA) was
100,000 and grew sevenfold by 2015. In Greenland, the increase has been more than
fivefold in the same period, and a fourfold increase occurred in Iceland since 1945.
At present, only Alaska, Iceland, and the Canadian Arctic have continued to experi-
ence population growth due to positive net migration and natural population
increases (more births than deaths) (Larsen and Fondahl 2015). Figure 2 depicts
the regions of the Arctic that underwent population growth in the last decade
(colored blue) and regions with a declining population (colored red). The numbers
of inhabitants of northern parts of Sweden and Finland have declined up to 10% as
well as in many regions of Russia due to accelerated out-migration and natural
population decrease; the latter happens when there are more deaths than births.
Starting in the 1990s, the profound growth seen in Greenland and the Faroe Islands
reversed to a declining population trend. By 2018, the populations in these two
countries had returned back to the levels of 1990 (Gløersen et al. 2006).

In the Russian Arctic and Far Eastern regions,1 one recognized challenge for the
Russian government today is to cope with significant population decline (The
President Executive Order of 9.10.2007 №1351 2007). These include the Russian
regions with the highest levels of population decline (Republic of Komi,
Arkhangelsk, Murmansk, Magadan, and Sakhalin oblasts) as well as the Republic

1Eleven areas of Russia with a population of about seven million people total in 2018: republics of
Karelia, Komi, Sakha Yakutia, autonomous okrugs of Nenets, Khanty-Mansi, Yamalo-Nenets and
Chukotka, as well as Arkhangelsk, Murmansk and Magadan oblasts, and Kamchatka kray.

The Arctic Region and Its Inhabitants 7
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of Karelia and Sakha (Yakutia), which lose their population but at a lower scale. The
continued shrinking of the Russian Arctic population is projected to decline from
seven million people to only 5.9 million during 2018–2050. The fastest relative
population loss is expected in the Barents or North-West of the Russian Arctic
(Table 1). The populations of the Arkhangelsk, Murmansk, and Magadan regions
keep declining even under the optimistic Arctic Boost scenario in one of the
projection exercises (Emelyanova 2017).

The main reasons for the decline in the Russian Arctic population during different
periods were related to the booms and busts in exploration of natural resources,
lower quality of life in comparison with the central regions (Smirnov 2020), and the
policy of the state (Danilova 2020). Population density in the Far East is the lowest in
Russia, less than one person per 1 km2, which was addressed in the policy for the
development of the region (Golubeva and Emelyanova 2020).

In 2017, the Russian government developed the Concept of Demographic Policy
in Russia’s Far East for the period up to 2025 (The Government Decree of
20.06.2017 №1298-р 2017). One priority is to reverse population decline caused
by large out-migration and natural decrease. Several related governmental orders are
to be implemented in two stages, during 2017–2020 and 2021–2025. In 2020, the
President signed the Decree to update “The Strategy for the Development of the
Arctic Zone of the Russian Federation and Ensuring National Security for the Period
until 2035,”where it was reiterated that out-migration, population loss, lower quality
of life and lower health indicators in the Arctic compared to the rest of the nation are
threats to national security (The President Executive Order of 26.10.2020 №645
2020).

Selin states that in order to avoid economically driven demographic losses,
financial mechanisms must be strongly considered in addition to the demographic
policy framework; a boost of development must be encouraged, rather than the
current stabilization approach (Selin 2016). People from the arctic regions of Russia
are much poorer than nation-wide, even though they transfer more money into the
federal budget than they receive back after federal reallocation (Selin and
Bashmakova 2010). Compared to other arctic regions where larger companies tend
to involve and hire the local arctic population, Russian companies prefer to hire shift
workers as well as experts and machinery from abroad (Kryukov and Kryukov
2017).

Fauzer and Smirnov stated that the global Arctic has 415 settlements with a
population of over one thousand people, 135 of them located in its Russian part
(Fauzer and Smirnov 2018). The process of urbanization has done its job of
enlarging urban centers and regional capitals, e.g., 9 out of 15 larger cities in the
Arctic with a population above 50,000 are located in Russia (Fauzer et al. 2020)
(Fig. 3). However, in Russia, the largest northernmost cities have also lost their
population to other southern cities in Russia or abroad. The current Russian settle-
ment policy focuses on developing larger community centers using already devel-
oped infrastructure with more shift work and transportation opportunities to the
remote locations of the Arctic, rather than building new settlements for temporary
projects (The Government Decree of 15.12.1994 №31 1994; Blagodeteleva 2017).

The Arctic Region and Its Inhabitants 9
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Fig. 3 Settlements by population size in the Arctic by Nordregio (Wang 2019)
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The larger settlements of the Arctic are mainly regional or administrative centers
especially in the Canadian Arctic, Greenland, Iceland, and the Faroe Islands (Fig. 3).
In Alaska (USA), Arctic Fennoscandia, and in a few areas of Russia, the settlement
density is in general high, including many large settlements (Jungsberg et al. 2019;
Wang 2019). In Nunavut and Northern Quebec (Canada), Greenland, the Faroe
Islands, and Finnmark (Norway), most of the population live in small settlements.
The Yukon, bordering Alaska in the west, differs from other Canadian Arctic regions
due to its regional center Whitehorse, which comprises 65% of the total population
of Yukon. In the Northwest Territories and Labrador (Canada), Iceland, Troms and
Nordland (Norway), Norrbotten (Sweden) and Lapland (Finland), there is not such a
remarkable difference in the share of the population in small and large settlements
(Jungsberg et al. 2019).

The population residing in the Arctic is in fact a very small share of the overall
population of eight Arctic countries and keeps declining. In Russia, each of the
regions Chukotka, Kamchatka, Magadan, Karelia, Nenets, and Yamalo-Nenets
autonomous areas located in the Arctic has <0.05% of the total Russian population,
similar to the Canadian Arctic and Alaska (Emelyanova 2018). This small percent-
age contrasts sharply with the colossal part of the country’s land mass these arctic
provinces occupy. In many cases, this characterizes the region as a place of pristine
wilderness with low anthropogenic activity. The settlements are divided into highly
urbanized cities and, on the other hand, highly dispersed small communities and
villages situated across the region (Emelyanova 2017).

Fertility processes changed toward less children born in many regions (Fig. 4). In
2016, the total fertility rate (TFR) has been around the replacement level at which a
population exactly replaces itself from one generation to the next, without migration
(2.1 children per woman) in Nunavut, the Faroe Islands, Greenland, Nenets autono-
mous okrug (AO), Chukotka, and other areas next to the red line in Fig. 4. The
remaining areas have fertility rates below the replacement level, with the lowest level
found in Magadan and Murmansk oblasts, Troms in Norway, and Lapland in
Finland.

Even though the general population in Arctic areas is considered rather young
compared to other central and southern areas of Arctic countries, the process of
population aging is underway. We can see it in declining fertility rates, changing
population structure toward a declining proportion of people of working age and an
increasing number of older persons. The old-age dependency ratio (OADR; % of
working-age population based on pension age � 100) is as high in the Russian
Karelia and Arkhangelsk regions as in their Fennoscandian neighbors, whereas the
Siberian regions reached OADR levels similar to those in Arctic areas mostly
inhabited by Indigenous people, e.g., Greenland, and the Canadian Arctic. As
Scherbov et al. further details for the Russian Arctic, the OADR index will grow
in all Russian Arctic regions during the period 2018–2050 with an average growth of
26.8 index points, increasing at the fastest speed in the republic of Karelia (40.7)
(Scherbov et al. 2019).

Prospective old-age dependency ratio (POADR) (� 100) is another important
indicator of population aging. Unlike the OADR, POADR is adjusted according to
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the health gains and increasing life expectancy. This ratio is based on a flexible
threshold of who is considered old. It is calculated as a ratio of the number of people
older than the old-age threshold to the number of people between age 20 and the
old-age threshold. The ratio is multiplied by 100 (Scherbov et al. 2019). POADR
will grow less rapidly than OADR; the average change is 6.0 points, with the fastest
aging registered in Arkhangelsk oblast (10.4). It is interesting to note that according
to POADR, people in Chukotka will not age at all as a group, with only a 0.2 index
value change over three decades. Hence, societal challenges associated with popula-
tion aging might not yet apply there (index values come from Scherbov et al. 2019).

There is a significantly varying pattern of longevity in the Arctic. The average life
expectancy (LE) at birth in the Russian Arctic is shorter than in many other Arctic
places and was 65.7 years for males and 76.3 years for females in 2017. The male LE
is especially low compared to that of men in, e.g., Iceland, the Faroe Islands, and the
Swedish north (>80 years). When comparing the Russian northern areas, there is a
particularly large gap between the areas of around 7 years in female and 9 years in
male LEs with the lowest indication in Chukotka, and the highest indication in the
Khanty-Mansi AO—Yugra. The difference between female and male life expec-
tancy at birth has been up to 12 years longer for females in the Magadan oblast, with
the lowest difference between sexes found in Yamal-Nenets AO (9 years)—another
unique and sad feature of Russian longevity. The gender gap is significantly lower in
other parts of the Arctic.

The ethnic composition greatly affects processes in health and population devel-
opment. The United States classify people by race, Canada by ethnicity of Aborigi-
nal peoples, Greenland—based on place of birth. Iceland, and the Faroe Islands do
not have Indigenous populations since they were settled relatively recently by
outsiders. Fennoscandia has only one Indigenous group in the north—the Sámi.
The only areas where Indigenous people reside in the Russian Arctic are Khanty-
Mansi, Sakha (Yakutia), and Nenets AO. Arctic Indigenous populations often show
different “results” in demographic and health indicators compared to those of the
non-Indigenous population (Coates and Holroyd 2020). The Indigenous population
often has a much younger age structure, higher fertility and mortality, and faster
growth and is more likely to be located in predominantly rural regions (Emelyanova
2018; OECD 2020). Indigenous groups in Russia are facing a lower quality of life,
lower quality of social and health services as well as poorer housing, educational,
and communication opportunities in the remote areas of their residence compared to
the general population of Russia (The President Executive Order of 26.10.2020
№645 2020). This is often true based on the analysis of the wealth and the
livelihoods and living conditions of the Inuit, Sámi, and other Indigenous
populations in arctic settlements (Poppel et al. 2015; OECD 2020).

The health of people living in rural, remote Indigenous communities in the Arctic
is persistently poorer than that of their urban and non-Indigenous counterparts.
According to Bjerregaard et al. (2004), the incidence of infectious diseases in the
Inuit and other Indigenous peoples of the circumpolar north has declined consider-
ably in the second half of the twentieth century but is still high compared to many
European countries. Dramatic rises in mortality have been registered every winter
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for most developed countries (Keatinge 2002), with a reliably higher share of
pathological weather sensitivity among the northernmost European population com-
pared to the regions with a warmer temperate climate and high levels of emotional
stress in arctic residents (Hasnulin and Hasnulina 2012). Chronic diseases such as
diabetes and cardiovascular diseases are on the increase, while accidents, suicides,
violence, and substance abuse are of major importance for the pattern of ill health in
most Inuit communities in their homelands stretching from the easternmost tip of
Russia in the west to Greenland in the east (Bjerregaard et al. 2004). Lifestyle
changes, social change, changes in society, and the environment and circulating
contaminants are major determinants of health among the Inuit in many countries of
the arctic region (see, e.g., Bjerregaard et al. 2004; Curtis et al. 2005; Singh et al.
2014).

Many global and local processes have changed the community well-being in the
Arctic (Ribova 2000), including climate change and other environmental changes.
These processes have posed more longstanding and also emerging health challenges
to the inhabitants related to e.g., food and water security, changes in disease patterns,
and impacts on healthcare infrastructure (Parkinson and Evengård 2009; Larsen and
Fondahl 2015; Ruscio et al. 2015; Evengård and Thierfelder 2021). Climate change
has been predicted to be the most influential factor in the emergence of infectious
diseases (Sonne et al. 2017; Waits et al. 2018). Climate change can promote
multiplication rates of pathogens and introduce new infections to previously isolated
areas (Dudley et al. 2015; Waits et al. 2018). Climate change can also indirectly
affect health by changing human behavior, e.g., lead to more people using public
bathing facilities, providing increased risks for waterborne disease outbreaks (Eze
et al. 2014). In the case of Arctic warming, people can spend more time in nature and
public places, subsequently increasing chances to contract more infectious diseases
(Chashchin et al. 2017). Climate change can also affect contaminant levels, which
can lead to human health effects (Pacyna et al. 2015; Abass et al. 2018).

Warming of the climate might slightly prolong commercial anthropogenic activ-
ity in the Arctic; however, there will still be unfavorable conditions for shipping,
fishing, and resource extraction during a major part of the year. There will also be
lots of obstacles (e.g., lack of appropriate infrastructure, machinery and equipment)
to overcome with considerable financial resources and time before the very much
discussed “economic boom” connected to climate change is realized (Voronkov
2015). In addition to affecting socioeconomic activities like transportation, marine
sea food production, resource exploitation, governance issues and many others
(Crépin et al. 2017), the dominant drivers of arctic societal changes such as climate
change and globalization will change the traditional livelihoods in the North, e.g.,
bringing diversity to the cultures and languages, with a transition from traditional
foods based on hunting and fishing (e.g., “country food”) to the Western diet (Larsen
and Fondahl 2015). Overall, the manifestations and future predictions of climate
change vary across the Arctic and between and within communities, and conse-
quently, the need for adaptive responses varies (Larsen and Fondahl 2015).

The abovementioned increasing globalization is another megatrend affecting the
inhabitants of the Arctic in many ways. For example, health and disease patterns

16 A. Emelyanova



(increased obesity, diabetes, and cardiovascular diseases) are changing, population
out-migration is promoted as people seek opportunities and alternatives outside the
Arctic, and energy security is compromised by shifting energy prices. Increased
globalization also has many other both positive and negative effects on the daily
lives of inhabitants in the Arctic (Larsen and Fondahl 2015). Globalization in the
circumpolar world and its various effects on the economies of the North, traditional
livelihoods, security, well-being, and other systems have been described in detail in
the book by Heininen and Southcott (Heininen and Southcott 2010; Jabour 2011).
Some chapters in the book examine the impacts of globalization on groups of
Indigenous people, e.g., the Sea Sámi in northern Norway and the Nenets reindeer
herders in Russia. Both groups have been able to find new ways to deal with the
challenges they face (Heininen and Southcott 2010).

More research is required on innovative, economically effective ways to improve
human and wildlife well-being (Larsen and Fondahl 2015). In the view of Stephen
(2018), challenges for future research on societal impacts of a rapidly changing
Arctic include achieving greater clarity and critical reflection around key concepts.
Arctic sustainable development, climate change, and globalization as the dominant
drivers of societal impacts in the Arctic, the Global Arctic, and the Arctic stakeholder
concept are some concepts to be considered. The use of comparative methods to
investigate societal impacts of a changing Arctic is essential for cases both within
and also beyond the Arctic, as the Arctic is certainly unique but not the only place
affected by global change processes (Stephen 2018). The use of best practices and
reinforcing all possible assets is essential. One Health is also a prominent approach
to consider these connections between the environment, plant, animal, and human
health. Understanding this is increasingly critical in assessing the impact of global
climate change on the health and well-being of Arctic inhabitants (Ruscio et al.
2015).

4 Conclusions

The approaches to defining the borders of the Arctic stated in the chapter are
numerous and currently evolving due to the processes of globalization and climate
change. These definitions have not yet shown much focus on nomadic Arctic
people’s livelihoods.

Based on historical data, human colonization of the Arctic by Indigenous people
goes back 30,000 to 45,000 years ago, depending on the area of the Arctic. The
population of the northernmost areas grew much faster in the nineteenth to twentieth
centuries due to commercial interests over the Arctic natural and biological
resources.

Currently, most territories in the Russian Arctic experience a natural decrease
(30% population lost from 1989 to 2019) due to severe out-migration and prevailing
count of deaths over births, while a population growth of 16% was found in many
other non-Russian Arctic territories during the same period. Special policies and
governmental strategies are nowadays in place to stimulate population growth in the
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Arctic. The ethnic composition greatly affects processes in health and population
development. The Indigenous population often has a much younger age structure,
higher fertility and mortality, and faster growth and is more likely to be located in
predominantly rural regions. They are facing a lower quality of life, lower quality of
social and health services, as well as poorer housing and educational and communi-
cation opportunities, which requires continuous effort from all decision makers to
improve the situation.

Climate change and environmental changes also affect community well-being to
various degrees across the Arctic and between and within communities. In addition,
as documented above in this chapter, there is a clear trend toward the emergence of
new human infectious diseases in the Arctic and a strong impact on contaminant
levels. There is a consequential need for adaptive responses. One Health is one of the
prominent approaches to consider the connections between the environment, plant,
animal, and human health in a rapidly changing Arctic.
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A Holistic Approach to One Health
in the Arctic

Arleigh Reynolds, Susan Kutz, and Tessa Baker

1 What Is One Health?

The concept of One Health recognizes the interdependence of human, animal, and
environmental health, and that a holistic approach to the wellbeing of all will lead to
improved health outcomes and enhanced resilience. As the discipline is evolving,
our understanding of the interdependence of animal, human and environmental
health has broadened with the realization that none of these can be truly healthy
unless they are all simultaneously healthy (Hueffer et al. 2019). At the time of this
writing, the world is engulfed in a pandemic that has globally affected every aspect
of life. The causes and impacts of this pandemic are a powerful example of a One
Health issue. As we look to understand the causes of such problems it becomes
immediately apparent that such understanding will require expertise from many
disciplines and the ability to share that knowledge not just across academic
disciplines, industries, and government sectors, but across cultures as well.

The term “One Health” was adopted by the veterinary and human medical
professions to identify the relationship between human and animal health, and the
influence the environment exerts on this relationship (Gibbs 2014; Zinsstag et al.
2010). Between 65 and 70% of emerging diseases in humans are of zoonotic origin
(Wendt et al. 2015). The way we impact our environment and how that influences
human–animal interactions play significant roles in how these diseases develop and
spread. Human sourced drivers such as loss of biodiversity, repurposing of wildlife
habitat, the expansion of large intensive livestock enterprises, and rapid
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anthropogenic driven climate and environmental change, all impact the potential for
endemic wildlife pathogens to become zoonotic disease threats (Zinsstag et al. 2010;
Gibbs 2014; Wendt et al. 2015; Hueffer et al. 2013).

While human and animal health professions have only relatively recently devel-
oped and adopted the term One Health, concepts and ideas, recognizing the inter-
connectedness of all living beings and their environment, have been at the core of
Indigenous worldviews for millennia (Kutz and Tomaselli 2019; Jack et al. 2020).
Such an inclusive and holistic approach views health as more than the absence of
disease, but rather as a state of individual and community well-being with a focus not
only on physical health, but on behavioral, emotional, cultural, and spiritual health as
well. Taking this holistic approach to health and applying it to the One Health
paradigm, as presented in Fig. 1, allows us to bring in expertise across natural and
social sciences and synergize western science with traditional Indigenous Ways of
Knowing. Such a broad and, at the same time, deep integration of knowledge and
experience provides opportunities to understand large issues like food safety, secu-
rity, and sovereignty, zoonotic disease threats, and environmental contamination at

Fig. 1 A holistic approach to One Health in the circumpolar North
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their roots and engage diverse stakeholders to build effective solutions (Ruscio et al.
2015).

Two-eyed seeing, or Etuaptmunk, as stated by Mi’kmaq elder Elder Albert
Marshall is an Indigenous concept that truly encompasses the spirit of One Health.
It means “learning to see from one eye with the strengths of Indigenous
knowledges. . .and from the other eye with the strengths of Western
knowledges. . .and learning to use both these eyes together, for the benefit of all”
(Denny and Fanning 2016). This concept explicitly acknowledges and values the
views of different participants, recognizing the value of incorporating different
worldviews. The two-eyed seeing approach has been increasingly applied to wildlife
co-management where Indigenous rightsholders, government wildlife managers,
and academics are coming together to better understand wildlife health in a more
holistic and inclusive manner (Box 1). This approach leads to greater depths of
understanding of complex issues and better informed decision-making. It responds
to the call and requirements of many governments and conservation agencies to
include Indigenous knowledge in decision-making, and importantly, it also responds
to the calls of the UN Declaration on the Rights of Indigenous Peoples as well as the
Truth and Reconciliation Commission, Canada.

2 The Role of the Veterinarian in One Health

For many reasons, veterinarians are uniquely suited to facilitate the transfer and
application of this knowledge between disciplines, sectors, and across cultures at the
interface of human, animal, and environmental health. Broadly, veterinarians are
trained in comparative medicine, understanding health, and the vast array of
determinants of health, across numerous species. Veterinarians have an intricate
knowledge of physiology, anatomy, and pathology at an individual level, yet at the
same time, are trained in animal welfare, herd health, public health and population
medicine, understanding the epidemiology and control of disease at a population
level, as well as the socio-economic and environmental factors that will influence the
implementation and efficacy of health interventions. Veterinarians are adept at
communicating with clients across a very broad socio-economic spectrum and
adjusting their communication and treatment offerings to meet the needs and
capacity of their clients.

Working within the public health domain, veterinarians are trained to identify
zoonotic disease threats and frequently have a deeper understanding of the occur-
rence and prevention of the common domestic animal-derived zoonoses than their
human health counterparts. Veterinarians also routinely work with (or as) wildlife
and infectious disease researchers in the surveillance for zoonotic diseases and their
vectors of transmission.

Veterinarians also play a critical role in ensuring food and water safety. In urban
and non-remote areas veterinarians inspect animal sources of food for safety
concerns. They play an important role in food safety in subsistence areas, where
climate change, contaminant exposure, and emerging zoonotic diseases are
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threatening food safety and security in Northern communities in new rapidly chang-
ing ways. These challenges require adjustments in the application of both Traditional
and Western ways of knowing to effectively monitor and manage. Due to their
training and the natural connections they develop with people around animals,
veterinarians can also serve as liaisons between community members and research
and government agencies, including health and social welfare, as well as facilitators
of knowledge transfer and best-practice implementation from these sources back to
the communities involved. The breadth of people and organizations that
veterinarians work with around individual and population health of wild and domes-
tic animals results in working relationships that span a multitude of stakeholders in
local, regional and national sectors.

3 One Health Concerns in the Circumpolar North

The Arctic has unique, sensitive ecosystems that are undergoing rapid change and
this is profoundly influencing socio-ecological systems. The rate of Arctic climate
warming is occurring at twice the rate of that experienced at lower latitudes
(USGCRP 2018) (see also chapter “Climate Change in Northern Regions”). Simul-
taneously, the region is increasingly stressed by amplifying anthropogenic distur-
bance in the way of landscape change, shipping, and accelerating economic
development. The flora and fauna of the Arctic are adapted to a highly seasonal
environment with extremes in temperature and humidity and as this landscape
changes the stressors on the endemic flora and fauna increase and invasive species
become more common. At the same time, across many Arctic taxa, species diversity
is low and there is little redundancy, thus challenging the capacity of the Arctic
ecosystem as we know it to cope with these increasing pressures. For the people of
the Arctic, these changes are superimposed over a population where poverty,
marginalization, and food security are common. The complex interacting factors
and rapidly changing socio-ecological system in the Arctic leads to many complex
challenges that are ideally suited for a One Health approach.

Healthy domestic and wild animals are central to ecosystem health as well as to
the physical, mental, and economic health of people (Fig. 1). In the following
sections, we explore the One Health issues around these relationships (Fig. 2).

3.1 Zoonotic Diseases

Many Northern communities are at least partially dependent upon subsistence
activities for their dietary needs and cultural activities. This engages people and
wildlife in an intimate relationship that may pose risks for emerging and endemic
zoonoses. For example, tularemia from muskrats, anisakis and tapeworm from fish,
echinococcosis and rabies from wild or domestic canids, and brucellosis and anthrax
from caribou, reindeer or bison, are all recognized, and relatively common, zoonoses
found around the Arctic (see also related chapters in this book). Less well understood
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potential zoonoses in the Arctic include pathogens such as Erysipelothrix,
Leptospira, Chlamydia, Q-fever (Coxiella burnetii), Orf virus, a variety of
arboviruses (arthropod-borne; viruses transmitted by blood-sucking insects), tick-
borne pathogens and others. While we most often focus on zoonotic disease in
people, pathogen transmission can occur in the opposite direction, as is thought to
have occurred for Giardia in muskoxen where the human genotype is found
circulating in muskoxen on Banks Island (Kutz et al. 2008). Other proposed/poten-
tially emerging risks include COVID-19, where spill-over from people has caused
widespread outbreaks in farmed mink (Munnink et al. 2020).

Many endemic zoonotic diseases have long been known and recognized by
Indigenous peoples. In some cases, the knowledge of how to prepare food in a
way to prevent transmission has been passed down through generations, and for
others, public messaging efforts to reduce transmission have been implemented
broadly for over a century. However, the decline of intergenerational knowledge
sharing, in Canada largely an outcome of children being removed from their homes

Fig. 2 Wildlife and One Health. Wildlife is central to One Health relationships in the circumpolar
North. The history, culture, health and livelihoods of northern Indigenous peoples are intricately
woven with that of the wildlife with which they co-exist. Around the Arctic, a diversity of wildlife
species have served as a source of food, clothing, and tools, played a central role in cultural
activities and transgenerational learning, and provided trade and economic opportunities. These
fundamental contributions of wildlife to the health of Arctic peoples continues today.
Figure designed by Renate Schlaht
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to attend residential school, together with overly zealous news reports and public
health messaging around potential wildlife zoonoses, has led to a decline in confi-
dence in subsistence or “country” foods. For example, elders are frequently heard
saying that what is a ‘normal’ abnormality and ‘what is safe to eat’ have not been
passed down to the youth, leading to excessive wastage of meat derived from
wildlife. Similarly, reports from the press and in social media of ‘mad cow disease’,
‘bird flu’ and ‘killer cat parasites’ can lead to inappropriate fear about the safety of
country foods. Thus, in this case, it is not the reality of country food safety that is of
concern, rather it is a perception that may lead to people no longer trusting the food
source that has sustained them for generations.

However, zoonotic pathogens can pose significant health risks to communities in
the circumpolar North. Climate change is one of the main drivers behind the
emergence of many zoonotic diseases and their vectors globally. At northern
latitudes, warming temperatures support enhanced survival of invasive tick species
and the northern spread of the diseases they carry (Waits et al. 2018). The release of
pathogens frozen in permafrost, including from historical burial sites, is also of
potential concern under climate change conditions (National Academies of Sciences,
Engineering and Medicine 2020). For more information, see chapter “Anthrax in the
North”.

The remote location of many northern communities makes it challenging to
monitor zoonotic risks via conventional means. The two-eyed approach described
above provides a platform for integrating traditional knowledge with Western
science to create a synergetic knowledge base that is more comprehensive than
either would be separately. Recent development of a network for local citizens to
report anomalies has improved data collection and potential early recognition of
emerging zoonotic threats across the Circumpolar North. The Local Environmental
Observer or LEO network, (www.leonetwork.org), sponsored by the Alaska Native
Tribal Health Consortium connects local observers with scientists, government
agencies and health care providers. This network has been used to alert experts at
research, government agency, and health care hubs of marine mammal die-offs,
unexpected post-mortem observations by hunters, emerging disease vectors, and
unusual environmental events that occur hundreds of kilometers away in remote
areas from which they would otherwise have very limited access to information.
Recent advances in convenient, minimally invasive surveillance techniques such as
filter paper whole blood sampling (see Box 1) can be used by hunters to monitor
harvested wildlife for endemic and emerging diseases and give researchers and
communities early warning for potential zoonotic threats. This has also been used
in reindeer herding, with field necropsies conducted by herders. These new
technologies help tie rural communities with urban research centers and greatly
broaden information gathering to the benefit of all parties involved.

26 A. Reynolds et al.

http://www.leonetwork.org


4 Food Safety, Security, and Sovereignty

Rapid environmental changes have made food safety increasingly difficult to
achieve in Northern communities over the past 30 years. As the Arctic warms and
weather patterns change, traditional means of food storage have been challenged
severely. Ice cellars that have been used to preserve food for generations are failing
across the circumpolar north (Brubaker et al. 2009). Unusually wet summers have at
times made it difficult to make dried fish (see Fig. 3). In lower latitudes veterinarians
inspect animals used for food. Many northern communities are under-served in
veterinary services due to their small population and remote location, and so do
not have access to veterinary inspectors to ensure that the animals they consume are
safe to eat.

Climate change has also threatened the safety of marine-based foods. Warming
ocean temperatures have increased the duration and severity of harmful algal blooms
resulting in dangerously high levels of paralytic and amnesic toxins in filter-feeding
shellfish. These changes have also supported the growth of the offending organisms
further north than has been previously observed. In 2019, hazardous levels of these
toxins were measured in shellfish on the northwestern coast of Alaska. Simulta-
neously, significant levels of these toxins were also measured in walrus and
Bowhead whales on the northwestern and northern coastal areas of Alaska (Lefebvre
et al. 2016).

Fig. 3 Fish drying in Emmonak Alaska. Photo courtesy of Dr. Walkie Charles
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As described below, the Arctic has become a sink for many persistent toxins
produced in the industrial centers of lower latitudes. Bioaccumulation of mercury
and persistent organic pollutants have led to harmful contaminant levels in apex
predators such as seals, polar bears, and northern pike (Atwell et al. 1998; Fisk et al.
2001; Braune et al. 2005) (see also chapters “Arctic Ecosystems, Wildlife and Man:
Threats from Persistent Organic Pollutants and Mercury”, “Oil Spills in the Arctic”,
“Nuclear Radiation”, and “Rabies in the Arctic”). As these problems have evolved,
concerns regarding the safety of traditional or country foods have led to confusion on
the safety of these dietary choices. In the Yukon-Kuskokwim area of Alaska, an area
where fish make up the majority of calories and protein of a primarily subsistence-
based diet, reports of high mercury levels in northern pike and other key species has
led to a syndrome referred to as “fish fear” and resulted in families moving away
from traditional foods and towards a more “western” diet. A four-decade-long
retrospective study of women in this area showed a progressive decline in plasma
vitamin D levels which were concomitantly associated with a significant increase in
pediatric rickets in the region (O’Brien et al. 2017; Singleton et al. 2015). Collabo-
rative work between researchers, health care providers, and community members has
concluded that although it is important to monitor contaminant levels in subsistence
species, people were healthier eating these traditional foods (Mehruba et al. 2016).
Rather than switching diets, food safety could be attained by regulating the way in
which these foods were selected stored, and prepared. One example of such a
recommendation aimed at reducing mercury exposure is to continue eating Northern
Pike, but to avoid the larger fish, and focus on eating more small fish (Berner 2019).

Northern communities have a high rate of food insecurity (Huet et al. 2017).
Socio-economic, infrastructural, regulatory, and environmental changes have nega-
tively impacted food security in the North (Hueffer et al. 2019). These changes may
also require hunters to cover greater distances to access game resources. Shifts to a
cash economy and reliance upon using mechanized transportation may make
harvesting more efficient but also puts time restraints on those that have to work to
pay for these conveniences (Hueffer et al. 2019). The resulting challenges in access
to subsistence food sources have negative impacts on food security, cultural
practices, knowledge transfer, and mental and behavioral health. For communities
off the road system, conventional foods often must be transported by air or barge at
considerable cost. Household incomes in these areas are often below national
averages impairing the ability to purchase high-priced food items (Huet et al.
2017). Many of these communities still rely heavily on subsistence foods for the
majority of their caloric intake (Johnson et al. 2019).

Unprecedentedly rapid environmental changes have challenged long-standing
traditional knowledge on game movements, salmon returns, berry ripening times,
and most hazardously, travel on ice. Severe and widespread population declines of
caribou have left ‘caribou people’, those Indigenous groups that rely heavily on
caribou for subsistence, without one of their main sources of food. In the fall of 2020,
the Yukon river chum and silver salmon runs experienced an unprecedented col-
lapse. Commercial harvests reported for this period were 97% lower than the 5-year
average. Traditionally, millions of both species return at this time of year when it is
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easy to preserve them for use as winter food for humans and their dog teams. The
catastrophic failure of this run has put both people and their dogs in a position of
severe food insecurity.

No discussion of food security in the North would be complete without including
the concept of food sovereignty. Access to habitat for reindeer grazing and plant and
berry harvesting and to fish and game resources that are central to subsistence living
is being challenged by rapid environmental change, socioeconomic shifts, and
competition from both commercial and expanding urban personal use harvesting.
The Inuit Circumpolar Council has addressed this issue very thoroughly in two
documents relating to food security and food sovereignty, and the readers are
directed to these resources for a more in-depth coverage of this issue (ICC 2015,
2020). Government regulation of these resources often does not consider traditional
knowledge of the resource and traditional harvesting practices. This often results in a
conflict when population assessments differ between traditional harvesters and
western scientists. Traditional knowledge applied in this sense is often more adept
at predicting and detecting population changes by evaluation of harvested animal
body condition and overall health, than the technologically driven modelling
methods often used by government agencies which set regulations (Kutz and
Tomaselli 2019). The assessments used to make these regulations are frequently
based on measurements made over a few places and a few days due to cost and time
restrictions. In contrast, subsistence hunters are constantly on the land and observing
the movement and state of the animals they rely upon and often have a more
complete temporal and spatial understanding of these populations than the biologists
formulating harvest regulations. Kutz and Tomaselli (2019) describe a “two-eyed
approach” to wildlife management that integrates Traditional and Western knowl-
edge in a way that combines the information bases and cooperatively generates
solutions that may be superior to those reached by either alone. Under this approach,
traditional knowledge holders can combine their knowledge with scientists and
develop a more comprehensive model for understanding and predicting the state of
fish and game populations (Box 1). For a more detailed description of the harvesting
and storage of traditional foods please see chapter “Traditional Conservation
Methods and Food Habits in the Arctic”.

In northern Canada, community members, academics, and government wild-
life agencies have come together to implement a collaborative wildlife health
surveillance program. The communities of Ulukhaktok, Northwest Territories,
Kugluktuk and Ekaluktutiak, Nunavut, rely heavily on local caribou and
muskox populations (Tomaselli et al. 2018a, b; Hanke et al. 2021; Di
Francesco et al. 2021). In response to community concerns about the health
and population trajectories of these species, community-based caribou and
muskox health surveillance programs were established with the hunters and
trappers organizations in all three communities. These programs are multi-

(continued)
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pronged, bringing traditional knowledge and scientific knowledge together to
understand wildlife population health, disease, and zoonoses. They consist of:
(1) baseline wildlife health interviews h (2) hunter-based sampling and
(3) ongoing annual interviews. Baseline interviews on the past and current
health and population status of caribou and/or muskoxen are done using a
combination of individual and group interviews and participatory epidemiol-
ogy methods (e.g., Tomaselli et al. 2017). This process documents important
information on the ecology, health, and trajectory of the populations, identifies
community concerns, and forms the basis for further monitoring and
investigations. Harvesters are provided with standardized field-friendly sam-
pling kits that they use to collect samples and data from caribou and muskoxen
that they harvest for subsistence or through local guides/outfitting operations.
Kits consist of data sheets, pre-labeled sampling bags, and Nobuto filter paper
strips for blood collection (Fig. 4).

Samples are initially processed in the community by a hired monitor with
the hunters and trappers organization and/or government wildlife employees
and then sent for further laboratory analyses. Various health indicators, such as
infectious disease, stress, nutritional status, genetics, and condition, are deter-
mined and the results are brought back to the community in the forms of
presentations and reports with key community partners as co-authors on final
publications. Ongoing annual interviews are used to document the Indigenous
knowledge on population health and trends. These interviews serve to track
populations from year to year in real time and identify changes and concerns
on a much more rapid time scale than may be detected by the infrequent
population surveys. Together, these three steps bring local, traditional and
scientific knowledge together to establish historical baselines and trends,
document the current status of the populations, and detect any new/emerging
conditions, diseases, or concerns. Extensive co-learning is manifested through
training of hunters on sampling, monitors on sample processing, scientists/
graduate students on traditional harvest methods, animal uses, and knowledge
of the land, and the general public on wildlife health and disease. Through this
enhanced interaction among community, government and academic partners
there is ongoing knowledge sharing, trust building, and vastly improved
communication networks which leads to more effective co-management.

Conventional western approaches to the management of these resources may also
impose time and individual harvest limits which may not fit the new migration
patterns of the animals or the traditional cultural practices of the local Indigenous
people. Indigenous culture has developed practices over millennia that harvest fish
and game in a manner that takes only what is needed, shares with those in need, and
leaves behind sufficient animals to maintain a healthy population (Fig. 5). Tradi-
tional harvests take place at the time the animals are available and when the
conditions are most favorable to preserve them. Conflict often arises when harvest
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windows are set that do not incorporate traditional practices. An example of this
conflict can be seen when a salmon harvest opening occurs during a rainy period
when the fish cannot be dried (Fig. 3). Traditional practices would not support
harvesting and potentially wasting the fish but would allow people to fish when
the conditions are correct for preserving the catch. Governmental regulations often
place limits on game harvest to protect over-harvesting, particularly under
circumstances when species may be susceptible to this problem. These regulations
are often based on singe person allotments for hunters who are in the field only a few
days each year and are appropriate for urban households. Indigenous harvesting is
often focused on providing food for the whole community. Indigenous hunters
usually share their harvest with others outside their household and particularly
with elders who may be physically limited. These conflicts are another place
where co-production of knowledge may be engaged to support regulations that
work optimally for all involved. The prioritization of subsistence resource use brings
us back to the concept of food sovereignty as an integral part of food security in areas
where Indigenous people have lived for millennia but now may not have say over
their access to traditional foods. As described below, the operationalization of One
Health as a bridge between Indigenous worldview andWestern Science may provide
a platform for this type of policy development.

Fig. 4 Muskox samples
collected through community-
based wildlife health
surveillance program. Blood
on filter paper allows the easy
collection of blood that can
then be frozen immediately
(e.g., at ambient winter
temperatures). Blood
collected on filter paper can be
used to do a variety of
serological assays, as well as
DNA isolation. The ease of
sampling in the field, which
does not require test tubes or
any technical or time
sensitivity makes it a simple,
yet elegant tool for hunter-
based wildlife health
surveillance
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5 Contaminant Monitoring

The Arctic Council Arctic Monitoring and Assessment Programme working group
(AMAP) has demonstrated that the Arctic is a sink for Anthropogenic pollution and
climate change (Gibson et al. 2016). Ocean and atmospheric currents bring organic
and heavy metal contaminants from lower latitudes, where they are generated by
industrial societies, to the Arctic, where they accumulate in the physical environment
and bioaccumulate in the food web (Fisk et al. 2001; Braune et al. 2005; Atwell et al.
1998). Climate change has exacerbated the movement and impact of these
contaminants (Braune et al. 2005). The recent and rapid accumulation of these
toxins has resulted in many new stressors upon Arctic ecosystems threatening the
survival of several species and endangering the safety of subsistence food sources.

For over 20 years the AMAP working group has monitored contaminant levels in
humans and sentinel species across the Arctic (Gibson et al. 2016). These studies
have found significant and potentially health-threatening concentrations of industri-
ally produced mercury and persistent organic pollutants (POPs) in humans and apex

Fig. 5 The Yup’ik Men’s Dance Fan. This fan is used in ceremonial dance. The fan represents the
human hand with each feather representing a finger. The space underneath the feathers represents
the Yup’ik cultural practice of taking only what you need and leaving the rest behind for others that
come after and also to maintain sustainable wildlife and plant populations for generations to come.
Photo courtesy of Dr. Walkie Charles
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predators such as polar bears, seals, narwhals, and northern pike. Mercury accumu-
lation can impair central nervous system functions and therefore affect cognition and
locomotion which may decrease hunting efficiency and result in aberrant behavior
(Black et al. 2016). POPs have multi-systemic effects. They can alter hormone
transportation and receptor activity resulting in decreased fertility, enhanced rates
of miscarriage, low birthweight, and enhanced neonatal mortality (Black et al. 2016).
They also impair immune function and enhance the risk of developing certain forms
of neoplasia. Climate change has enhanced not only the transport of these
contaminants to the Arctic but also their impact. Shrinking sea ice has forced marine
mammals to swim further than normally required to obtain food and shelter, causing
an enhanced utilization of lipid depots and resulting in mobilization of lipophilic
compounds during periods of high stress.

Species such as seals, narwhals, and even polar bears have traditionally been
staples in the subsistence diets of coastal inhabitants across the Circumpolar North.
This puts these people at the highest position in the food chain and therefore at the
greatest risk of the bioaccumulatory impacts of these toxins. POP concentrations in
Inuit living in Eastern Greenland are among the highest measured anywhere and
have been associated with an increased incidence of cancer and immune-related
issues in this population (Gibson et al. 2016).

Contaminant accumulation in the Arctic is a clear example of an issue that can be
addressed well through a One Health lens. AMAP, CAFF, and ACAP have
incorporated a One Health approach by combining environmental monitoring with
the monitoring of humans and sentinel animal species. Programs that monitor
sentinel species in the food web such as seals, narwhals, and polar bears, provide
an understanding of the trends and severity of contaminant bioaccumulation in the
food web. Monitoring companion sentinel species, such as sled dogs, may also
provide useful information in developing dietary recommendations for people living
a subsistence lifestyle in these areas. Studies of sled dogs have been useful in
determining mercury and POP bioaccumulation (Sonne et al. 2017; Dunlap et al.
2011) as these dogs often eat similar diets to the humans they live and work with.
The relatively higher metabolic rate of these dogs in comparison to their human
counterparts may also permit scientists to see health issues in the dogs before they
become problems in people.

6 Mental and Behavioral Health and Well-Being

In Indigenous populations, rapid social and economic change associated with colo-
nization and assimilation practices has been associated with pervasive social issues
including suicide, substance abuse, and domestic violence (Hueffer et al. 2019).
Loss of language (Krauss 1980; Gone 2013), cultural practices, and cultural knowl-
edge have been associated with a severe increase in the incidence of these problems.
Added to these stressors are rapid environmental changes which have impacted,
traditional activities such as travel on ice, hunting, fishing, and gathering of plant
resources. When traditional knowledge struggles to accommodate rapid rates and
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previously unexperienced types of environmental change, it can adversely affect the
self-esteem of resource providers and the self-efficacy of a society. Indigenous
people have lived in and stewarded their traditional lands for millennia. Indigenous
worldview has historically seen the terrestrial and marine environments and the flora
and fauna they encompass as benefactors which people are not only dependent upon
but also inseparable and indivisible from. When such cultural foundations change
from being benefactors to becoming threats in the form of contaminated foods,
unreliable fish and game populations, and unsafe or unreliable ice conditions, this
challenges belief systems and can result in severe and negative impacts on mental
and behavioral health and well-being.

Suicide is now the leading cause of death for Alaska Native people between the
ages of 15 and 25 (Berman 2014; Hicks 2007) and in Canada, the suicide rate of Inuit
is approximately 9 times that of non-Indigenous Canadians (Kumar and Tjepkema
2019). Prior to 1950, suicide was rare and most common among aged men that no
longer felt capable of contributing to the needs of their community. Conventional
approaches, which isolate and treat individuals perceived to be at high risk, have
done little to prevent the continuation of these issues (Hicks 2007). Recent
approaches focusing on building strengths rather than managing outcomes have
begun to show promise (Rasmus et al. 2019; Rivkin et al. 2019). Reintroduction
or retention of cultural practices, transfer of traditional ways of knowing, and fluency
in the original language are all traits common to Indigenous communities that have
shown resilience to suicide in the Circumpolar North (Rivkin et al. 2019). Recently,
programs, using a One Health approach, have shown real promise in preventing
negative mental and behavioral health outcomes in Northern Indigenous
communities. These community-based programs incorporate the relationship and
inseparable nature of the human, animal, and environmental health as foundations of
strengths that can be used to build resilience to these problems. One prominent
example of this is the Alaska Native Cultural Hub for Resilience Research
(ANCHRR). This NIH-funded community-based program partners University
(UAF) researchers with community members and elders to study and define best
practices in resilient communities and share them with communities that are strug-
gling. Instead of identifying and isolating at-risk individuals, which may exacerbate
the issues by focusing on these individuals as being “different,” this program
emphasizes building strengths through cultural activities, sharing of personal stories,
and transfer of traditional knowledge. This work is often done out on the land during
hunting, fishing, or berry picking activities. In this way, potentially susceptible youth
are “wrapped in a blanket of community support and strength” that builds self-
efficacy and self-esteem through gaining proficiency in skills and acknowledgement
of accomplishments from respected community members.

Other examples of such programs are the Frank Attla Youth and Sled Dog Care
Program (FAYSDCP) and the Alaska Care and Husbandry Instruction for Lifelong
Living (ACHILL) described in the chapter “Dogs and People: Providing Veterinary
Services to Remote Arctic Communities” (Veterinary medicine in remote arctic
communities). These community-based programs holistically address mental and
behavioral issues by simultaneously addressing environmental and animal health.
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The interdependence of the One health triad is central to the culture and knowledge
base of these communities and so this approach addresses the human health issues at
their root causes rather than treating their outcomes. Veterinarians, who by the nature
of their education are trained in preventive health care and understand the value of
the human–animal bond, are essential stakeholders in the development and imple-
mentation of these One Health processes.

7 Operationalizing One Health

The One Health approach to describing, understanding, and managing large issues
that span the interface between human, animal, and environmental health is gaining
support from community members, health care professionals, academics, govern-
mental agencies, and NGOs across the globe (Ruscio et al. 2015; Arctic Council
SDWG 2017). This approach is particularly relevant in the Circumpolar North where
environmental changes are happening at a rate that has been unprecedented and
making it difficult for social and ecological systems to adapt in a healthy manner.
Although these changes pose a tremendous challenge to northern communities, they
simultaneously present an opportunity to understand and address related changes
that are happening to a lesser degree at lower latitudes.

While One Health is being embraced as the way to work on these “Wicked
Problems,” it is often easier to conceptualize this approach than to operationalize it
(Vesterinen et al. 2019). Putting One Health into action requires stakeholders to
work across disciplines and cultures and work in a constructionist approach that
addresses issues starting at the community perspective and working outwards. Each
part of this strategy requires a paradigm shift from conventional academic and
scientific approaches to problem-solving. This paradigm shift is simultaneously the
greatest potential strength and the greatest potential challenge encountered in
operationalizing One Health.

For centuries, western scientists have used a reductionist approach to study and
solve problems. This method entails breaking down or reducing problems to a single
underlying cause and has been used to identify individual pathogens as the cause of a
disease, or a single gene mutation as the source of an error in metabolism. Many of
the hallmark successes of modern science have resulted from this approach which
has become the default method of scientific problem-solving. While reductionist
reasoning has worked well for single-issue problems, this approach falls short when
addressing issues which may have multiple causes and interactions.

“Wicked problems” require knowledge that not only penetrates deeply into a
single discipline but also spans across all of the disciplines involved. At this writing
(May 2021), vaccines against the COVID-19 have arrived and are being used to
control the pandemic which has spanned the globe and affected nearly every aspect
of life. These vaccines may well stem the spread and effects of the virus but their
development and implementation will not help us understand why this catastrophe
occurred in the first place and what we might be able to do to prevent or mitigate the
next pandemic from gaining a foothold. For this, we must understand how
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anthropogenic environmental changes have impacted wildlife populations that serve
as potential reservoirs for emerging zoonotic threats and how these are influenced by
current livestock husbandry, cultural, social, and economic practices. This under-
standing requires a constructionist approach that integrates information across
disciplines and cultures and approaches the issue from the perspective of the
communities involved in a bottom-up, rather than top-down, prescriptive approach.
One Health applied in this manner supports the gathering of knowledge both broadly
and deeply, and the solutions acquired are likely to be effective because they have
arisen with the input of the communities where they will be implemented.

Working across disciplines challenges the current paradigm under which research
and problem management are conducted. Instead of working within a single disci-
pline and communicating findings to others with similar education and training,
those working in a One Health approach must be capable of both giving and
receiving information to and from those with different backgrounds than their
own. This can be challenging even across conventional western disciplines. Natural
scientists use different methodology and terminology in their work than that used by
social scientists, and these differences require significant adjustments when studies
are designed to incorporate both approaches. Bridging the gap across cultural
knowledge systems in a “Two eyed approach” is another example of the advantages
and challenges associated with working outside of conventional western scientific
methods (Kutz and Tomaselli 2019). Scientists are often uncomfortable transferring
the implications of their work outside of their own narrow fields of study, however,
science communication to non-scientists, such as community members and policy
makers, is central to the success of a One Health approach. The shortfall in science
literacy and the resulting negative impacts from non-adherence to CDC
recommendations led to the world’s greatest per capita case and fatality rates in
the United States during the first 9 months of the COVID-19 pandemic. This
example serves as a warning to all involved for the need to improve science
communication between researchers, medical professionals, and the general public
(Eysenbach 2020).

While there is no handbook for operationalizing One Health, several systems
have been developed for use as a platform to begin the process. The US CDC has
developed a One Health Zoonotic Disease Prioritization process (CDC-OHZDP) for
emerging zoonotic disease threats (Salyer et al. 2017). This process uses a workshop
format and engages stakeholders including community members, academic
researchers, health care providers, and those working for government agencies.
The process and its application in regional, national, and international situations
have been published in peer-reviewed journals (Salyer et al. 2017). The CDC
co-sponsored such a workshop with the UAF Center for One Health Research
(COHR) in March of 2019 to prioritize emerging zoonotic disease threats in Alaska.
The top seven threats identified in this workshop are listed in Table 1. This was the
first time this process had been implemented in the Circumpolar North and serves as
an example of what could be developed in other Arctic countries. The resulting
report can be used to support surveillance and research efforts focused on these
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Table 1 Priority zoonotic diseases selected in Alaska by participants in the One Health Zoonotic
Disease Prioritization workshop conducted May 20–21, 2019. Reproduced from Goroyka et al.
(2020)

Zoonotic disease Human disease burden
Animal disease
burden

Diagnostics, treatment
and prevention

Amnesic shellfish
poisoning/
paralytic shellfish
poisoning

Between 1973 and
1996 over 200 cases
of paralytic shellfish
poisoning were
reported in Alaska and
were attributed to
more than
70 outbreaks across
the state

Nearly all molluscan
shellfish in Alaska are
affected by paralytic
shellfish poisoning
and the Alaska
Department of
Environmental
Conservation
regularly tests
commercially
harvested shellfish
In a recent study by
the University of
Alaska SE, PSP
measurements in
mussels at sites around
Juneau reached 4500
micrograms per
100 grams of shellfish.
This level is fatal to a
person after only
consuming a few
mussels

Clinical diagnosis is
based on recent
shellfish ingestion and
the presence of
clinical manifestations
of toxicity such as
nausea, vomiting,
paresthesia,
dysarthria, dysphagia,
and weakness. The
toxin can also be
confirmed in a clinical
specimen such as
blood or urine
To stay safe, clean
shellfish thoroughly,
removing all butter
and discarding the gut.
Also only consume
shellfish sold
commercially and
routinely tested as
cooking and freezing
will not destroy the
toxin
Treatment for severe
cases is the use of a
mechanical respirator
and oxygen

Zoonotic
influenza

There have been no
human infections with
Asian HPAI H5N1
virus reported in the
United States.
However, sporadic
human infections with
avian influenza A
(H7) viruses have
been identified in the
United States
Since 2010, 466 cases
of swine flu have been
reported in the United
States

H1N1 and H3N2
swine flu viruses are
endemic among pig
populations in the US
with outbreaks
normally occurring in
colder weather months
As part of a large-
scale Avian influenza
surveillance study
from 2007–2011,
researchers reported a
mean apparent
prevalence of avian
influenza virus of
11.4% within wild
birds. Prevalence was
highest in dabbling

As a general
precaution, people
should avoid wild
birds, contact with
domestic birds that
appear ill or have died,
and avoid contact with
surfaces that appear to
be contaminated with
feces from wild birds
One mode of
prevention is via the
seasonal flu vaccine
which can be given to
humans and animals
The best way to
prevent infection is to
avoid sources of

(continued)
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Table 1 (continued)

Zoonotic disease Human disease burden
Animal disease
burden

Diagnostics, treatment
and prevention

ducks whose mean
prevalence was 15.8%
As part of the USDA
ongoing surveillance
for swine, over
120,000 samples have
been tested between
2010 and 2016
resulting in over
10,000 positive cases
for influenza

exposure specifically
contact with infected
poultry
Treatment includes
antiviral drugs and
continued monitoring
Diagnosis for
influenza and novel
types of zoonotic
influenza includes
respiratory specimens
for laboratory testing
using PCR

Rabies Three human cases
have been reported in
Alaska since 1914 but
none have been
reported since 1942

Between 15 and
50 cases of wildlife
cases are reported
each year in Alaska.
Rabies is enzootic
among the fox
populations in the
North and West
regions in Alaska.
There have been
periodic epizootics
documented every 3 to
5 years

Rabies is diagnosed in
animals using direct
fluorescent antibody
tests. Several rapid
laboratory tests are
required for diagnosis
in humans
There is a vaccine
available to both
animals and humans.
Following any contact
or bite from a rabid
animal, medical
attention is
immediately
necessary
Prophylaxis is the
immediate treatment;
however, following
the onset of clinical
symptoms, there is no
treatment, and the
disease is fatal

Cryptosporidiosis/
Giardiasis

A recent study
reported a 28.8%
seroprevalence of
cryptosporidium in
people with or without
wild bird contact in
Alaska. The same
study reported an
18.9% seroprevalence
of Giardia intestinalis
in the same population
From 2001–2010,
there were 1042

One study looking at
the prevalence of
cryptosporidium and
giardia subspecies
found that prevalence
was highest among
ring seals (22.6%
cryptosporidium,
64.5% giardia) and
right whales (24.5%
cryptosporidium,
71.4% giardia)

Both
cryptosporidiosis and
giardiasis are
diagnosed through
microscopic analysis
of stool samples. In
both cases, PCR can
be used to determine
species. Those with
competent immune
systems will recover
from cryptosporidiosis
without treatment,

(continued)

38 A. Reynolds et al.



Table 1 (continued)

Zoonotic disease Human disease burden
Animal disease
burden

Diagnostics, treatment
and prevention

human cases of
giardiasis reported.
Annual rates of
giardiasis in Alaska
have repeatedly been
higher than in the rest
of the United States
Another study looking
at the prevalence
among Alaska
residents found the
prevalence of giardia
antibody was highest
among subsistence
hunters and their
families at 30%

fluid replacement and
nitazoxanide may be
recommended. For
giardiasis
metronidazole,
tinidazole, and
nitazoxanide are
recommended.
Prevention for both
are primarily good
hygiene practices and
avoiding
contaminated food
and water

Toxoplasmosis A 2019 study reported
a 2.9% seroprevalence
for Toxoplasma
gondii in people with
or without wild bird
contact in Alaska

A recent study looking
at seroprevalence
among sea otters
reported 32% of sea
otters tested positive
for T. gondii
Another study looking
at serum antibody
prevalence for
T. gondii within
Alaska wildlife
reported 23% positive
among moose, 43%
for black bears, 9% for
wolves, and 7% for
Dall sheep

Toxoplasmosis is
primarily diagnosed
through serologic
testing. Healthy
individuals typically
do not require
treatment to recover.
However,
pyrimethamine and
sulfadiazine, plus
folinic acid can be
administered.
Prevention includes
cooking foods to
proper temperatures
and avoiding contact
with cat feces

Brucellosis A 2019 study reported
a 0.1% seroprevalence
for Brucella spp. in
people with or without
wild bird contact in
Alaska

There are 10 species
of Brucella
recognized in animals
One recent study
looking at
seroprevalence of
Brucella in Alaskan
harbor seals found that
overall, 52% of adult
seals tested positive
for antibody
seroprevalence
A study looking at
serum antibody
prevalences for
Brucella among

Diagnosing
brucellosis is done
through bacterial
isolation in blood
cultures and serologic
testing
There is no
standardized
diagnostic tests for
different species of
animals
Antibiotics, generally
doxycycline and
rifampin, are given to
treat the infection.
Brucellosis can be

(continued)

A Holistic Approach to One Health in the Arctic 39



diseases and the policy and funding necessary for this work to proceed (https://www.
cdc.gov/onehealth/pdfs/Alaska-508.pdf).

The CD-OHZDPP is the first step in operationalizing One Health as it can play a
key role in prioritizing One Health issues. Once an issue, such as a zoonotic disease
threat has been identified, the next step is to use a One Health approach to analyze
and manage it. The One Health Systems Mapping and Analysis Toolkit Process
(OH-SMART) uses systems mapping and analysis to achieve these goals
(Vesterinen et al. 2019). OH-SMART was developed in a joint effort between the
University of Minnesota and the USDA to analyze and facilitate communication and
collaboration across government agencies and other stakeholders as presented in
Fig. 6.

Beginning with an identified One Health challenge, the first step is to identify the
network of stakeholders that will be involved in the process. These stakeholders are
then interviewed to determine their approach to the issue and which other
stakeholders they collaborate with and the depth of these collaborations. These
interviews are then placed on a swim lane map so that the flow of resources, data,
and lines of communication can be followed. The map is analyzed for best practices

Table 1 (continued)

Zoonotic disease Human disease burden
Animal disease
burden

Diagnostics, treatment
and prevention

caribou, wolves, and
bears reported the
highest prevalence in
the northwest region
of Alaska

prevented by avoiding
the consumption of
undercooked meat and
unpasteurized dairy
products.
Additionally, those
handling animal
tissues should wear
protective clothing
Prevention includes
vaccination of
domestic livestock

Q Fever A recent study
reported an 8.3%
seroprevalence of
Coxiella burnetii in
people with or without
wild bird contact in
Alaska

A 2015 study reported
a 17% seroprevalenve
of Coxiella burnetii in
live seemingly healthy
northern sea otters
Enhydra lutris
kenyoni of Alaska.
Another study in 2013
found an 80%
seroprevalence in
northern fur seals of
Alaska

Q fever is diagnosed
through a blood test.
The majority of those
infected are able to
recover without
treatment. But, a
2-week course of
doxycycline may be
recommended.
Prevention methods
for Q fever include
avoiding contact with
animals and refrain
from consuming raw
milk products
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and discrepancies. Opportunities are identified for improving and strengthening the
system. These are best practices which can be institutionalization or otherwise made
stronger and discrepancies which can be resolved. These opportunities are
prioritized based upon the impact, resource requirement, feasibility, and
sustainability of doing so. In the final step, action plans are developed to implement
the highest priority opportunities as identified by the group. This is an iterative
process at all levels, and each progressive step will often uncover new components
of previous steps which need to be considered to improve the effectiveness of the
outcomes.

This technique can be applied in a several-day, in-place workshop, or over a
longer period of time by distance. It can address problems retrospectively, prospec-
tively, or while they are occurring. Retrospective analysis seeks to understand what
went well and what can be improved for future situations. Prospective analysis helps
prepare One Health workers for potential future problems by analyzing the current
system for efficiencies and improvements. OH-SMART analysis during a situation
helps workers analyze how well the system in place is working and to make needed
adjustments in real time. For a detailed description of the OH-SMART process and
its implementation, the readers are referred to Vesterinen et al. (2019).

While the OH-SMART technique was developed to assist in the sectoral analysis
of a system focused on government agencies, it can be applied to community-based

Fig. 6 The OH-SMART model. Used with permission of the authors (Vesterinen et al. 2019)
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problems as well. In this case, the first step is to develop an understanding of the
problem from the perspective of the community that is experiencing it. This entails
time and relationship building and often results in a different focus than would have
been the case if the problem and questions to be analyzed were determined by those
working outside of the community. How well the first step engages community
collaboration and support will determine the community’s engagement in further
steps and the potential overall success of the process. Engaging communities at the
onset and in this manner also provides an opportunity to bring Traditional Ways of
Knowing into the discussion and support its incorporation in future steps of the
process. This approach is now being utilized in academic programs in Alaska
(https://www.uaf.edu/onehealth/education/master.php).

Veterinarians are uniquely suited as facilitators of operationalizing One Health.
They are trained to communicate scientific concepts to lay clients and do so as an
integral aspect of their daily practice. They have public health training, are used to
working with government and regulatory agencies, and across disciplines and
specialties within and outside of their profession. They are frontline workers in
animal welfare, zoonotic disease surveillance, reporting, and treatment and in the
maintenance of food safety and security. Their daily job encompasses the interface
of human, animal, and environmental health, and so, they have a working knowledge
in all areas of One Health and familiarity of communicating that knowledge across
disciplines and cultures. This emerging role for veterinarians is demonstrated in the
inclusion of One Health in the mission statement of veterinary colleges across the
globe. As One Health becomes a more conventional approach to understanding and
managing large, complicated issues at the interface of human, animal, and environ-
mental health, veterinarians will be increasingly called upon to facilitate and imple-
ment the operationalization of One Health. This will be especially true in the North
where people still have close ties to the land and the animals they live with and
depend upon, and, during a time when these relationships continue to change
rapidly.

The Arctic is experiencing environmental, social, and economic change at a
historically unprecedentedly rapid rate. This poses great challenges and, simulta-
neously, great opportunities to operationalize paradigm shifts supporting adaptation
and resilience to these changes and which can then serve as a management model for
similar changes that are occurring more gradually on a global scale. Addressing
these issues effectively requires a One Health approach that integrates knowledge
across disciplines and cultures, recognizes the interdependence of human, animal,
and environmental health, and begins the process from a community-based
perspective.
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Seasonal Animal Migrations and the Arctic:
Ecology, Diversity, and Spread of Infectious
Agents

Øystein Varpe and Silke Bauer

1 Introduction

Long before humans started travelling long distances, many animals have been on
the move. Through long-distance migrations, animals move year after year and in
relatively predictable manners, between regions, continents, and hemispheres.
Migrations come in many forms and fascinate people far beyond the biologists
that study them. Many migrants and migrations are iconic, such as the European
eels (Anguilla anguilla) that after born in the Sargasso Sea find their way to lakes and
waterways in Europe, grow up there, and return as adults, for the eels a once in a
lifetime trip (Righton et al. 2016). Another example is the common cuckoo (Cuculus
canorus), which spends the non-breeding season south of Sahara and whose return
to Europe is one of the distinguished signatures of spring at northern latitudes
(Willemoes et al. 2014). Prominent examples also include migrations to Arctic
regions, such as the Arctic tern’s (Sterna paradisaea) annual move between the
Arctic and the Southern Ocean (Hromádková et al. 2020). Well-known are also the
abundant and highly visible goose migrations, from temperate wintering grounds to
Arctic breeding grounds—a phenomenon seen around the entire northern hemi-
sphere (CAFF 2018). Clearly, migrants are actors in multiple ecosystems through
the year and through their life, and they connect very different parts of the planet
(Bauer and Hoye 2014).
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Why have seasonal migrations evolved? Migrants exploit spatially and tempo-
rally varying resources by inhabiting multiple habitats, often far apart, at different
times of the year, and movements between them have in many cases clearly been
favoured over stationary (or resident) strategies. That is, migrations have allowed
growth, survival, and reproduction to be combined in ways that lead to higher fitness
than for the resident alternative (Fokkema et al. 2020). Seasonal food availability is a
major selection pressure favouring seasonal migrations (Alerstam et al. 2003; Varpe
2017), but similar variations in predation risk, infection risks, or abiotic environ-
mental conditions can be underlying drivers too. The main costs of migrations are
high energy requirements of movement and the need to undergo physiological or
morphological changes of operating in different environments (e.g. anadromous fish
inhabiting fresh and salt water). Costs also include the need for sophisticated
navigation and orientation capacities as well as mortality risk from encountering
predators along the migration routes. For broader and more complete coverage of
migrations and their evolutionary ecology, see (Alerstam et al. 2003; Dingle 2014;
Hansson and Åkesson 2014; Milner-Gulland et al. 2011).

Migrations come in many forms (Chapman et al. 2014) and have been
categorized, e.g. according to the distances, timescales or habitats covered, the
proportion of a population migrating, or the existence and use of intermediate
feeding locations. In this chapter, we focus on seasonal migrations, where
individuals move between areas on an annual basis, with the movement part usually
happening during well-defined and relatively brief time windows and hence with
distinct phenology. For species that are long lived and reproduce multiple times
through life (iteroparity), an individual performs such seasonal migrations repeat-
edly. Some migrations take place over particularly long distances, either in the
absolute sense or relative to the body size of the migrant, and can be termed long-
distance migrations (Alerstam et al. 2003), in contrast to short-distance migrations.
Many migrations cross continents, and in the case of birds, major corridors and
routes have emerged that are referred to as flyways (e.g. Wauchope et al. 2017).
Clearly, there are also shorter migrations, where some individuals just move a little,
typically to lower latitudes. It is a gradient, from the longest migrations to permanent
residency. The variety of environments visited during migration is of particular
relevance in relation to infections with parasites and pathogens. Some migrations
take place as one long move (non-stop migrations) with limited interactions with the
interjacent environments, whereas most migrants stop over to rest and refuel (stop-
over migrations) (Alerstam and Bäckman 2018; Hedenström 2010). Finally, there
may be variation in the proportion of a population that migrates, i.e. some
individuals may be year round residents, whereas others migrate (partial migration)
(Chapman et al. 2011).

Migrations have many ecological consequences and influence ecosystem
functions and the structures of ecological communities. Importantly, migrants are
living links, or vectors, between ecosystems (Bauer and Hoye 2014); hence, a meta-
ecosystem perspective is required (Loreau et al. 2003; Varpe et al. 2005). Migrants
transport energy and nutrients, primarily through defecation, offspring (such as
eggs), and the death of individuals. The offspring produced by migrants may be
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placed in a different system than where the resources for their production were
obtained, such as fish feeding in the open ocean and spawning in coastal ecosystems
(Varpe et al. 2005; Willson and Womble 2006). Some migrants such as several
salmon species have a strategy where death follows reproduction (semelparity), and
individuals hence become a resource for scavengers and decomposers (Finney et al.
2000; Naiman et al. 2002). Part of the matter transported can be pollutants that have
accumulated in the organism, particularly so for lipid rich migrants high in the food
chain (Krümmel et al. 2003). An individual is also a whole ecosystem with many
other smaller species inhabiting its interior as well as its exterior. Some of these are,
for instance, symbionts in the gut, but many are also parasites and infectious agents
that travel with the migrants and may jump on or off along the route (Viana et al.
2016). Consequently, parasites and infectious agents are dispersed between systems
through migrants, a central element of this chapter and the whole book. When
migrations change, these changes will have ramifications for the spread of infectious
agents.

This chapter focuses on seasonal migrations to and from, or within, the Arctic and
sub-Arctic regions, to form an ecological and evolutionary basis about migrations
that a One Health perspective on Arctic ecosystems can build on. We cover the
particular aspects of migrations to these northernmost areas of the planet, such as the
pronounced seasonality of the environment, the oftentimes highly synchronized
migrations, and the large aggregations of a diverse range of animals in the Arctic
summer, arriving there from many different parts of the world. This melting pot
effect seems particularly interesting from the perspective of infectious agents and the
diseases they may cause. We give ecological background on the linkages between
migrants and disease, both more generally, and with respect to the particular
migrations we see in the Arctic. Overall, we advocate a meta-ecosystem perspective
where places and environments are connected through organisms whose migrations
and other behaviours may change, sometimes rapidly through phenotypic plasticity
and other times more slowly through evolution. As a consequence, a dynamic
perspective is needed when interpreting ecological consequences of migrations
and the interplay between infectious agents, migratory hosts, and changing
environments.

2 Arctic Migrations

2.1 A Seasonal Environment

The fundamental cause of seasonality is the tilted axis of the earth and the resulting
seasonal pattern of irradiance experienced at all places on the planet. This seasonal-
ity, however, increases with latitude and is therefore particularly pronounced in
high-latitude Arctic and sub-Arctic regions (and similarly so at equivalent southern
hemisphere latitudes). The seasonal light and heat fluxes affect a range of derived
physical variables, such as air and water temperatures, snow cover, sea ice cover,
freshwater availability and run-off from land to sea, and so forth. These direct and
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derived abiotic variables have many consequences for biological processes and, in
particular, for primary producers dependent on light for photosynthesis. The primary
production in the Arctic is highly seasonal, both on land (Zeng et al. 2011) and in
water (Ji et al. 2013), and basically divides a year into a productive and an
unproductive period. A range of adaptations to this seasonality follows among
grazers and for consumers higher up in the food chain (Varpe 2017). One such
adaptation is the capacity to move to the Artic when the productivity is high and
leave when it is low, through seasonal long-distance migrations (Alerstam et al.
2003).

Importantly, food availability is about more than the seasonal timing of photo-
synthesis. For plant material fed on by herbivores, some of the resources produced
during one productive window remain in the environment, such as in roots or seeds,
and can be fed on through the winter as well as next spring. Arctic year-round
residents such as reindeer (Rangifer tarandus) and the rock ptarmigan (Lagopus
muta) would do so. Physical conditions may also constrain access to food. For
instance, anadromous arctic char cannot leave the lake for the ocean before the
connecting river or creek is open and with water flowing (Gulseth and Nilssen 2000).
Similarly, migrating birds arriving early to a snow covered and frozen Arctic have
little or no food (Ebbinge and Spaans 1995; Grabowski et al. 2013; Prop and de
Vries 1993), and the feeding season in the Arctic can be short, impacting breeding,
moulting, and migration schedules (Holmes 1972). In the marine environment, many
species cannot access their feeding environment if it is covered by sea ice, such as in
seabirds where the extent of sea ice near the breeding colony may impact breeding
phenology and success (Chaulk and Mahoney 2012; Gaston et al. 2005). Also,
because of sea ice, most estuaries are only accessible to shorebirds well into the
summer and during the autumn (Churchwell et al. 2016; Taylor et al. 2010).
Furthermore, marine mammals need to surface for air and cannot swim far into ice
covered areas (Brierley et al. 2002) unless there are open leads. As sea ice also
blocks most of the surface light from entering the water column, it makes it harder
for visually searching predators, such as fish and birds, to detect prey (Langbehn and
Varpe 2017). Little light during the winter will also make visual search difficult on
land. Finally, food availability is further impacted by seasonal trophic interactions,
such as competition (DuBowy 1988) and kleptoparasitism (Varpe 2010).

Seasonality also impacts food independent processes such as environmental
temperature and access to breeding habitat. The ground must typically be snow-
free and relatively dry before birds establish their nest and lay eggs (Hendricks 2003;
Holmes 1966; Prop and de Vries 1993). For instance, many species in Greenland
recently experienced reproductive failures due to unusually much snow during
winter and a subsequently delayed melt during the summer (Schmidt et al. 2019).
Furthermore, low temperatures may prevent egg laying and lead to a skipped
breeding season, as suggested for Brant geese (Branta bernicla) in the Canadian
Arctic (O’Briain et al. 1998), or add costs that may have most severe consequences
in species where only one of the parents is incubating, such as in some sandpipers
(Meyer et al. 2021).
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2.2 Why Migrate to the Arctic?

The cost-benefit analyses for Arctic migrations typically involve the same variables
as for other regions, but their seasonality aspect is more distinct. Historically, high
food availability and long days (24 h daylight for long parts of the summer) have
been argued to be the main benefit of migrating to the Arctic to breed. This is a key
selection pressure in many taxa (Alerstam et al. 2003; Corkeron and Connor 1999;
Schekkerman et al. 2003), but additional benefits have also been highlighted.
Notably, an experiment with artificial eggs across a latitudinal gradient documented
lower predation risk for ground nesting birds the higher north (McKinnon et al.
2010), suggesting that predator avoidance could also be key to why breeding in the
Arctic is beneficial. Similarly, the Arctic tundra ecosystem may be regarded parasite-
poor, which would make low parasite pressure a potential benefit to spending parts
of the year in the region (Piersma 1997).

From a cost perspective, arriving too early, or not being ready to leave in time in
the autumn, may lead to costs and mortality. There is a rapid transition both from
winter to spring and from autumn to more winter-like conditions. Low temperatures,
frozen ground and seas, and little food are all among the challenges involved if
arriving too early or staying too long. Similarly, arriving too late may have costs
such as too little time to successfully raise young or failure to compete for and
occupy the best breeding sites. Consequently, selection pressures on the timing of
migrations and subsequent breeding seem particularly strong for breeding
migrations to the Arctic (Burr et al. 2016; Holmes 1966; Love et al. 2010; van
Gils et al. 2016).

2.3 Diversity of Arctic Migrations

Long-distance seasonal migrations to breed in the Arctic are particularly common in
birds, both in seabirds and terrestrial birds. Some of these species are also extremely
abundant and therefore constitute considerable biomasses (Fox et al. 2019;
Gonzalez-Bergonzoni et al. 2017). The migration routes and modes of bird
migrations to the Arctic are also very diverse (Fig. 1, Table 1). Some cover long
non-stop flights and cross large oceans, whereas others stop frequently and have
complex routes with intermittent resting and refueling. Furthermore, other organisms
such as some fish and marine mammals primarily migrate to the Arctic to feed while
they reproduce further south. These marine migrants often combine seasonal
migrations with energy storage which in turn allow for reproduction at times of
the year and at places where food availability is not necessarily high, but where it is
beneficial to spawn or give birth (Fokkema et al. 2020; Varpe 2017). Breeding based
on such reserves is referred to as capital breeding (Jönsson 1997; Stephens et al.
2009; Varpe et al. 2009).

Below, we provide four exemplary cases to illustrate the diverse migration
patterns and selection pressures. Our cases are chosen to include some of the
particularly abundant groups of migrants that breed on the arctic tundra, notably
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shorebirds and geese. These two groups also differ in a range of attributes related to
their biology and migration strategies and thus serve as interesting contrasts. We
have also included a case for within-Arctic migrations of the dominant terrestrial
ungulate of the Arctic, the reindeer or caribou (Rangifer tarandus). Their notable
interaction with humans through reindeer hunting and herding, is covered briefly.
Finally, we discuss migrations in marine species. We focus these cases on the
migrations and interactions with food, predators, and the physical environment.
Interactions with infectious agents are covered in Sect. 3.

2.3.1 Shorebirds: Global Distributions and Major Flyways
Shorebirds are small to medium-sized birds that are commonly found along
shorelines and mudflats, where they forage on invertebrates in the mud or sand. Of
the >200 species worldwide, many shorebird species feature high among the most
impressive migrants on earth—the distances they cover annually are simply astound-
ing. For instance, bar-tailed godwits (Limosa lapponica baueri) migrate from
non-breeding sites in New Zealand and Australia to breeding grounds in Alaska
(Battley et al. 2012; Gill et al. 2009), red knots (Calidris canutus) migrate from
South Africa or Mauretania to the Russian Arctic (van Gils et al. 2016), and Western
sandpipers (Calidris mauri) migrate from the Pacific coast in North and South
America to Alaska or Eastern Siberia (Lank et al. 2003) (Fig. 1, Table 1). However,
some shorebird species breeding in the Arctic travel moderate distances, e.g. purple
sandpipers (Calidris maritima) that winter in temperate areas and migrate to the
coasts around the North Sea during their non-breeding season (Summers et al. 2001).

Fig. 1 Long-distance migrations and the Arctic, schematically illustrated through examples cov-
ered in the chapter. Migrants connect the Arctic to the rest of the world and make it a seasonal
melting pot during the productive summer, when large numbers of organism move in from all over
the world, some to breed, others to just feed. For photo credit, see the Acknowledgment
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Table 1 Examples of migrations to and from or within the Arctic. Species are selected to illustrate
a diversity of migration routes and types

Arctic
migrants Migration route characteristics Time in the Arctic Literature

Birds
Dominant group of seasonal migrants to the Arctic. Geese, shorebirds, gulls, and auks are
particularly numerous

Arctic tern Migrate between the Southern
and Northern Atlantic ocean.
Use prevailing winds and the
route is therefore meandering.
One-way distance
>18,000 km

May–July Egevang et al.
(2010), Hromádková
et al. (2020)

Brent goose Migrate to the Arctic from
non-breeding areas in
temperate regions of Western
Europe via several intermittent
stops for resting and refueling
to breeding areas in the Arctic

May/June–
September

Clausen et al. (2003),
Green et al. (2002)

Long-tailed
skua

Migrate between the Arctic
and the South Atlantic and
Indian Ocean. The Grand
Banks of Newfoundland
appears to be important marine
staging areas. Individuals
estimated to travel more than
40,000 km over 1 year

June–August Gilg et al. (2013)

Bar-tailed
godwits

Migrate from non-breeding
areas in New Zealand and
Australia to breeding areas in
Alaska and Russian Arctic.
Extraordinary long non-stop
flights, up to ~11,000 km.
Migration routes differ
between the way north and
south

June–September Battley et al. (2012),
Gill et al. (2009)

Terrestrial mammals
One dominant migrant, the ungulate Rangifer tarandus. It is an abundant herbivore with
circumpolar distribution

Reindeer or
caribou

Migrate within the Arctic.
Some herds have among the
longest migrations of any
terrestrial mammal (annual
distance >5000 km for some
herds), whereas other herds
(for instance, inhabiting
islands) are mostly stationary.
Distinct calving areas often
form key parts of the migration
structure

Year round Fancy et al. (1989),
Gunn et al. (2011),
Gurarie et al. (2019)

(continued)
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Table 1 (continued)

Arctic
migrants Migration route characteristics Time in the Arctic Literature

Marine mammals
Several species have summer feeding migrations to the Arctic and breed in low-latitude waters,
often oligotrophic waters with low food availability

Grey whale Feed on Arctic benthos in
Bering, Chukchi, and Beaufort
Seas. Migrating along the
coasts of western North
America. Calving areas near
Mexico. Migrations
segregated with sex, age, and
reproductive-stage differences
in migration timing

~ half a year during
the productive
summer season

Guazzo et al. (2019),
Rice and Wolman
(1971), Swartz et al.
(2006)

Humpback
whale

High-latitude (e.g. sub-Arctic)
feeding grounds and
low-latitude (often tropical)
breeding and calving grounds.
Capital breeding combined
with seasonal migrations

~ half a year during
the productive
summer season

Calambokidis et al.
(2001), Clapham and
Mead (1999)

Beluga whale Migrate within the Arctic. As
shown for the Pacific Arctic
beluga, the timing and spatial
extent of the migrations are
linked to seasonality in sea ice.
Offspring migrate together
with their mother, and the
migrations are matrilineally
maintained

Year round Colbeck et al.
(2013), Hauser et al.
(2017)

Fish
Several species have seasonal feeding migrations to Arctic and sub-Arctic seas while spawning
grounds are located further south. Others have a life and annual cycle that combines life in lakes
with feeding migration into the ocean during the productive summer

Northeast
Arctic cod

Feed in the Barents Sea as
young. Migrates south to
spawn, with areas near Lofoten
in Northern Norway being a
key spawning area, but a wide
latitudinal range of spawning
grounds exist, particularly
historically. Mature fish live
long and will migrate many
times between feeding and
spawning grounds. Larvae
drift northwards from
spawning grounds to the
nursery area

May–December
(for the migratory
adult part of the
population)

Jørgensen et al.
(2008), Ottersen
et al. (2014)

Atlantic
herring
(Norwegian

Planktivorous fish with
oceanic feeding migrations
that reach sub-Arctic seas

August–October
(for the migratory

Claireaux et al.
(2020), Dragesund

(continued)
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With return journeys exceeding tens of thousands of kilometres, shorebirds are
truly connecting continents and even hemispheres. As many species rely on specific
coastal habitats, e.g. tidal mudflats, for fueling up before and during migration, the
availability of these habitats determines overall migration routes and culminates in
major flyways (Mathot et al. 2018). Along these flyways, some stopover sites are of
particular importance as they are hotspots of productivity (Butler et al. 2001). There,
shorebirds find their preferred food in excess, such as bivalves, snails, crustaceans,
and polychaete worms, and consequently achieve unprecedented fueling rates (Kvist
and Lindström 2003).

Shorebirds species differ in how they move along these flyways depending on
how frequently they stop and how much fuel they accumulate: “hop”migrants cover
short distances between successive sites and accumulate only little extra fuel stores,
“skip” migrants are intermediate, and “jump” migrants accumulate large fuel stores
and make long non-stop migrations (Piersma 1987). Although this distinction may
seem marginal, how many and which sites migrants use determines migratory
connectivity, which has far-reaching implications for individual fitness and popula-
tion dynamics, gene flow and genetic mixing, the transmission of parasites and other

Table 1 (continued)

Arctic
migrants Migration route characteristics Time in the Arctic Literature

spring-
spawning)

during the later parts of the
seasonal feeding migration.
Spawning along the coast of
Norway and responsible for
huge fluxes of biomass from
ocean to coast as eggs are
placed in distinct areas and at
the seabed. Wintering areas
have been highly variable.
Larvae drift northwards from
spawning grounds to the
nursery area in the Barents Sea

adult part of the
population)

et al. (1997), Varpe
et al. (2005)

Arctic char Anadromous fish with
seasonal feeding migrations
from lake ecosystems into the
ocean and back. Time at sea
relatively brief, from weeks to
a few months. For some
populations, some individuals
migrate, while others are
stationary and spend the whole
year in the lake. The lakes are
sometimes very close to the
seashore, and the actual
migration distance between the
systems can be short

Year round Gulseth and Nilssen
(2000), Klemetsen
et al. (2003)
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infectious agents, and, ultimately, the conservation of migrants (Taylor et al. 2016;
Webster et al. 2002).

Shorebird populations have severely declined over the past decades, such as the
species breeding in the North-American Arctic (Smith et al. 2020). In the East-Asian
Australasian flyway, even more species are threatened (Clemens et al. 2016; Piersma
et al. 2016). Although we still need to fully understand which threats and
disturbances impact shorebirds, the rapidly changing climate in the Arctic (see
below), human impacts on coastal systems, and hunting and agricultural shifts are
among the prime culprits (Colwell 2010; Mu and Wilcove 2020).

One major human-made threat to shorebirds is habitat destruction and alteration.
Especially along the East-Asian Australasian flyway, coastal developments over the
past decades have resulted in a>50% loss of the coastal wetlands (MacKinnon et al.
2012), notably in the Yellow Sea where 28% of the tidal flats existing in the 1980s
have disappeared (Murray et al. 2014). This trend will continue through future
reclamation projects such as landfills in estuaries and result in further declines of
shorebirds (Studds et al. 2017). Similarly, in North American Delaware Bay,
shorebirds feast on energy-rich eggs of horseshoe crabs (Limulus polyphemus), but
overharvesting of crabs has deprived the shorebirds of much-needed fuel and
resulted in strong population declines (Baker et al. 2004).

Also on the list of threats to shorebirds are recent and rapid increases in many
goose populations (see below). For instance, snow geese have degraded wetlands
along the coast of Hudson bay, a key refueling area (Jefferies et al. 2006), ‘mowed’
down the grass in shorebird breeding habitats, and thus exposed eggs to predators
and attracted predators such as Arctic foxes into breeding areas (Flemming et al.
2019; Lamarre et al. 2017).

2.3.2 Arctic Geese: Large Birds and Populations, with Major Ecosystem
Signatures

Migratory geese are long-distance migrants that typically spend the non-breeding
season in temperate regions. On the way to their Arctic breeding grounds, they use
intermittent stopover sites for resting and refueling. Although migration routes are
diverse, broad patterns exist with European geese migrating to the Russian Arctic,
e.g. Taymyr peninsula, or to Svalbard and Greenland, North-American geese
migrating to Canadian Arctic and Alaska, and Asian geese migrating to Siberia or
Alaska (CAFF 2018).

Prior to migration and between migratory bouts, geese accumulate body reserves.
As body reserves are mainly stored as body fat deposits, they can be relatively easily
scored using abdominal profiles (Madsen and Klaassen 2006). Consequently,
changes in abdominal profiles over repeated sightings of individually marked
(neck- or leg-banded) birds can indicate fundamental energetics, e.g. fueling rates
or energy required for a migratory flight bout (Chudzinska et al. 2016). The timing of
migration of geese is determined by a combination of cues—with a general cue such
as photoperiod indicating time of the year and a more specific cue such as vegetation
development for fine-tuning migratory progression to local phenology (Bauer et al.
2008a, 2011). Also, depending on the spatial scales involved, the conditions at one
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stopover site may be correlated with conditions at the next and hence indicate the
conditions the geese will meet on next location (Bauer et al. 2020; Kölzsch et al.
2015; Tombre et al. 2008).

In contrast to most other migratory species, the populations of many migratory
goose species have increased tremendously over the past decades: in the Western
Palaearctic alone, there are 4.7 million geese from nine species (Fox et al. 2019;
Madsen et al. 1999). This upsurge can probably be attributed to two major factors:
agricultural change and policy and legislation. In the regions where migratory geese
typically spend the non-breeding season, agricultural practices have undergone a
major transformation, and many former natural habitats have been converted to
farmland. Consequently, food during winter has become a superabundant high-
quality resource, sustaining larger populations than ever before (Fox et al. 2005).
Increasing goose populations are also a result of effective legislation: International
treaties such as the Agreement on the Conservation of African-Eurasian Migratory
Waterbirds (AEWA) or the Ramsar convention protect migratory waterbirds and
their habitats across Africa, Europe, the Middle East, Central Asia, Greenland, and
the Canadian Archipelago (https://www.unep-aewa.org/en and https://www.ramsar.
org/). Hunting bans and restrictions as well as the fading popularity of hunting have
also reduced mortality.

Another factor contributing to the geese’ success story is their social transmission
of migration behaviour, i.e. young learn where and when to migrate by
accompanying their parents, and therefore, they can respond to environmental
changes much faster (than under genetic transmission) (Sutherland 1998). Indeed,
over the past few decades, many migratory goose species have changed migration
behaviour, e.g. pink-footed geese adjusted migration timing to changes in phenology
of vegetation growth (Bauer et al. 2008b) and barnacle geese shifted the spring-
staging area northward (Tombre et al. 2019). Barnacle geese have also established
new breeding areas, some of them far south of the Arctic, e.g. at the island Gotland in
Sweden, and thereby drastically reduced migration distances (Larsson and Forslund
1994; Larsson et al. 1988; Van Der Jeugd et al. 2009). Some barnacle geese have
even ceased migrating altogether and live year-round in the Netherlands (Jonker
et al. 2012).

Although migrants are generally thought to affect ecosystem functioning and
community structure (Bauer and Hoye 2014), this all the more applies to the
immense numbers of migratory geese. Their intense and extended herbivory may
turn the Arctic from a carbon sink into a carbon source (van der Wal et al. 2007),
increase nutrient loading of Arctic freshwaters (Hessen et al. 2017), or lead to near-
irreversible shifts in coastal marsh ecosystems (Jefferies et al. 2006). Conflicts with
agriculture in temperate non-breeding and stopover areas have also intensified
(Bauer et al. 2018; Fox et al. 2017). To alleviate these conflicts while still sustaining
migratory wildlife populations as an internationally shared objective, adaptive
flyway management plans have been developed for several goose populations over
the past years, e.g. (Madsen et al. 2017).
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2.3.3 Caribou and Reindeer: Seasonal Movements Within the Arctic
The reindeer (or caribou) inhabit tundra, alpine, and forest regions in Arctic and
sub-Arctic ecosystems, with several sub-species identified (Gunn et al. 2011), and
with distinct herds within sub-species. Some herds are very abundant, such as the
Taymyr reindeer herd in Russia, estimated to around one million individuals
(Kolpashikov et al. 2015). Reindeer can be mostly sedentary, such as the Svalbard
reindeer (Tyler and Øritsland 1989) and the Peary caribou (Gunn et al. 2011),
whereas many perform seasonal migrations, including several North American
sub-species and herds (Gunn et al. 2011). The migrations are truly astonishing and
among the longest of any terrestrial mammal (Berger 2004). Individuals in the
Porcupine and Central Arctic herds cover more than 5000 km per year (Fancy
et al. 1989). Reindeer and caribou migrations are typically between distinct calving
areas, sometimes in coastal areas, and larger and more interior feeding areas during
winter, on the tundra or in forest environments (Gunn et al. 2011; Nicholson et al.
2016). Some herds also cross long stretches of sea ice both during their spring and
autumn migration, such as the herds calving and spending the summer on Victoria
Island in the Canadian Arctic (Poole et al. 2010). Reindeer rarely swim long
distances and, if possible, circumvent open water along their tundra routes (Leblond
et al. 2016).

Migration patterns of caribou may vary between years, such as the large
variability recently analyzed for the Riviere-George (RGH) and the Riviere-aux-
Feuilles (RFH) herds (Le Corre et al. 2020), where wintering areas in different years
may be situated several hundred kilometres apart. Individuals were more likely to
change migration route and wintering area when the population size was large,
suggesting competition for food, also between the herds, to be the underlying reason
for the plasticity in migration movements (Le Corre et al. 2020).

Many Arctic and sub-Arctic people interact closely with reindeer and their annual
cycle and migrations. Some are primarily hunting them (Kolpashikov et al. 2015),
whereas others, such as many Saami in northern Fennoscandia, keep reindeer as their
property and are involved in reindeer husbandry (Weladji and Holand 2006).
Reindeer kept by herding communities are considered semi-domesticated and this
reindeer husbandry exists among several people throughout northern Eurasia, for
instance, by the Nenets. A nomadic lifestyle and seasonal migrations are often
integrated in this interaction, where reindeer and people move together through the
landscape. For instance, in Finnmark (Northern-Norway), it is common practice to
move the reindeer between coastal calving and summer pastures and winter feeding
grounds in the interior where the climate is colder and with less or drier snow
(Weladji and Holand 2006). Migration distances in Finnmark, Norway, range from
100 to 350 km one way from summer to winter pastures (Kelman and Næss 2019;
Weladji and Holand 2006). The owners earmark their individuals, but individuals
from different owners typically mix and move together and are looked after by
cooperative herding units (Næss 2012).
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2.3.4 Marine Migrants: Travelling to the Arctic to Feed
Despite the mainly terrestrial focus of this chapter, many marine species also use
Arctic and sub-Arctic waters for parts of the year or migrate within the Arctic. A
notable feature is that instead of migrating to the Arctic to breed which is typical for
birds (Drent et al. 2006), many marine species migrate to the Arctic to feed. They
then use the highly but only seasonally productive northern seas for growth and
storage and for preparation for breeding elsewhere. For instance, several species of
large whales feed in high-latitude systems during the northern summer and move
south to low latitudes, often tropical locations, for breeding and calving (Table 1).
The eastern pacific population of grey whale (Eschrichtius robustus), which
migrates south and north along the western North American coast, is one such
example (Guazzo et al. 2019; Rice and Wolman 1971; Swartz et al. 2006). Its core
feeding grounds are in the Bering and Chukchi seas where it primarily feeds on
benthic prey, in particular tube-dwelling amphipods (Rice and Wolman 1971). The
grey whales are observed on their southward migration from November onwards,
with near-term pregnant females migrating first (Rice and Wolman 1971). The
lagoons in Baja California, Mexico, are key calving and nursing areas. The return
migration to the Arctic takes place in spring, with arrival to the feeding grounds from
May onwards (Swartz et al. 2006). Humpback whales (Megaptera novaeangliae)
follow a similar scheme (Darling and McSweeney 1985), but with major calving and
breeding areas near oceanic islands, such as Hawaii for the Pacific population
(Calambokidis et al. 2001) and Capp Verde and Caribbean islands for the North
Atlantic population (Stevick et al. 2016). For humpback whales, genetic evidence
suggests that the North Pacific, North Atlantic, and Southern Hemisphere
populations are different and could be regarded sub-species (Jackson et al. 2014).
The humpback and the grey whale illustrate how several large baleen whales rely on
Arctic feeding grounds and combine that with capital breeding, long distance
migrations, and none or limited feeding during the period away from the Arctic.
Lower predation risk from killer whales at low latitudes have been proposed as one
potential ultimate driver of these breeding migrations into biologically unproductive
waters (Corkeron and Connor 1999). As for most migratory species, understanding
the complex set of cues and navigational aids used by the individuals is challenging,
with whales being no exception (Burnham 2020).

Several fish populations in the North Atlantic are also examples of the travelling
to feed strategy. They migrate northward into foraging areas during summer and
return south to the spawning grounds. Some of the most northern feeding grounds
are within the Arctic, and several species are feeding in sub-Arctic seas. Atlantic cod
(Gadus morhua) and herring (Clupea harengus) are two examples of large
populations with such seasonal migrations. The migratory Northeast Arctic cod
feeds in the Barents Sea, including the waters around Svalbard, and migrate south
to Lofoten and other areas along the Norwegian coast to spawn (Jørgensen et al.
2008; Ottersen et al. 2014). The Norwegian spring-spawning herring has a more
oceanic feeding migration into the Norwegian Sea (Claireaux et al. 2020; Varpe et al.
2005) and typically reach sub-Arctic waters towards the end of the summer. The
extent that planktivourus fish, such as herring but also capelin (Mallotus villosus)

Seasonal Animal Migrations and the Arctic 59



and Atlantic mackerel (Scomber scombrus), move north during a given year is
dependent on population size, as captured by the concept of density dependent
migratory waves (Fauchald et al. 2006). After its seasonal feeding migration, the
herring returns to the coast of Norway for wintering followed by spawning in March
and April. For herring as well as cod, this annual routine has evolved in close
connection with a seasonal food source (Varpe and Fiksen 2010) and with the
ocean currents. Larvae of both species drift northward and into the Barents Sea
where the individuals grow and develop for several years until maturation (Ottersen
et al. 2014; Skagseth et al. 2015).

Marine species also display long seasonal migrations within the Arctic. Seals,
whales, the polar bear (Ursus maritimus), and the Arctic char (Salvelinus alpinus),
all have distinct movement patterns through the year. Ringed seals (Phoca hispida)
breed in fjords and in relation to fjord ice during spring, but some individuals have
offshore migrations during their non-breeding and post-molting period (Freitas et al.
2008). Similarly, some polar bears tend to be more local year round, whereas others
are oceanic and operate in the open ocean sea ice ecosystems (Mauritzen et al. 2001).
Pregnant polar bears will return to land during autumn and to suitable denning areas.
Beluga whales (Delphinapterus leucas) offer another example. In the waters near
Alaska and Russia, these whales perform foraging migrations into the seasonally
sea-ice covered Eastern Chukchi Sea and Eastern Beaufort Sea (Hauser et al. 2017),
and prior to freeze up in the late autumn, they return to wintering areas in the Bering
Sea. Offspring are thought to learn these migrations from their mothers (Hauser et al.
2017), a phenomenon also highlighted for other Beluga whale populations (Colbeck
et al. 2013).

The anadromous Arctic char also illustrates seasonal migrations within the Arctic.
Arctic char has a circumpolar distribution in Arctic and sub-Arctic coastal waters
and can be found both as landlocked populations spending all their life in the lake or
as anadromous populations that spend part of the summer in the ocean (Klemetsen
et al. 2003). In some lakes, some individuals are anadromous, whereas others stay in
the lake all year round, with permanent residents typically reaching much smaller
body size. For high-latitude populations, the melt-up of the river connecting lake and
sea usually determines the timing of the migration to the sea, which can be highly
synchronous (Gulseth and Nilssen 2000). The high productivity of the ocean and the
good marine feeding conditions is the central benefit of this migration, but the time at
sea comes with higher risk as well as energetic costs related to osmoregulation in salt
water (Klemetsen et al. 2003; Nilssen et al. 1997). During the winter, all individuals
are in the lake. Feeding within the lake also displays pronounced seasonality, partly
driven by the seasonal light conditions (Svenning et al. 2007).

Finally, a variety of zooplankton species in northern waters have evolved promi-
nent seasonal vertical migrations in the water column (Bandara et al. 2021). These
migrations form key parts of annual routines, such as for herbivorous species that
feed in surface waters and migrate to deeper diapause habitats (Conover 1988; Varpe
2012), and result in seasonal patterns of food availability for higher trophic levels
(Varpe and Fiksen 2010).
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3 Migratory Animals and Their Role as Long-Distance
Dispersers of Infectious Agents

Migratory animals are commonly assumed to act as long-distance dispersers of
infectious agents (Altizer et al. 2011; McKay and Hoye 2016; Westerdahl et al.
2014). As many of the infectious agents of wildlife have the potential to also infect
humans and livestock, understanding the role of migratory animals in the spread of
zoonotic agents has important implications for human health and economy. Still, and
as argued in a recent review, much remains to be investigated to integrate migrations
within disease ecology (McKay and Hoye 2016).

Migrants travel astonishing distances, establish unique geographic links between
otherwise separated communities and thus encounter a greater diversity of infectious
agents than resident species (Gutiérrez et al. 2019). For instance, migratory birds
harboured a higher diversity of intestinal (Koprivnikar and Leung 2015; Leung and
Koprivnikar 2016) or blood parasites (Emmenegger et al. 2018) and migratory
ungulates generally had a higher parasite diversity than resident or nomadic species
(Teitelbaum et al. 2018).

Furthermore, many migrants aggregate during migration—either for the migra-
tory movement itself or on intermittent stopover sites where they refuel for the next
migratory bout. Individuals are then in close contact, which constitutes an ideal
transmission scenario. Prominent examples for aggregations on highly profitable
stopover sites are the Yellow sea or Hudson Bay, where millions of shorebirds gather
during a short time period in spring (Krauss et al. 2010). The high densities of
multiple species on these sites facilitate the transmission of infectious agents such
that, e.g., the prevalence of avian influenza in Delaware Bay is higher than anywhere
in the world (Krauss et al. 2010).

Moreover, the metabolically costly migrations usually involve physiological and
morphological adjustments that might be made at the expense of immune function
(Buehler et al. 2010). If migrants suppress their immune system, latent infections
may be reactivated and passed on to vectors or new hosts (Becker et al. 2020). This
mechanism has been suggested for migrating birds that carry ixodid ticks which are
vectors of Borrelia burgdorferi sensu lato (Gylfe et al. 2000), a bacteria that can
cause Lyme disease in humans.

Despite the long distances that migratory animals travel, the diversity of infec-
tious agents they encounter and the dense aggregations they form, migrations can
also provide effective mechanism for hampering the transmission of infectious
agents, through migratory escape, migratory culling, and migratory separation
(Fig. 2) (Hall et al. 2014; McElroy and de Buron 2014; Satterfield et al. 2015;
Shaw and Binning 2016).

Migratory Escape For infectious agents that are transmitted via the environment or
via local vectors, migration may lead animals away from pathogen- or vector-rich
places. If conditions during the absence of migratory hosts become unfavourable for
the persistence of pathogens or vectors, migrants will then return to an almost
pathogen-free environment.
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Migratory culling If infectious agents are relatively virulent and/or hosts relatively
susceptible, infected individuals may die at a higher rate than uninfected individuals.
Consequently, infected individuals are “weeded” out from the population, and the
risk of transmission to uninfected individuals decreases overall.

Migratory Separation Perhaps a less severe form of migratory culling, for migra-
tory separation, migratory hosts are also affected by parasites but sublethally and
lead to infected individuals taking other migration routes, using different stopover
sites or migrating at other times than uninfected individuals. For instance, many
infections and diseases reduce their hosts’ appetite, induce fatigue, or shift daily
activity rhythms towards more resting. Pathogens can also change their hosts’ gut

Fig. 2 Migration from a non-breeding area (left) to a breeding area (right) via several intermittent
stopover sites can effectively interrupt the transmission-cycle of infectious agents through migra-
tory escape, culling, or separation. In migratory escape, animals leave areas with high infection
pressure, clear infections on the way, as indicated by color change from infected (red) to uninfected
(grey), and reach a relatively pathogen-free breeding location. Similarly, for migratory culling,
infected individuals die at a higher rate such that mostly uninfected individuals reach the breeding
area. Finally, under migratory separation, infected individuals migrate along a different route or at
different times than uninfected individuals, and this separation of infected from uninfected
individuals hampers the spread of parasites in the population
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surface area or passage time, effectively reducing the uptake of nutrients and energy,
which, in turn, prolongs fueling and delays migratory departures, e.g. in Bewicks’
swans (Cygnus columbianus bewickii) infected with Avian influenza (van Gils et al.
2007).

Pathogens can also increase their hosts’ daily energy expenditure, as they evoke
immune responses and/or increase metabolic rates. Both immune responses and
higher metabolic rates require nutrients and energy, which cannot be devoted to
other processes such as migration. Indeed, higher resting metabolic rates have been
shown for birds with parasites, e.g. blood-sucking ectoparasites in tree swallows
(Sun et al. 2020), but these effects are not consistent across species or life-history
stages (Hahn et al. 2018; Robar et al. 2011). Similarly, ectoparasites such as feather
mites or sea lice may invoke structural changes that alter aerodynamics or hydrody-
namics and increase costs for locomotion, e.g. through more energy required for a
distance flown or swum, and/or lower flight or swim speed (Binning et al. 2013,
2017).

Any of these changes may result in infected individuals not replenishing
resources at their typical rate or using them up faster. Consequently, infected
individuals may require more frequent fueling during migration or more time to
complete migration, and although this temporal or spatial separation usually lasts
over a relatively short period only, this might be sufficient for separating infected and
uninfected individuals and interrupting the transmission cycle and ultimately lower
prevalence (Altizer et al. 2011; Bauer et al. 2016; Hall et al. 2014).

4 Outlook

4.1 Changing Migrations and Threats to Migrants

Our era has been coined the Anthropocene as human impacts on nature are substan-
tial, and as a consequence, biodiversity is lost at an unprecedented rate (IPBES
2019). Many migratory populations have declined as a result of changing landscapes
and habitat alterations, new obstacles with rapid expansions of human structures and
activities, and climate change effects such as altered phenology and abundance of
both food and predators along their migration routes (e.g. Wilcove and Wikelski
2008).

Climate Change Over the past decades, global average temperatures have risen
with 0.2 �C per decade and are projected to continue to rise (IPCC 2013). However,
climate change is highly uneven across regions and times of the year with,
e.g. temperatures increasing more rapidly in the Arctic (IPCC 2013) and extreme
events occurring more frequently, which will have a broad range of effects in nature
and societies (Hansen et al. 2014; Langbehn and Varpe 2017; Schmidt et al. 2019;
Vincent et al. 2011; Wassmann et al. 2011). One consequence is a rapidly changing
phenology in the Arctic with concomitant consequences for the optimal time
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window for many life-history processes of Arctic migrants (Fjelldal et al. 2020;
Lameris et al. 2018). For instance, in migratory birds, reproductive success often
depends on arriving early enough to the Arctic to synchronize breeding (or feeding)
with the spring onset (Doiron et al. 2015; Lameris et al. 2018). If migrants cannot
respond to an advancing spring, the periods of high demand will not match
those of high productivity with negative effects on individual fitness and eventually
on population trends (Cohen et al. 2018; Samplonius et al. 2021). For instance, red
knots that breed in the Russian Arctic produce smaller offspring during years when
spring starts early (van Gils et al. 2016), likely as a result of parents arriving (and
starting to breed) too late. Consequently, their chicks miss the peak of insect
abundance and grow slower or to a smaller adult size. When those smaller
individuals migrate to non-breeding grounds in West Africa, they face the problem
that their short bills cannot reach their preferred food, which is deeply buried clams.
Although the size differences may seem small, they culminate in lower survival and
shorter life expectancy for smaller compared to larger individuals (van Gils et al.
2016).

A warming Arctic is impacting the breeding environment of birds and may reduce
the areas climatically suitable for breeding. Arctic organisms have few opportunities
to shift their distributions further north (Lehikoinen and Virkkala 2016; Maclean
et al. 2008) and therefore suffer from contracted breeding ranges. Also, for those able
to shift their distributions to higher elevation or to other areas, such shifts may
interact with migration routes and potentially lead to restructuring of entire flyways
(Wauchope et al. 2017).

In the Arctic marine environment, the reduced spatial extent and thickness of sea
ice and its shorter seasonal occurrence are among the most pronounced climate-
induced changes (Stroeve et al. 2012). Consequently, more light enters the water
column, impacting both pelagic and benthic organisms through possibilities for
increased photosynthesis and primary production and through improved conditions
for visually searching predators (Clark et al. 2013; Varpe et al. 2015). Fish, for
instance, often rely on their vision when hunting, and sea ice loss leads to large areas
becoming more profitable for detecting prey. Northward shifts in their distributions
may result, particularly likely for seasonal migrants that can make use of the
abundant light during summer, but leave the Arctic during the dark winter
(Langbehn and Varpe 2017). Sea ice is also a physical hindrance for fish filling
their swim bladder by gulping air at the surface (physostomous fish) such as herring
(Kaartvedt and Titelman 2018). This constraint has similarities to how marine
mammals are prevented from breathing during under-ice excursions (Brierley et al.
2002) or risk entrapment in the sea ice landscape (Ferguson et al. 2010; Stafford
2019).

Human Structures, Overexploitation, Habitat Loss, and Alterations Collisions
with man-made structures such as power lines, wind turbines, and buildings kill
large numbers of birds and bats annually, but estimates of the resulting fatalities and
their ecological significance vary (Cryan et al. 2014; Lambertucci et al. 2015). For
instance, mortality from wind turbines appears to represent a substantial population-
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level threat in bat populations in North America (Frick et al. 2017), but further
research is urgently needed.

Similarly, fences, roads, pipelines, and other structures can hinder ungulates
during their migrations, and there is concern regarding loss of migration routes
and an inability to secure the management measures that could conserve them
(Berger 2004). This is also the case for reindeer in the Arctic (Kuemmerle et al.
2014; Taillon et al. 2012). Landscapes used for reindeer husbandry are becoming
increasingly fragmented, for instance, through fencing practices (including at
national borders), sometimes preventing traditional movement patterns and seasonal
migrations by Saami and their reindeer (Kelman and Næss 2019).

Human structures and activities that may prevent or modify migrations are not
unique to terrestrial environments. Marine mammals use sounds to communicate and
navigate and are likely sensitive to artificial noise (Duarte et al. 2021). There are
therefore concerns related to the interaction between marine mammals and the
increasing industrial activities, including shipping, in the Arctic (Halliday et al.
2017).

Other species have seen new and increased challenges related to parasites and
infections along their migration routes. Atlantic salmon (Salmo salar) is one exam-
ple. Born in rivers and spending much of their life in the ocean, they pass coastal
regions twice before reproducing (Klemetsen et al. 2003). In some countries, such as
Norway, salmon farms are abundant in fjords and coastal environments, and wild
salmon suffer from exposure to salmon lice and other parasites and infectious agents
as they proliferate among farmed fish and spread back to the wild (Forseth et al.
2017). With warming waters and less sea ice, aquaculture may be extended to even
more northern communities and expand the areas of potential parasite and pathogen
transmission.

4.2 What Do These Changes Mean for Migrants as Dispersers
of Parasites and Pathogens?

Overall, much remains to be understood about the role of migratory animals in the
spread of infectious agents. Only a handful of infectious agents and diseases have
been investigated in detail, and these usually include those with zoonotic potential or
severe economic implications such as avian influenza or brucellosis.

If global and climatic changes alter migration routes, migrants may reach novel
breeding, non-breeding, or stopover places and introduce infectious agents into
possibly “naïve” communities. Furthermore, a warming and changing Arctic may
impact which pathogens can survive year round in the Arctic and hence pose new
interactions with seasonal migrants. Increased attention to infectious agents seems
both important and fruitful as additions to migration studies that focus on the roles of
the changing physical environment or the changing abundance and phenology of
food or predators.
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4.3 Conservation of Migrants and Migrations

With the multiple threats that migratory species face and their declining populations,
conserving migrants and migrations has become an internationally shared objective.
However, conserving mobile species is a challenging endeavour as migrants rely on
multiple locations to complete their annual or life cycles (Runge et al. 2014). The use
of these sites is interdependent such that the conditions on one site will have
consequences for the use of others, and therefore, management actions on single
sites may be futile if they do not take into account actions elsewhere (Bauer et al.
2018).

For many species, elements of their migrations may also change considerably
between years, such as variability in the wintering area of caribou (Le Corre et al.
2020) or in location and size of calving grounds (Taillon et al. 2012). Such dynamics
are clearly challenging to account for when most management and conservation
measures are built around static approaches such as reserves with constant
boundaries. Dynamic approaches are called for (Taillon et al. 2012). Similar
challenges exist for managing moving fish populations where seasonal migrations
include waters managed by multiple countries, as well as international waters, for
which international negotiations are needed to implement sustainable management.
For instance, the wintering area of the Norwegian spring-spawning herring has
varied considerably during the last century, including areas many hundreds of
kilometres apart, such as near Iceland during the 1950s and early 1960s but winter-
ing primarily in near-coast areas of Northern Norway from about 1980 and onwards
(Claireaux et al. 2020; Dragesund et al. 1997). Clearly, such dynamics present
challenges not only for fisheries management but also for predicting impacts of
climate change and other stressors on the population and its large-scale movement.

Management practices may lead to changes in movements and migrations. The
presence and extent of goose hunting impact the timing of migrations and how long
geese stay on a particular stopover site (Bauer et al. 2018). Furthermore, manage-
ment may sometimes include the eradication of entire populations, e.g. to halt the
spread of the chronic wasting disease from an infected reindeer population
(Mysterud et al. 2020). However, we need to be aware that any management
measure, but particularly massive culling, may have side- or carryover effects,
including increased movement and geographic spread (Mysterud et al. 2020).

Moreover, the multiple sites used by migrants and the movements in between
form migratory networks that range from linear networks in which sites are used in a
sequential manner to diffuse networks where many sites are used interchangeably.
The structure of these networks plays an important role in how vulnerable migrant
populations are to the degradation or loss of sites (Betini et al. 2015; Xu et al. 2019).

In addition to the structure of migratory networks, the vulnerability of species
depends on the capacity of migrants to adapt to changing conditions. Although some
species seem to adapt rapidly through altered migration routes or timing, for many
other species, it is largely unknown whether and how fast they can respond.
Furthermore, threats differ in their consequences for different demographic rates,
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and likewise, management actions may influence survival or reproductive success
differently.

Thus, efficient conservation needs an international approach that entails the entire
migration range, spatial prioritization by identifying and conserving crucial sites and
crucial connectivity, and the identification of actions that are most effective.

5 Concluding Remarks

Migrations are unique movements that connect the world, and in this network of
species and migration routes, the Arctic stands out as a melting pot where migrants
from all over the world meet during the Arctic summer, some to breed, others to just
feed. Travelling animals connect ecosystems and serve as spatial vectors, of energy
and nutrients and of other organisms that follow, sometimes as active hitchhikers, for
parts or the entire route. Understanding drivers and patterns of migrations is essential
for understanding the dynamics of diseases and must therefore be considered in
veterinary and human medicine and the One Health perspective. Current global
changes are particularly pronounced in the Arctic with many ongoing environmental
changes impacting migrants in a diversity of ways. Interactions with infectious
agents are also likely to change, and the abundance of pathogens may increase, for
instance, with episodic outbreaks during particularly warm weather (Hueffer et al.
2020). The spatial configuration of many migrations are also rapidly changing,
potentially exposing migrants to new infectious agents and creating new connections
between previously separated areas.
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Climate Change in Northern Regions

Bob van Oort, Marianne Tronstad Lund, and Anouk Brisebois

1 Scope

This chapter describes the past, present, and projected changes in global- and arctic
climate and environment, the underlying drivers, and the associated hazards and
impacts on natural and human systems. For the purpose of this book, we focus on the
time period from 1750 (defined as preindustrial) to 2100 (when most projections of
future emissions and socioeconomic development end). This chapter presents a
general picture of some of the key climate changes and related challenges for arctic
nature and society. However, the Arctic is a large area with diverse climates,
landscapes, settlements, and livelihoods, and there are a variety of limits defining
“the Arctic” (Fig. 1). “The Arctic” can hence be a very different place dependent on
definitions and geographical scope. The characteristics of these different arctic
regions, their inhabitants, and their ecosystems have been presented in the preceding
chapters. Thus, when describing impacts on nature and society, it is necessary to
distinguish between regions. It is also important to acknowledge and realize that
people and institutions have agency and that they are not passive actors when
exposed to change. To describe all details and nuances for each arctic region and
challenge is beyond the scope of this chapter. While we will give some examples of
impacts for specific geographical areas within the Arctic, many region-specific
examples related to contaminants, oil spills, traditional foods, and zoonoses will
be given in the following chapters.
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2 Climate Change: The Global Perspective

Following the definition of the Intergovernmental Panel on Climate Change (IPCC),
climate is “in a narrow sense usually defined as the ‘average weather,’ or more
rigorously, as the statistical description in terms of the mean and variability of
relevant quantities over a period ranging from months to thousands or millions of
years” (IPCC 2013). The averaging period most commonly used is 30 years (World
Meteorological Organization 2017). Climate is thus clearly distinguished from
weather, which describes the conditions of the atmosphere—pressure, temperature,
wind, clouds, and precipitation—at a certain place and time. While weather varies
widely from day to day or season to season, climate change describes the change in
the state of the climate that persists for an extended period, typically decades or
longer. In a broader sense, climate is the state of the components of the Earth system:
the atmosphere, ocean, biosphere, and cryosphere.

2.1 Consistent Indicators of a Warming Climate

While global surface air temperature change is the most commonly used and
communicated measure of climate change, numerous other essential indicators

Fig. 1 The northern polar region showing the different delineations of the Arctic, areas with
permafrost, minimum and maximum sea ice cover, and the eight Arctic states. Source: Huntington
(2001)
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exist. These include changes in physical quantities and associated environmental
parameters, such as levels of greenhouse gases in the atmosphere, energy balance,
precipitation, ocean heat content, sea level, and sea ice extent. All these are now
being monitored, although the geographical coverage and lengths of observational
time series vary.

Many of the most direct and rapidly responding indicators of climate change
pertain to the atmosphere and land surface. For instance, changes to the cryosphere,
comprising snow, river and lake ice, sea ice, glaciers, ice shelves and ice sheets, and
frozen ground, are among the most visible physical indicators of a changing climate.
Although the timescales differ, all parts of the cryosphere are inherently sensitive to
changes in air temperature and precipitation and thus to a changing climate, and the
cryosphere is sometimes referred to as a “natural thermometer” (IPCC 2013). Due to
its inertia, the oceans often provide a clearer signal of longer-term change than other

Fig. 2 Changes in permafrost and summer sea ice extent from 2003 to 2017 (permafrost extent,
including both continuous and discontinuous permafrost) and 1981–2010 to 2020 (summer sea ice
extent)
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components of the climate system. Archives of observed indicators beyond surface
temperature are of critical importance for tracking the evolution of climate change.

Over the last century, new technologies for Earth system observation have
significantly increased our capacity to monitor the climate. Stationary and remote
observation systems now provide us with large amounts of measurements, from the
top of the atmosphere to the deep ocean, and from all regions of the world. Together,
these observations provide clear evidence across all Earth system components: the
warming of the climate system is unequivocal, and, since the 1950s, many of the
observed changes are unprecedented over decades to millennia (IPCC 2013)
(Box 1).

Box 1 Key Global Indicators of Climate Change and Their Recent Trend
Global temperature increase: Global mean surface air temperature over land
and oceans has increased by approximately 1 �C since preindustrial (0.87 �C
for the decade 2006–2015 relative to the 1850–1900 period. Most of this
warming occurred in the past 35 years, and the 6 warmest years on record
have all taken place since 2014. Since the mid-twentieth century, there has also
been pronounced warming of the troposphere and cooling of the stratosphere
globally.

(continued)
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Box 1 (continued)

Increasing greenhouse gas concentrations: The global average atmo-
spheric CO2 concentration was 409 parts per million (ppm) in 2019. This is
a 47% increase from 1750, and higher than any level recorded in the past
800,000 years. During the same time interval, CH4 increased by 150% from
722 parts per billion (ppb) to 1803 ppb, and N2O by 20% from 271 ppb to
324.2 ppb in 2011. These current concentrations exceed any level measured
during at least the past 800,000 years; the period covered by ice cores.

Warming oceans: More than 90% of the excess heat energy stored by the
Earth over the last 50 years has been absorbed by the global oceans. This has
resulted in significant ocean warming, most strongly in the upper 700 m, but in
the past three decades extending all the way down to 3000 m. The graph shows
the increase in global ocean heat content in the top 0–700 m since 1955. For
context, an increase of 1 unit on this graph (1 � 1022 joules) approximately
equals 18 times the total amount of energy used by all the people on Earth in a
year.

(continued)
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Box 1 (continued)

Ocean acidification: The global oceans are presently slowing the rate of
global warming by absorbing about 30% of carbon dioxide (CO2) from human
emissions. Concurrently, there is an increasing ocean acidification. The acidity
of surface ocean waters has increased by 30% since the Industrial Revolution.

Sea level rise: Global sea level rose about 0.2 m in the last century. The
increase accelerated in the past two decades. Sea level rise is caused by both

(continued)
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Box 1 (continued)
thermal expansion, as the oceans warm, and by influx of freshwater from
melting of snow and ice on land.

Snow and ice: Satellite observations show that snow is melting earlier, and
the amount of snow in the spring has decreased in the Northern Hemisphere in
the past five decades. Glaciers are retreating in almost all regions, and both the

(continued)
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Box 1 (continued)
extent and thickness of the arctic sea ice have declined rapidly since the
beginning of the instrumental record.

Extreme events: An increase in the number of heat waves, droughts, and
heavy precipitation events have been observed in many regions. There is also
increasing evidence of more intense Atlantic hurricane activity. Attribution
studies show that human-induced climate change has made several of the
severe extreme events over the past years much more likely to occur than
without underlying global warming.

2.2 Lines of Evidence of Human-Made Climate Change

Just as the warming of the climate system is clear, so is the human influence on this
warming. As stated by the 2013 fifth assessment report by the IPCC, “it is extremely
likely that human influence has been the dominant cause of the observed warming
since the mid-twentieth century” (IPCC 2013). This is clear from multiple lines of
evidence, from observations, detection, and attribution using climate models and
statistical techniques, and the fundamental understanding of the climate system.

To understand what drives the rapid observed warming, we investigate all
possible natural and human-made factors known to influence our climate. When
we do this, it becomes clear that natural factors alone, such as solar activity or
volcanic eruptions, cannot explain contemporary climate change. The observed
global warming over the past century can only be reproduced when also human-
induced increases in levels of greenhouse gases and other human activities are
accounted for. This is true for global mean warming but also for observed warming
on all continents. Of the human-made impact, CO2 increase from fossil fuel com-
bustion constitutes the largest individual driver, followed by an increase in methane
and other greenhouse gases. Air pollution in the form of particles has caused a net
cooling contribution that has masked some of the greenhouse gas-induced warming
to date.

Further evidence of the human-made contribution is derived from observations of
energy exchanges at the top of the atmosphere and at the surface. These
measurements reveal that over the past 40 years, less energy is escaping to space
at the wavelengths associated with CO2, while more heat is received by the planet’s
surface. This provides a direct, empirical causal link between CO2 and global
warming. Measurements also show that the pattern of warming is consistent with
an increased greenhouse effect: The largest warming is taking place during nighttime
and during boreal winter, and the lower 8–17 km of the atmosphere (the so-called
troposphere) is warming while levels higher up are cooling. Finally, not only do we
measure an increased amount of CO2 in the atmosphere, but measurements confirm
that this added CO2 comes from fossil fuel combustion. Variations in the Earth’s
climate are also caused by internal forcing (see definitions Box 2), so-called natural
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variability. However, while able to significantly affect global and regional climate on
annual and decadal scales, natural variability cannot explain the long-term warming
trend.

Box 2 Definitions of Some Key Concepts Used in This Chapter
Albedo: The fraction of solar radiation reflected by a surface or object, often
expressed as a percentage. Snow-covered surfaces have a high albedo
[reflecting radiation and heat], while the albedo of soils ranges from high to
low, and vegetation-covered surfaces and oceans have a low albedo [absorbing
heat].

Climate forcing: Climate forcing “forces” the climate to change, disturbing
the energy balance between incoming radiation from the Sun and outgoing
terrestrial radiation from the Earth (the global energy balance).

Climate forcing can be separated into internal and external types, which
operate from within and outside the Earth’s climate system. External forcing
includes variations in the Earth’s orbit around the Sun, and changes in the
amount of energy coming from the Sun, and internal forcing includes changes
in the composition of the atmosphere, or volcanic activity.

RCP (Representative Concentration Pathways): Scenarios that include
time series of emissions and concentrations of the full suite of greenhouse
gases (GHGs), aerosols and chemically active gases, as well as land use/land
cover. The word representative signifies that each RCP provides only one of
many possible scenarios that would lead to the specific radiative forcing
characteristics. The term pathway emphasizes that not only the long-term
concentration levels are of interest but also the trajectory taken over time to
reach that outcome.

Hazard: The potential occurrence of a natural or human-induced physical
event or trend or physical impact that may cause loss of life, injury, or other
health impacts, as well as damage and loss to property, infrastructure,
livelihoods, service provision, ecosystems, and environmental resources.

Exposure: The presence of people, livelihoods, species or ecosystems,
environmental functions, -services, and -resources, infrastructure, or eco-
nomic, social, or cultural assets in places and settings that could be adversely
affected.

Impacts (consequences, outcomes): Effects on lives, livelihoods, health,
ecosystems, economies, societies, cultures, services, and infrastructure due to
the interaction of climate changes or hazardous climate events occurring
within a specific time period and the vulnerability of an exposed society or
system. Impacts are also referred to as consequences and outcomes.

Contaminants are defined as inputs of alien and potentially toxic substances
into the environment; not all contaminants cause pollution, as their
concentrations may be too low.

(continued)
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Box 2 (continued)
Pollutants are defined as anthropogenically introduced substances that have

harmful effects on the environment.
Vulnerability: The propensity or predisposition to be adversely affected.

Vulnerability encompasses a variety of concepts and elements including
sensitivity or susceptibility to harm and lack of capacity to cope and adapt.

Risk: Risk results from the interaction of vulnerability, exposure, and
hazard, and is the potential for consequences where something of value is at
stake and where the outcome is uncertain.

Resilience: The capacity of a social-ecological system to cope with distur-
bance, responding or reorganizing in ways that maintain its essential function,
identity, and structure while also maintaining the capacity for adaptation,
learning, and transformation.

3 Climate Change at High Northern Latitudes

The polar regions encompass a vast share of the world’s ocean and cryosphere,
including more than 90% of the total permafrost area, 69% of the world’s glacier
area and almost all of the world’s sea ice (IPCC 2019a). The polar regions are also an
integral part of the global climate system, acting as the cooling chambers of the
planet, and influencing lower-latitude weather. The polar regions receive limited
solar radiation, and have a net loss of heat over the course of the year. In contrast,
lower latitudes receive more heat from the Sun than they can radiate back to space.
This difference causes warm air and ocean currents from lower latitudes to move into
the Arctic and Antarctic, and cold air and water from the polar regions to move to the
lower latitudes. Through this process, the polar regions regulate the distribution of
heat on the Earth over the course of the year. The unique geography of the Arctic
also leads to recurring weather patterns that influence weather far beyond the region.
Examples include the Arctic oscillation, an atmospheric circulation pattern that
occurs over the mid-to-high latitudes of the Northern Hemisphere, and the semiper-
manent pressure centers such as the Aleutian and Icelandic low. Currently, the Arctic
climate and environment are undergoing dramatic changes. The consequences of
these changes affect people and ecosystems in a multitude of ways with implications
extending to the whole planet.

3.1 Arctic Climate Change

From 2011 to 2015, the average Arctic surface temperature was higher than at any
other time since instrumental records began in around 1900. In January 2016, the
Arctic was 5 �C warmer than the 1981–2010 average for the region, a full 2 �C
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higher than the previous record set in 2008, and monthly mean temperatures in
October through December 2016 were 6 �C higher than average for these months
(AMAP 2017a). Recent events indicate that new extremes are occurring in the Arctic
climate system. In northern Alaska and northeastern Russia, recent observations
suggest a widespread decline in periods of extreme cold during both winter and
summer, and increases in extreme warm periods during autumn and spring (AMAP
2017a). In the Central Arctic, surface air temperatures up to +6 �C higher than
normal (i.e., the average over 1981–2010) were recorded during winter (January to
March) in 2016 and 2018. This is nearly twice the magnitude of such previously
observed temperature records (Overland et al. 2019b). According to the World
Weather Attribution, the recent long and record-breaking heat waves in the Arctic
are rare, even with climate change, but would be virtually impossible without
human-induced climate change (World Weather Attribution 2020).

The oceans store and transport heat, freshwater, and carbon, and exchange these
with the atmosphere, and therefore strongly influence climate. Consistent with the
global mean trend, the polar ocean has continued to warm and acidify over the recent
years. In large areas of the seasonally ice-free Arctic, summer temperatures in the
upper ocean layers increased at around 0.5 �C per decade during 1982–2017. This
warming is primarily associated with increased heating due to an educed sea ice
cover, and an increased inflow of ocean heat from lower latitudes. The global oceans
have taken up 90% of the additional heat in the climate system over the past 50 years.
This means that only a fraction of warming is taking place in the atmosphere for
now. However, heat taken up by the ocean is only moved from one place to another
but does not disappear. Eventually heat stored in the ocean is released back to the
atmosphere, committing Earth to additional surface warming in the future.

The pan-Arctic loss of sea ice is one of the most dramatic changes in the Arctic
environment, and a prominent indicator of the ongoing climate change. The Arctic
sea ice extent, defined as the total area of the Arctic with at least 15% sea ice
concentration, has declined in all months of the year since the beginning of the
instrumental record in 1979. The smallest decline is seen during winter, and the
largest during summer, with the strongest trend in September when the ice extent
tends to be at its lowest. The summer ice loss is most prominent in seas above
Alaska, Canada, and Russia (see Fig. 1). The observed change in Arctic summer sea
ice loss is driven partly by human-made warming increased greenhouse gases and
warming and partly by natural climate variability (Kay et al. 2011; Notz and
Marotzke 2012).

Box 3 Why Is the Arctic Warming Faster than the Global Average?
Over the last two decades, the surface air temperature in the Arctic has
increased at more than twice the global average. Warming has been especially
pronounced since the year 2000, with Arctic annual surface temperatures
exceeding previous records for the past 6 years (2014–2019) (Overland et al.
2019a, b). Termed Arctic amplification, this higher-than-average warming is a

(continued)
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Box 3 (continued)
robust feature in both observations and climate model projections. The most
important and well-known driving mechanism is the surface albedo feedback,
whereby reduced sea ice and snow cover reveals the darker, lower reflectivity
ocean and land surfaces which absorb more solar radiation. This in turn results
in further warming and sea ice loss. However, several additional mechanisms
have been proposed and been found to contribute, including increased Arctic
atmospheric water vapor abundance, changes in summer-time cloudiness,
additional heat generated as new sea ice forms across more extensive open
water areas in the autumn, and northward transport of heat and moisture.

Climate change in the Arctic is not limited to the ocean, and the terrestrial
components of the cryosphere are also undergoing dramatic changes at high northern
latitudes. On land, permafrost temperatures are increasing. The permafrost region
represents a large reservoir of organic carbon, almost twice as much carbon as is
currently in the atmosphere (Schuur et al. 2018). This reservoir is also highly climate
sensitive. Melting permafrost can therefore influence global climate through
emissions of carbon dioxide and methane released from an increase in microbial
breakdown of organic carbon, and the release of trapped methane. It is not fully clear
whether northern permafrost region is currently a source of additional methane and
CO2 to the atmosphere (IPCC 2019a), but recent observations and projections
suggest that the positive feedback of increased greenhouse gas release due to
thawing permafrost and subsequent additional climate warming may already be
underway (Anthony et al. 2018; Schuur 2018).

Glaciers are another critical indicator of climate change. Summer melting of the
Greenland Ice Sheet (GIS) has increased since the 1990s, driven by both oceanic and
atmospheric warming, to a level unprecedented over at least the last 350 years. The
GIS is estimated to have been close to a state of balance in the 1990s, seasonally
growing and melting but maintaining a stable average, but annual losses have risen
since then, peaking at 345 � 66 billion tons per year in 2011 (Shepherd et al. 2020).
In the summer of 2019, the melting rate was record high due to a very persistent
high-pressure system over the region bringing warm weather. During this period
alone, it was calculated that the GIS lost ice equivalent to around 80 million Olympic
swimming pools. In contrast to melting sea ice, melting of glaciers and ice sheets
contribute to sea level rise. Currently, Greenland is losing ice seven times faster than
in the 1990s (The IMBIE Team 2020), and could contribute 5–33 cm to sea level by
2100, depending on emission scenario (Aschwanden et al. 2019). During
2006–2015, mass loss from Arctic glaciers of around 212 Gt per year contributed
to sea level rise at a similar rate (0.6 � 0.1 mm per year) as the melting of the GIS.
The increasing surface melt on Arctic glaciers also leads to a positive climate
feedback through lower surface albedo (see definitions in Box 2), where darker,
ice-free surfaces revealed due to melting causes increased heat absorption, and hence
further melting and more dark surfaces (Box et al. 2012).
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Reductions in Arctic (land areas north of 60�N) spring snow cover extent has
been recorded since satellite charting began in 1967. Changes in terrestrial snow
cover are critical, as they influence the surface energy budget, influencing how much
heat is absorbed and released, in addition to the freshwater availability.

3.2 Future Projections

The ongoing changes in the Arctic climate system are expected to continue into the
twenty-first century, with a further decrease of sea ice, permafrost and snow on land,
and reductions in the mass of glaciers. How fast these changes take place is
dependent on global emission scenarios and climate change mitigation measures
(IPCC 2019a). However, if continuing along the recent observed trend, a largely
ice-free summer Arctic ocean could already be a reality by the late 2030s, which is
earlier than projected by most climate models (AMAP 2017a). If global warming is
stabilized at 1.5 �C, the chance of a sea ice-free September at the end of century is
estimated at approximately 1%; for a 2 �C increase, this chance rises to 10–35%.
Projected mass reductions for polar glaciers between 2015 and 2100 range from
16 � 7% for a scenario corresponding to low emissions (RCP2.6 with low green-
house gas concentrations—see Box 2 for explanation of “RCP”) to 33 � 11% in a
case with very high human-made emissions (RCP8.5 with high greenhouse gas
concentrations. Note: This scenario currently seems unrealistically high.) Near-
surface permafrost area is projected to decrease by 2–66% for RCP2.6 and by
30–99% for RCP8.5 over the same period. About 20% of Arctic land permafrost
is vulnerable to abrupt permafrost thaw and subsequent ground subsidence, which is
expected to increase small lake areas by over 50% by 2100 for RCP8.5. The duration
of snow cover is projected to decrease by an additional 10–20% from current levels
over most of the Arctic by mid-century under a high emission scenario (AMAP
2017a). Even as the overall regional water cycle intensifies, including increased
precipitation, evapotranspiration, and river discharge to the Arctic Ocean, decreases
in snow and permafrost may lead to soil drying.

It is important to keep in mind that with a global warming of 1.5 �C or 2 �C, the
projected warming in the Arctic is significantly higher due to Arctic amplification
(Box 3). Projections suggest that under an emission scenario that is roughly similar
to that required to meet the 2 �C goal of the Paris Agreement, the wintertime surface
temperature over the Arctic Ocean could stabilize at 5–9 �C above the 1986–2005
average (AMAP 2017a). It could further stabilize the duration of snow cover at about
10% below current levels and near-surface permafrost extent at around 45% below
current levels. While successful implementation of the Paris Agreement would limit
the climate and environmental changes in the Arctic, the region will still be a very
different place in 2100 than today.
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Box 4 “What Happens in the Arctic Does Not Stay in the Arctic”
A typical saying is that “what happens in the Arctic does not stay in the
Arctic.” Changes in the Arctic atmosphere, cryosphere, and ocean can have
wide-reaching implications. Arctic change has been proposed to affect weather
patterns in lower latitudes, even influencing Southeast Asian monsoons
(AMAP, 2017e). The linkages between Arctic change and mid-latitude
weather are an active research area and a societally important one because
hundreds of millions of people can potentially be impacted (Jung et al. 2015).
Part of the scientific disagreement is due to irregular connections in the Arctic
to mid-latitude linkage pathways, both within and between years (Overland
et al. 2019a). Considerable literature exists on the potential for sea ice loss in
the Barents and Kara Seas to drive cold episodes in eastern Asia (Kim et al.
2014; Kretschmer et al. 2016), while sea ice anomalies in the Chukchi Sea and
areas west of Greenland are associated with cold events in eastern North
America (Kug et al. 2015; Overland et al. 2019a; Ballinger et al. 2019). Recent
research suggests that one of the major ocean currents in the Arctic, called the
Beaufort Gyre, is becoming faster and more turbulent as a result of rapid sea
ice melt (Armitage et al. 2020). The Beaufort Gyre keeps the Arctic polar
environment in equilibrium by storing freshwater near the surface of the
ocean. If this excess fresh water were to be released into the Atlantic Ocean,
it could potentially slow down its circulation and have hemisphere-wide
climate implications. Future projections are however still unclear.

4 Consequences and Responses of Natural and Societal
Systems to Climate Change

Climate changes globally and in the Arctic are already underway, and they are
affecting ecosystems, lives, and livelihoods, including health, throughout the differ-
ent arctic regions (AMAP 2017a). Climate change will have direct impacts, but will
also interact with other drivers of change, including globalization, geopolitical shifts,
increased industrial, shipping and tourism activities, and other socioeconomic,
cultural, and political conditions (e.g., Nilsson et al., 2017). Such combined changes
create complex and cumulative impacts on all Arctic communities—indigenous,
nonindigenous, rural and urban—where climate change will amplify existing
climate-related risks and create new risks for natural and human systems (IPCC
2014). Arctic societies and activities are in various ways connected to the natural
systems, and climate-driven changes in the cryosphere, flora, or fauna may have
secondary climate impacts on societies (Crépin et al. 2017). These cumulative,
direct, and indirect effects act simultaneously to reshape nature and society and
will have consequences leading both to challenges and opportunities in the Arctic
(Hovelsrud et al. 2010, 2011). Consequences shaped by multiple drivers will need
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adaptation actions not to climate change alone, but to this complex set of drivers
together (Hovelsrud et al. 2010; AMAP 2017b, c, d; Nilsson and Larsen 2020).
Climate change is not always the strongest or main driver, and its impacts may
sometimes be difficult to separate from impacts driven by other factors (Hovelsrud
et al. 2010; Arbo et al. 2013; Nilsson et al. 2015, 2017). Due to these interlinkages,
some of these indirect and multiple driver issues will therefore be discussed together
with the direct climate change effects which are the key focus in this section. It is
further important to understand that the Arctic is not a homogenous region but
consists of different ecosystems, countries, people, policies, activities, and interests
(see Chap. 1). Risks and consequences thus often depend heavily on the specific
regional contexts. We will address some of these through examples in the following
sections.

4.1 Climate Risk

Climate risk is a result of the interaction between physical change, or hazards, and
the vulnerability and exposure of human and natural systems (see Box 2 for
definitions). The severity of climate risk thus depends on the magnitude and rate
of warming but also on geographic location, levels of development and vulnerabil-
ity, and capacity for adaptive action. Here we must underline that people are not
passive victims of climate impacts, but that they have agency, the ability to act and
react, and that the combined use of different kinds of knowledge and institutions can
greatly contribute to reduce climate risk (Dannevig et al. 2013; Hovelsrud et al.
2018; Wheeler et al. 2020).

From a global perspective, populations and regions which are at a disproportion-
ately high risk of negative consequences from global warming include especially
vulnerable or natural resource-dependent populations, arctic ecosystems, and dry-
land regions (Hoegh-Guldberg et al. 2018). Five key concerns about climate change-
related risk have been visualized in Fig. 3, which summarizes how rising global
temperatures may affect different systems under different degrees of warming
(Mahony and Hulme 2012). This figure conveys clear messages.

While the figure takes a global perspective, each of the reasons for concern
applies for the Arctic. The figure shows that climate risk is already heightened at
the present level of global warming and that climate risk increase with increasing
warming, slowly and gradually for some reasons for concern, rapidly and abruptly
for others. A global warming of 2 �C or 3 �C is in many cases enough to push the
selected human and natural systems into a future with significant and widespread
impacts, risks, and even irreversible changes. Future levels of climate risk will thus
depend on the rate, peak, and duration of warming (IPCC 2014), which in turn are
largely determined by the future evolution of global anthropogenic emissions of
greenhouse gases and other gases and particles.

Table 1 further illustrates how climate-driven changes in land-based processes
can cascade further into increased risks for people and nature. In many cases, such
climate risk exacerbate already existing challenges and will increase differences in
vulnerability within and between populations.
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Fig. 3 Five integrative reasons for concern (RFCs) provide a framework for summarizing key
impacts and risks across sectors and regions and were introduced in the IPCC Third Assessment
Report. RFCs illustrate the implications of global warming for people, economies, and ecosystems.
Impacts and/or risks for each RFC are based on assessment of the new literature that has appeared.
As in AR5, this literature was used to make expert judgments to assess the levels of global warming
at which levels of impact and/or risk are undetectable, moderate, high, or very high. The selection of
impacts and risks to natural, managed, and human systems in the lower panel is illustrative and is
not intended to be fully comprehensive (referring to IPCC report, sections 3.4, 3.5, 3.5.2.1, 3.5.2.2,
3.5.2.3, 3.5.2.4, 3.5.2.5, 5.4.1, 5.5.3, 5.6.1, Box 3.4). RFC1 Unique and threatened systems:
ecological and human systems that have restricted geographic ranges constrained by climate-
related conditions and have high endemism or other distinctive properties. Examples include
coral reefs, the Arctic and its Indigenous people, mountain glaciers, and biodiversity hotspots.
RFC2 Extreme weather events: risks/impacts to human health, livelihoods, assets, and ecosystems
from extreme weather events such as heat waves, heavy rain, drought and associated wildfires, and
coastal flooding. RFC3 Distribution of impacts: risks/impacts that disproportionately affect partic-
ular groups due to uneven distribution of physical climate change hazards, exposure, or vulnerabil-
ity. RFC4 Global aggregate impacts: global monetary damage, global-scale degradation, and loss of
ecosystems and biodiversity. RFC5 Large-scale singular events: are relatively large, abrupt, and
sometimes irreversible changes in systems that are caused by global warming. Examples include
disintegration of the Greenland and Antarctic ice sheets. Source: Figure SPM.2 from (IPCC 2018)
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Continuing at the current trend, global warming is likely to reach 1.5 �C between
2030 and 2052 (IPCC 2018). Current international mitigation commitments are
insufficient to meet the Paris Agreement ambitions of limiting global temperature
rise this century to well below 2 �C above preindustrial levels1 and to pursue efforts
to limit the temperature increase even further to 1.5 �C. Without further action,
current commitments likely result in global warming of between 2.6 and 3.2 �C
(Rogelj et al. 2016; Olhoff and Christensen 2018).

4.2 Natural Systems in the Arctic

4.2.1 Terrestrial and Freshwater Ecosystems
The Arctic and sub-Arctic consist of various types of ecosystems, including forests,
tundra, wetlands, freshwater ecosystems, grasslands, and rocky- and snow-and-ice
habitats on the arctic land areas, in addition to the marine ecosystems. Climate
change impacts in these systems include both gradual changes and extreme events
or pulse disturbances. Many of these changes will in turn feedback to enhance
further climate change, also discussed in Sect. 3.

Fig. 4 Arctic greening or Arctic browning? Permafrost polygons show up in stark contrast against
the tundra vegetation. Variations in moisture on the perimeter of the polygons encourage plant
growth of a different color. Source: Western Arctic National Parkland photostream, Aerial view of
polygons on tundra, flickr.com, public domain

1(https://climateactiontracker.org/)
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The terrestrial ecosystems already experience large vegetational shifts as a result
of changes in permafrost, snow cover, temperature, precipitation, and hydrological
changes but also as a consequence of human land use changes (Barry et al. 2013).

The overall trend for tundra vegetation across the 36-year satellite period
(1982–2017) shows an increasing aboveground biomass known as “greening”
throughout most of the circumpolar Arctic. This greening process is driven by
several factors, including increases in summer, spring, and winter temperatures
and length of the growing season and soil moisture. Within the overall trend of
such greening, some tundra areas show “browning” or declines in aboveground
biomass (Bhatt et al. 2017). Research on tundra browning is more limited, but
suggests causal mechanisms that include increased tundra freezing and drying due
to reduced snow cover and permafrost thawing and subsidence that increases surface
water. Also, insect activity and increased herbivore grazing play a role in tundra
changes. A warming climate allows geometrid moths to appear more frequently and
defoliate shrubs and bushes, while reindeer or other grazing animals can manage
tundra vegetation and mitigate the transition from grassland to shrubland in a
warming Arctic (Rybråten and Hovelsrud 2010; Olofsson et al. 2013). Changes in
tundra vegetation can have important ecosystem effects, in particular on hydrology,
carbon, and nutrient cycling and surface energy balance. Vegetation also has a
stabilizing effect on permafrost, which can collapse and increase methane emissions

Table 1 Systems at risks due to climate change and cascading effects in land-based processes This
table is based on (Hurlbert et al. 2019) and expanded with additional risks based on discussion and
literature mentioned in the text of this chapter. Closed circles refer to effects discussed in this
chapter, most with an Arctic relevance. Open circles are not discussed specifically in this chapter,
most with a relevance not specific to the Arctic
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in the absence of vegetation (Myers-Smith and Hik 2013; Frost and Epstein 2014;
Nauta et al. 2015). Changing vegetation also influences the diversity and abundance
of herbivores, such as caribou declines connected to Arctic greening (Fauchald et al.
2017; Horstkotte et al. 2017).

Studies on boreal forests similarly identify climate change-related changes. In
some well-studied regions such as Alaska and western Canada, wildfires are more
frequent and affect larger areas now than in the last 100 to 10,000 years ago (AMAP
2017c). Abrupt thawing permafrost is also increasingly disturbing boreal forests.
Such changes to boreal forests also impact its role in the carbon cycle in absorbing
CO2 from the atmosphere via vegetation growth and thus contribute to further
climate change (Glomsrød and Aslaksen 2006).

Arctic freshwater ecosystems are influenced by the duration of snow and ice
cover, changes in water temperature and nutrient concentrations, and changing
inputs from the catchments and surrounding terrestrial ecosystem (Wrona et al.
2013). Perhaps even more dramatic are the appearance and disappearance of entire
freshwater ecosystems themselves. For example, while Arctic lakes are rapidly
draining and disappearing following the loss of permafrost and the increased evapo-
ration due to higher air temperatures, increased snow and ice melt and thawing
permafrost may also increase the formation of swamps and new lakes. Also human
development has its imprint on these freshwater changes, such as flow regulation on
major northerly flowing rivers, which adds complexity to the determination of
climate-driven changes. All these changes have implications for hydrology, the
surrounding vegetation, and the animals depending on this (Post et al. 2009), as
well as for livelihoods (Arctic Council 2013).

4.2.2 Marine Ecosystems
Climate change impacts on marine ecosystems, including sea ice in the Arctic, are
affecting or expected to affect all marine mammal species through its effects on the
productivity of plankton in the water column, of bottom flora and fauna, and of fish
(AMAP 2017d). The composition of arctic marine species and their activity is
changing due to gradual warming, acidification, and other changes in water layers
linked to melting glaciers and sea ice. Similar to the changes on land, the natural
habitat of arctic marine species is becoming smaller, while sub-Arctic species are
expanding their range northward, further increasing pressure on high-arctic species
(IPCC 2019b).

Reduced sea ice extent has increased the total annual primary production for the
Barents Sea. As the ice edge migrates northward, phytoplankton blooms and its food
chain linked zooplankton and krill communities follow this increasingly earlier
migration ever further north (see also Sect. 1.4 on animal migrations). The IPCC
(2019a) stressed with high confidence that the cascading effects of multiple climate-
related drivers on polar zooplankton and phytoplankton have affected food web
structure and function. Changes in species distribution in response to temperature
and sea ice changes and such food web migrations are already being documented
regularly in the Barents Sea region for invertebrates, fish, and animals at the top of
the food chain including marine mammal species. In addition, ever more boreal
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species are moving into northern waters. Examples of this are the increased abun-
dance of mackerel at the northern limit of its distribution and the decrease of boreal
cod on its southern limit, but increase at its northern limit (Rijnsdorp et al. 2009). As
a result of earlier and longer availability of phytoplankton, zooplankton, and krill,
commercial fish stocks are larger than they have been in decades. Also, the distribu-
tion of sea bottom living organisms (benthos), such as algae, worms, bivalves,
sponges, and sea stars, is changing. In Arctic waters with sea ice, their abundance
is much lower than in areas further south. These bottom living species are especially
affected by changes in surface salinity due to melting of sea ice and freshwater input
from rivers. Further, the recent and sudden increases in macroalgal presence and the
abundance of benthos in Arctic fjords are thought to be linked to climatic factors
(Kortsch et al. 2012).

Coastal breeding and seasonal migrating marine mammals such as gray and
harbor seals and several whale species are likewise positively affected, as these
species are shifting their distributions northward following the retreat of the sea ice,
as their food web moves northward and the open water season gets longer.

However, there are also many examples of how sea ice reductions are negatively
impacting marine life, especially for sea-ice- or pack-ice-dependent species which
rely on sea ice for survival and reproduction (AMAP 2017a). For example, shifts in
the temporal and spatial distribution and availability of suitable areas of sea ice for
ice-breeding seals have led to increased stranding and pup mortality in years with
little ice (IPCC 2019b). Also ice edge and marginal ice zone-dependent bearded
seals are negatively affected by increased migration distances and possible changes
in prey composition and availability (AMAP 2017e). Pacific walrus females are no
longer able to haul out on ice over the shelf in summer due to the retraction of the
southern ice edge into the deep Arctic Ocean. This has led to unusually large herds
and onshore stampedes, leading to increased mortality of walrus calves.

Many seabird species are also experiencing negative consequences due to
changes in prey availability linked to ocean climate change, and for some
populations also changes in predators play a role. Figure 5 gives an overview of
key drivers that are causing, or are projected to cause, direct effects in arctic marine
ecosystem.

However, patterns of species change in the marine ecosystem are complex, and
the same species can be affected differently by warming waters and decreasing ice
cover, while also non-climatic factors, such as the fishing industry, interfere with the
population patterns (AMAP 2017e). Impacts to several of these species, such as
walrus or polar bears are probably masked, as population trends are currently stable
or positive, with the species still recovering from excessive hunting practices in
the past.

4.3 Societal Systems in the Arctic

Changes in global and arctic climate, and linked ecosystem changes as described in
this chapter, result in a quickly changing environment and how both local and

98 B. van Oort et al.



Fi
g
.5

S
ch
em

at
ic
su
m
m
ar
y
of

ke
y
dr
iv
er
s
th
at
ar
e
ca
us
in
g,
or

ar
e
pr
oj
ec
te
d
to
ca
us
e,
di
re
ct
ef
fe
ct
s
on

ar
ct
ic
m
ar
in
e
ec
os
ys
te
m
s
(S
ec
t.
3.
2.
1.
2)
.E

ff
ec
ts
pr
es
en
te
d

he
re
ar
e
de
sc
ri
be
d
in
th
e
m
ai
n
te
xt
(r
ef
er
ri
ng

to
M
er
ed
ith

et
al
.2
01

9:
S
ec
tio

ns
3.
2.
3.
1;
3.
2.
4.
1.
1;
3.
2.
4.
2;
3.
2.
4.
3)

w
ith

as
so
ci
at
ed

co
nfi

de
nc
e
le
ve
ls
an
d
ci
ta
tio

ns
.

F
or

m
ix
ed

ef
fe
ct
s,
no

co
nfi

de
nc
e
le
ve
l
is
gi
ve
n
(s
ee

m
ai
n
te
xt

fo
r
de
ta
ils

on
ho

w
m
ul
tip

le
dr
iv
er
s
ca
us
e
in
te
ra
ct
in
g
po

si
tiv

e
an
d
ne
ga
tiv

e
ef
fe
ct
s)
.
P
ro
je
ct
ed

Climate Change in Northern Regions 99



seasonal migratory populations are connected to this environment. These changes
may negatively affect ecosystem services, such as food provision, climate or flood
regulation, and their cultural importance (IPCC 2019b). Such changes have
implications for people’s livelihoods and activities, their cultural practices,
economies, education, and also health (Meredith et al. 2019). Current changes in
Arctic societal systems are interlinked with globalization and many other socioeco-
nomic drivers of change. While we acknowledge the complexity and diverse set of
drivers, the following sections aim to highlight the role of climate in the interlinked
issues of cultural identity, local economy, migration and relocation, and health.

4.3.1 Cultural Identity
The cultural identity of Arctic communities is affected in multiple ways by climate
change. “Living in connection with nature” is identified as an important component
of cultural identity and well-being in Arctic populations (Larsen and Fondahl 2015).
Traditional activities such as hunting, herding, fishing, and gathering are significant
as recreational activities for many Arctic inhabitants and also have a cultural
importance to some of the indigenous Arctic populations. Subsistence activities,
and the sharing of food, are considered vital to many households’ well-being and
cultural identity. While climatic variation and weather events have undermined
opportunities to harvest and process such culturally important foods, the vulnerabil-
ity to changes in such traditional activities and foods differs by region and commu-
nity and is a function of geographic location, nature of climate change impacts, and
human factors (Ford et al. 2018). These issues have been much studied in the north
American and Canadian Arctic, and these studies found differences between inland
and coastal locations, with the latter being the uniquely sensitive to climate change
impacts due to permafrost and sea ice dynamics. Local innovation and leadership
provide important adaptations to minimize climate impacts on these activities (Ford
et al. 2018). Nevertheless, landslides, flooding, and other events compromise infra-
structure, and changing snow and ice regimes, less predictable weather, and chang-
ing wind patterns make travel by semipermanent trails more dangerous and less
dependable (Ford et al. 2018). These changes affect community viability, identity,
and together with globalization trends lead to partial outmigration from communities
(Larsen and Fondahl 2015). This has consequences especially in rural areas where a
reduction in population makes the maintenance of infrastructure, health, and social
services more challenging (AMAP 2017a).

Also, in the absence of adaptation options, reduced access to traditional foods can
have a negative effect on the nutritional status of Indigenous people for whom local

Fig. 5 (continued) effects are conceptual representations based on high emission scenarios (Sect.
3.2.1.2). The cross-sectional view of the Arctic ecosystem shows the association of key functional
groups (marine mammals, birds, fish, zooplankton, phytoplankton, and benthic assemblages) with
arctic marine habitats. Species depicted in the fishing net are not a comprehensive depiction of all
target species. Source: Figure 3.5 from (Meredith et al. 2019)
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food sources can make up important contributions to a nutritious diet (Larsen and
Fondahl 2015; IPCC 2019b).

Especially in the North American and Russian contexts, large-scale industrial
resource development facilitated by an increasingly accessible Arctic also threatens
the preservation of the local cultural identity of many communities, mainly due to
environmental pollution or the limitations these industrial developments create in
terms of access to hunting, fishing, and gathering areas (Larsen and Fondahl 2015).
Increased mining and petroleum extraction activities in Arctic Russia amplify the
pressure on land use and reduce the territory of the Indigenous peoples with
consequences, for example, for reindeer herding across the tundra. Changing envi-
ronmental conditions and increasing competition over resources lead to loss of social
identity and an increased risk for social alienation and destructive behaviors (Revich
et al. 2012; Larsen and Fondahl 2015).

Local Economy
Climate change impacts the economies of the North mostly through an increased
accessibility to the Arctic. Its resources become more accessible as sea ice melts,
permafrost thaws, and ice-free seasons are getting longer, both to local communities
and to companies from beyond the region. The economic benefits may thus be
spread, contested, and may come at the cost of loss of these areas to other activities,
such as reindeer herding in the example given above.

Also the example of migrating fish stocks as described in Sect. 4.2 indicates both
positive and negative economic consequences. New species, including for consump-
tion, will migrate north from southern waters, with new fishing opportunities in
Arctic waters. However, migrating species may also make coastal fisheries more

Fig. 6 Arctic sea ice. This picture was taken in August 2016, a year when the summer sea ice
extent was at a record low. Source: L’Oriol, flickr.com, public domain
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challenging as they need to travel further and longer to reach migrating stocks.
Warmer and wetter weather conditions may further challenge industries such as the
dried cod industry through increased microbial spoilage (Raheem and Crosta 2019)
and increased risk for infectious pancreatic necrosis (IPN) virus and nodavirus
causing viral neural necrosis (VNN) (Raheem and Crosta 2019).

These changes affect local communities, but impacts are not limited to Arctic
inhabitants alone. For instance, sea ice reduction has facilitated an increase in cruise
tourism opportunities across the Arctic. Alaska attracts the highest number of cruise
passengers annually at just over 1 million; Svalbard attracts 40,000–50,000;
Greenland 20,000–30,000; and Arctic Canada 3500–5000 (Johnston et al. 2017).
Compared to a decade ago, there are more cruises on offer, ships travel further, larger
vessels with more passengers are in operation, more purpose-built polar cruise
vessels are being constructed, and private pleasure crafts are appearing in the Arctic
more frequently (IPCC 2019b). The Arctic Ocean’s open water season has already
increased by 1–3 months over much of the ocean since the late 1970s, creating an
increase in marine shipping (Meredith et al. 2019) and thus jobs, though not
necessarily for the Arctic communities (AMAP 2017a). Most cruise ship companies
are based outside the Arctic, and most of the revenue will consequently leave or even
enter the Arctic.

In the Norwegian and Russian Arctic, most of this increase is associated with oil
and gas service vessels and tankers, marine cruises, while traffic in the Canadian
Arctic is dominated by cargo vessels, government icebreakers, and research ships,
while pleasure craft presents the fastest growing vessel type. The impacts of different
types of shipping are likely to vary in scale and scope between different communities
in the same arctic region, but a general concern is the increased impacts on the
environment such as noise, pollution, invasive species, and garbage disposal (Olsen
et al. 2019). There are variations across the Arctic in how local populations (can)
deal with these challenges. Environment protective regulations can limit residents’
use of the environment, but regulations and communication can also improve local
preparedness (Olsen et al. 2019).

In Fennoscandia, there is a relatively large local control over local resources.
Exceptions to this are hydropower, minerals, and forest, which are under national,
large state-owned companies, and environmental law control. However, these state-
owned companies often include plans for local employment or local redistribution of
part of the revenues (Lim 2020). In Russia a history of central state control over
Arctic lands limits the amount of local control, but in recent years, the Russian
government has passed several strategic planning programs designed to invest
billions of dollars in northern infrastructure and economy (Lim 2020). The effec-
tiveness of these measures is unclear, but some parts of the Russian Barents area
have seen as influx of capital (e.g., Nenets Autonomous Area, Murmansk). In the
Canadian and American Arctic, there are similar discussions or models in place
around local employment, taxation, and local redistribution of revenues.

Finally, climate change incidences and events pose threats to the infrastructure on
which economic activities depend (AMAP 2017e). For example, the bearing capac-
ity of building foundations has declined by 40–50% in some Siberian settlements
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since the 1960s, and the vast Bovanenkovo gas field in western Siberia has seen a
recent increase in landslides related to thawing permafrost (AMAP 2017d). Table 2
gives an overview of the current and expected impacts of climate change across
different economic sectors in the Arctic.

4.3.2 Migration and Relocation of People
Climate change-related environmental and societal changes also impact movements
in Arctic and sub-Arctic communities at various geographic scales, including migra-
tion and relocation patterns. As described in the previous sections, seasonal tourism
can cause large influxes of people, and seasonal migration related to natural resource
development activities is common, e.g., in the Russian Arctic. A loss of cultural
identity mixed with other factors can as discussed also lead to outmigration from
rural Arctic communities. People move for many different reasons, and it is often
difficult to isolate just one cause. However, there are settlements in the Arctic that are
already impacted by climate change, such as coastal villages in Alaska threatened by
relocation due to thawing permafrost related to coastal erosion and failing support
for houses, water systems, and civil infrastructure (AMAP 2017c). Also, large urban
settlements impacted by thawing permafrost are already an important concern in
Russia (Larsen and Fondahl 2015). These combined factors may lead to
outmigration and relocation as people seek opportunities and alternative housing
and lives. In 2009, for example, 22% of the population of Alaska moved, which is
well above the 15% of all Americans who moved that year, reflecting higher
mobility of the Alaskan population in context of climate change in the Arctic (Larsen
and Fondahl 2015). Furthermore, there is a general trend for women to leave and
men to stay, creating a gender imbalance in the arctic regions (AMAP 2017e).
Seasonal work migration related to natural resource development is likely to increase
due to the increased accessibility of resources, possibly adding to the gender
imbalance phenomenon in the Arctic.

4.4 Human Health

People in Arctic communities are particularly at risk of facing health issues (AMAP
2015). A rapid warming has gone hand in hand with increased globalization and
accessibility, industrial activities, resource extraction, and an increased flux of
people and new animal species (and their potential pathogens), exposing the Arctic
population and communities to multiple new health challenges. Health impacts of
climate change are both direct, resulting from changes in temperatures and/or
extreme climate events, and indirect, resulting from how climate change affects
livelihoods and foods, infrastructure, wildlife, the viability of parasites, bacteria and
viruses, and thus health (Larsen and Fondahl 2015; IPCC 2019b). Especially some
mental health risks linkaged with changes in social and natural systems have already
been briefly mentioned in the preceding sections (Sect. 4.2.1). Here, we will
especially highlight some of the direct climate links with physical health, local
food security, and damaged healthcare infrastructure. We also highlight some
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Table 2 Expected impacts of climate change on sectors in the Arctic

Sector/system Consequence of climate change Other forces affecting outcomes

Fishing – Changes in stock and species
abundance and distribution

Changes in: markets and
demand, gear, policies, offshore
development, transportation

– Changes in stock productivity

– Differences for species and per region

– Coastal and marine fisheries, fish
farming and drying will be differently
affected

Agriculture,
livestock,
forestry

– Vegetation shifts Change in market value of meat;
overgrazing; land use policies
affecting access to pasture and
migration routes; property rights;
climate change; policy regarding
carbon capture and storage in soil
and above ground biomass

– Expansion of forests

– Altered husbandry practices

– Probable expansion of agricultural
opportunities

– Increased growing season and extreme
weather events

– Wetland development

– Increased forest fires

Renewables:
Hydroelectric
power

– Change in precipitation affecting the
reservoirs and spring run-off

Changes in energy markets;
environmental policies

– Increased maintenance costs caused by
thawing permafrost

Non-
Renewables:
Mining and
Petroleum

– Reduced sea ice and glaciers offering
some new opportunities for development

Changes in policies affecting
extent of sea and land use area;
new extraction technologies;
changes in markets and demand

– Changes in hydrology, thawing
permafrost and temperature affect
production levels, ice roads, flooding
events and infrastructure

– Shorter season for mining

– Offshore production likely to benefit
from less sea ice

– Increased design and operational costs

Tourism – Warmer conditions, more open water,
public perception of “last chance”
opportunities

Travels costs; shifting tourism
market; more enterprises

– Reduced access costs

– Snow dependent activities more limited

– Longer season

– More cruise tourism

– Weather events, like storms, have
unknown trends

(continued)
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indirect health risks linked to climate change, including new vector-borne diseases,
the appearance of diseases that are not currently a problem in the Arctic, and the
declining quality of surface water, largely affected by contaminants, causing
problems for clean drinking water provision in some parts of the Arctic (AMAP
2017f). Pollutants, oil spills, and especially zoonotic diseases are discussed more in
depth in other chapters in this book.

4.4.1 Direct Impacts of Climate on Health and Well-Being in Arctic
Populations

The Arctic is becoming increasingly accessible, and this trend will continue in the
future as climate changes. The pace of natural resource development such as oil and
gas and mining has accelerated. The scale of other human activities, such as shipping

Table 2 (continued)

Sector/system Consequence of climate change Other forces affecting outcomes

Maritime
transportation

– Open seas allow for more vessels Policies for safety requirements;
timing and movements; changing
insurance premiums

– Reduced access costs

– Increase dependent on prevailing ice
conditions

– Weather events, like storms, have
unknown trends

– Greater constraints in using ice-roads

Infrastructure on
land

– Thawing permafrost affecting stability
of ground and infrastructure

Weak regional and national
economies; other disasters that
divert resources; disinterest by
southern-based law makers

– Coastal erosion

– Increased costs from impacts of natural
disasters

– Increased building costs

– Construction season extended

Governmental
services

– Increased demands on the federal
budget associated with climate change

Other disasters/priorities that
divert resources

– Possible increased federal economic
support

Subsistence
activities

– Change in harvest patterns Changes in cost of fuel; land use
affecting access; food
preferences; harvesting rights;
protection regulations

– Changes in species distribution and
abundance

– Impediments to access of harvesting
areas

– Changes in seasonality

– Threats to culture and food security

Sources: Glomsrød and Aslaksen (2006), Meredith et al. (2019)
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and tourism, has likewise increased, and impacts of increased anthropogenic activity
and related emissions are very likely to intensify toward 2030 and beyond (AMAP
2017e). Current impacts associated with the observed increase in Arctic shipping by
boats include a higher rate of reported accidents per km traveled compared to
southern waters, increases in vessel noise propagation, and air pollution, though
the rate and seriousness of impacts differ per region (Meredith et al. 2019; Olsen
et al. 2019). Factors that can potentially lead to a shipping accident are several and
include inadequacy of navigation aids and port infrastructure, ice, and harsh weather
conditions. The long distances to search and rescue facilities or dedicated spill
response organization can increase the potential for impacts (Meredith et al. 2019).
Disruptions to cultural and subsistence hunting activities from increased shipping
compound climate-related impacts to local people (Olsen et al. 2019).

Climate change impacting infrastructure can also lead to risks for human health in
the Arctic. For example, in many Arctic communities, physical infrastructure is built
on permafrost. The weakening of this permafrost foundation will likely damage the
structure build on top. It will also likely damage water intake systems and pipes, thus
resulting in contamination of community water supplies. Moreover, the failure of the
foundation of access roads, boardwalks, water storage tanks, and wastewater treat-
ment facilities can turn water distribution and wastewater treatment systems inoper-
able. Changes in permafrost, erosion, precipitation, and extreme weather events may
also affect infrastructure related to nuclear activities as well as key transportation
routes (AMAP 2015). Failing infrastructure is also an issue for ice roads due to
earlier melt of rivers and lakes, which may lead to direct health risks and in addition
lead to changes in accessibility of remote locations. Thus, climate-related impacts on
various infrastructures can pose risks for injuries, accidents, and death (Meredith
et al. 2019).

Many Arctic residents rely on a stable climate for food storage and preservation
methods which include aboveground air drying and smoking of fish and meat at
ambient temperature, belowground cold storage on or near the permafrost, as well as
fermentation. Loss of permafrost may result in spoilage of food stored belowground.
The loss of these traditional food storage methods may also contribute to a shift from
traditional foods based on hunting and fishing to a “western” type of diet (Parkinson
et al. 2014), with people becoming increasingly dependent on often expensive,
unhealthy choices, further affecting food security, nutritional status, and overall
health (Revich et al. 2012; Larsen and Fondahl 2015; AMAP 2017e); some of the
associated health risks are further discussed in the next section on diseases.

Mental health effects are already mentioned. The combined changes are leading
to risk of marginalization, depression, stress, and distress (Glomsrød and Aslaksen
2006; Larsen and Fondahl 2015; Meredith et al. 2019). For example, due to the
combined impacts of climate change and socioeconomic change on their traditional
livelihood, Indigenous reindeer herders have a higher prevalence of suicide and
mental health disorders than the national average over recent decades, particularly
for young males in Fennoscandia and in Russia (Furberg 2016; AMAP 2017d).
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4.4.2 Diseases and Infections
A warming Arctic is associated with a northward expansion of plants and animals,
including their bacterial, viral, and parasitic flora. These associations will create
favorable conditions for the emergence of infectious diseases in regions that were
previously free of these pathogens (Revich et al. 2012). Changes in precipitation and
temperature will also affect migration and survival of vector populations and influ-
ence the spread of vector-borne infections and zoonotic diseases, including to new
hosts (Tryland et al. 2019; Omazic et al. 2019; van Oort et al. 2020). For instance,
warmer temperatures may allow a parasite to survive in the environment for longer
periods, increase an insect replication cycle, allow an infected host animal species to
survive winters in larger numbers, increase in population, and expand their range of
habitation, thus increasing the opportunity for transmission of the infection to
humans (Hueffer et al. 2013). Thawing permafrost may also expose dormant
diseases carried by bacteria or viruses (Legendre et al. 2014; Perron et al. 2015).
An example of this includes an anthrax outbreak in Yamal—the first since 1941—
which led to the culling of more than 200,000 reindeer and killed 1 human in 2016.
This event was originally attributed to abnormally hot temperatures and thawing
tundra where the bacterial spores had been dormant in permafrost (Luhn 2016).
However, another study (Hueffer et al. 2013) identified a complex of factors at work,
including extended periods of thawing in the active layer exposing contaminated soil
and carcasses for longer durations, together with increased reindeer numbers and
discontinued vaccination. Together, however, these studies suggest that the thawing
of arctic soils could potentially lead to negative health impacts.

Studies on the potential of climate-related increase of vector-borne diseases
include studies on tick-borne disease (TBD), while other vectors such as mosquitos
and in-migration of host species from southern latitudes may similarly contribute to
increased occurrence of zoonoses. TBDs such as tularemia, anaplasmosis, and tick-
borne encephalitis or Borrelia are already occurring but are likely to increase and
emerge in new places, as climate change in arctic regions is projected to lead to both
wetter and warmer seasons, associated with climate- and management change-
related vegetation changes and increased animal migration (van Oort et al. 2020).
As several Nordic studies on ticks and TBD have shown, hard tick species (Ixodes
spp.) have changed their distribution from coast to inland, and several hundreds of
kilometers northward in the last decennia across the Arctic. Such vector migrations
impose an increased TBD risk for potentially new hosts such as reindeer (van Oort
et al. 2020).

Box 5 Tick-Borne Disease Spread
Cases of both anaplasmosis (tick-born fever) and babesiosis (piroplasmosis)
have been reported in domesticated livestock in northern Norway, and fatal
cases of anaplasmosis have been reported in reindeer in Norway. Ticks have
also been found on moose, deer, and roe deer in coastal areas in northern

(continued)
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Box 5 (continued)
Norway, and a crossover to reindeer is likely. Even if not infected, reindeer can
be carriers of ticks enabling tick and TBD migration, as there are anecdotal
reports of a single reindeer being infested with over 400,000 individuals of a
tick species. The potential for reindeer as host would add to the challenges in
reindeer herding, but it also increases the risk of tick and TBD dispersion to
inland habitats when and where reindeer migrate (van Oort et al. 2020).

Other studies identified an increasing trend in the Arctic regions in the incidence
of non-tick-related zoonotic diseases, which are linked to arthropod vectors, water,
soil, wild, or domestic animals (Parkinson et al. 2014). Similar to TBDs, expansion
of these diseases will likely follow the northward migration of the corresponding
host animal- or bird populations, as climate induces changes in habitats and migra-
tion routes of wild animals, birds, and insects (Hueffer et al. 2013). An increase in
winter temperatures improves the chances of animal or bird host survival, as well as
the survival and replication rate of the many insect vectors, which can transmit
infectious agents (Revich et al. 2012). A recent paper identified a list of 37 potential
climate-sensitive infections. Of these, 28 are zoonotic and have a risk of expanding
their distribution northward, in part due to a changing climate (Omazic et al. 2019).

Arctic animals can also host many microbial agents that can cause zoonotic
infectious diseases, for example, rabies (foxes), brucellosis (especially ungulates),
echinococcosis/cystic and alveolar hydatid disease (dogs/other carnivores and
rodents), as well as Trichinella spiralis (bears, walrus, certain types of seal, and
foxes) (AMAP 2015). All of these zoonoses were identified to be climate sensitive
(Omazic et al. 2019). Small mammals across the Arctic have also been documented
to be reservoirs for a range of zoonoses including tick-borne encephalitis virus,
hemorrhagic fever with kidney syndrome, Q fever, tularemia, toxoplasmosis, pseu-
dotuberculosis, leptospirosis, and other infectious diseases (Revich et al. 2012;
Hueffer et al. 2013). Not all, but some of these diseases may be climate sensitive
either through their vectors or through their hosts, and increased risk of exposure
may thus be linked to climate change.

Ironically, management of climate-driven events may also contribute to pathogen
spreading. An example is mitigation action to feed shortages due to increased icing
events in semidomesticated reindeer, such as corralling and giving supplementary
feed, which may increase the spread of pathogens (Tryland et al. 2019; Omazic et al.
2019). Here, climate is an indirect driver of increased disease or infections.

As discussed in the section on cultural identity, some Arctic communities can also
be at risk of acquiring food-borne diseases, due to cultural traditions regarding
subsistence hunting, gathering, food preparation, and preservation methods (Hueffer
et al. 2013). Climate change could affect the incidence of food-borne diseases as
higher temperatures may result in increased activity of temperature-sensitive food-
borne intoxication. An example of this is botulism, for which the toxin production by
the bacterium Clostridium botulinum is temperature dependent. In Arctic areas of
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Canada, Alaska, and Greenland, a high incidence of botulism was attributed to the
preparation of traditional fermented (or in fact “putrefied”) foods, such as fish, seal,
and whale (AMAP 2015). Another theory is the introduction of plastic wrapping,
i.e., creating anaerobic conditions for Clostridium botulinum, which will be men-
tioned in a later chapter (DHSS 2017).

While the potential links with climate change in many food-borne diseases are not
well studied, climate change may increase the risk of water-borne diseases in the
Arctic via warming water temperatures, or via debris and bacteria being washed by
surface water into drinking or affecting water-sourced foods. After periods of rapid
snowmelt, bacteria can increase in untreated drinking water, with associated
increases in acute gastrointestinal illness, and food-borne gastroenteritis is associated
with shellfish harvested from warming waters (Meredith et al. 2019). Further,
decreased access to water could be associated with a development of infections
such as gastroenteritis, respiratory infections, and vector-borne diseases (Larsen and
Fondahl 2015).

Probably as important as the introduction of new pathogens, is that climate
change, globalization, and increased industrial activities induce shifts from tradi-
tional foods based on hunting and fishing to a “western” type of diet in many
indigenous arctic communities. These communities are experiencing increased
rates of malnutrition, obesity, diabetes, and cardiovascular diseases related to the
overconsumption of these new foods (Larsen and Fondahl 2015).

4.4.3 Contaminants and Pollutants
Environmental toxins, contaminants, and pollutants are discussed in a separate
chapter in this book. Here, we will focus on the climate linkages related to exposure
and risks.

Climate change may affect the transport and processing of contaminants and
pollutants into the Arctic and create new sources of local pollution. Presently, the
largest source of contaminants and pollutants is emissions in the industrialized world
following long-range transport. Transport into the Arctic varies from year to year
depending on weather conditions and large-scale dynamics, such as the phase of the
Arctic oscillation. Changes in atmospheric and oceanic circulation and precipitation
patterns from global warming can affect the transport pathways from lower latitudes
and hence the abundance in the Arctic. Climate-induced changes in the environmen-
tal levels of contaminants and pollutants can also be caused by change in the extent
of ice-free ocean, which in turn affects the deposition and cycling of contaminants
and toxins between the atmosphere and ocean.

Furthermore, current waste sites (chemical and mixed domestic wastes) build on
permafrost may begin to leak their contents into water systems and onto land masses
as increased permafrost thaw may lead to land subsidence. These events could
increase human exposure to POPs (e.g., PCBs and some pesticides leaking from
waste sites and dioxins and furans from waste burning) and could influence health
outcomes (AMAP 2015).
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4.5 Projections for Natural and Societal Systems

How climate change progresses depends on the pathways of greenhouse gas
emissions and carbon uptake over time. Some potential changes in climate are
described in Sect. 3.2. These different pathways of emissions and warming have
different consequences for natural and societal systems. Even if emissions and
consequent warming would be limited to 1.5 or 2 �C by 2100, emissions and
warming may overshoot those targets to come down again on their way to that
target. This is important, as by doing so, certain irreversible changes may occur.

There are several tipping points in arctic ecosystems (CarbonBrief 2020),
thresholds where a tiny change could push the system into a completely new state.
Exactly when these tipping points are reached is uncertain, and in some cases, the
change is gradual and not abrupt. The IPCC (Meredith et al. 2019) notes that the
cryosphere is already experiencing a number of globally consequential tipping
elements and climate feedback loops that could permanently alter regional and
global climate. In the next few decades, these will include mass loss from glaciers,
permafrost thaw, and decline in Arctic snow cover and sea ice. A northward shift in
boreal forests can also be added to this, seeing expansion into tundra to the north and
dieback to the south.

Each of these changes constitutes a large ecosystem change, with consequences
for its related species or human communities with their activities, traditions,
livelihoods, etc. Several of these consequences have been discussed in the preceding
sections, and many of the consequences are dependent on the direction of other
drivers and on mitigation and adaptation actions.

Projected risks for ecosystems include continued climate-induced changes in the
polar oceans, sea ice, snow, and permafrost. These will drive habitat and biome
shifts, with associated changes in the ranges and abundance of ecologically impor-
tant species. Projected shifts will include further habitat contraction and changes in
abundance for polar species, including marine mammals, birds, fish, and antarctic
krill. On arctic land, projections indicate a loss of globally unique biodiversity as
some high arctic species will be outcompeted by more temperate species and very
limited refugia exist (Meredith et al. 2019).

Projected permafrost thaw and a decrease in snow will affect Arctic hydrology
and lead to generally warmer and drier conditions for the rest of this century. This
will increase the risk of wildfire across most tundra and boreal regions, while
interactions between climate and shifting vegetation will influence future fire inten-
sity and frequency with impacts on vegetation and wildlife (Meredith et al. 2019).
This may accelerate further ecological shifts, such as the expansion of tall shrubs and
trees to cover 24–52% of Arctic tundra by 2050, and the changing composition of
boreal forests as coniferous trees are increasingly being replaced by deciduous
species normally found further south (AMAP 2017a; Meredith et al. 2019).

An increase and shifts in the growing season will have consequences for
herbivores and further throughout the food web, including small-rodent cycles. For
example, while plant growth starts earlier in response to warming, the timing of
calving in caribou/reindeer has not—this means that the most nutritious early plants
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are arriving before calves and milk production need these. This mismatch in timing
between resource need- and availability already now contributes to reduced produc-
tion and survival of calves (Post et al. 2009).

Climatic change will continue to reduce seasonal ice cover in Arctic rivers, lakes,
and ponds and thus increase water temperature and both shift and increase the length
of the growing season (Wrona et al. 2013; Prowse et al. 2015). These changes will
impact freshwater ecosystem productivity, from increased algal growth to earlier
invertebrate emergence, to unknown cascading effects of these for fish and fishing
activities (Wrona et al. 2013; Prowse et al. 2015). Climate-induced changes will
probably also cause reductions in the populations of cold-water fish, especially
salmonids (Wrona et al. 2013). Many warmwater fish on the other hand will expand
their current range into northern habitats (Wrona et al. 2006).

Warming, ocean acidification, reduced seasonal sea ice extent, and continued loss
of multi-year sea ice are projected to impact polar marine ecosystems through direct
and indirect effects on habitats, populations, and their viability. Marine net primary
production in the Arctic is projected to increase, modified by changing nutrient
supply due to shifts in upwelling and stratification. As a result, 95% or more of the
deep sea (3000–6000 m depth) seafloor area and cold-water coral ecosystems are
projected to experience declines in benthic biomass under the high warming RCP8.5
scenario. Projected range expansion of subarctic marine species will increase pres-
sure for high-Arctic species, with regionally variable impacts (IPCC 2019b).

Disaster risks for people, livelihoods, and ecosystem services in the Arctic are
expected to increase due to projected changes in floods, fires, landslides, avalanches,
unreliable ice and snow conditions, and permafrost changes. Risks can also be
mitigated: for example, much of the arctic infrastructure is located in regions
where permafrost thaw is projected to intensify by mid-century, and costs arising
from permafrost thaw and related climate change impacts by 2100 can be halved by
redesigning existing infrastructure. The distribution or abundance of harvested
species will change, and this will also challenge fisheries governance, especially
under high emission scenarios. While the local capacity to adapt to such changes is
high, long-term societal changes and limited resources can undermine this capacity.
At the same time, there are different visions on adaptation: in Inuit culture, long-term
adaptive planning is seen as arrogance to assume you can predict the future, reducing
the ability to react flexibly on situations as they arise (Ford et al. 2018).

Few studies in the region have examined how health outcomes will be affected by
climate change, although it is generally expected that existing risks will increase in
magnitude and frequency (AMAP 2017f). As the Arctic becomes more ice free,
projections suggest that the level of industrial activity will increase. Increased oil and
gas exploration and extraction, mining, shipping, and other human activities can
contribute to larger local sources of pollution and contaminants to the air. Additional
risks to ecosystems and health arise from oil spills. An opening Arctic with increased
shipping and industrial activities will increase the risk for a continued increase of
bioaccumulation of persistent organic pollutants (POPs) and mercury in marine
plants and animals. Consequently, nutritional health will be increasingly at risk
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due to shifts in shifts in diets and food systems caused by social and economic
changes and climate change as discussed in Sect. 4.3.

4.6 Way Forward: Resilience, Adaptation, and Governance

The consequences of climate change in the Arctic depend on global emission
pathways, the likelihood of the projected impacts, the vulnerability and resilience
of the ecosystems and communities, and on the (limits to the) adaptive actions that
can be taken either preventively or after an event has taken place.

The Arctic and its indigenous cultures have evolved in a highly variable environ-
ment. Nomadic lifestyles and ways of making decisions that include attention to
diversity in food sources and subsistence practices have been important sources of
resilience when environmental conditions vary. Forced settlement, loss of land, and
management strategies that do not allow for diversity have eroded some of this
flexibility (Arctic Council 2013). Other policies have also eroded traditional
institutions, practices, languages, while local knowledge is undermined by a drasti-
cally changing environment. The current Arctic is undergoing many changes, and
the perception of highly adaptive northerners may no longer be valid (Arctic Council
2013).

Nordic regions have a generally high resilience with respect to economy, tech-
nology, access to information, resources, knowledge and skills, infrastructure,
enabling institutions, equity, and attitudes and perceptions of change. Also, in
other arctic regions, there are examples of adaptive actions at different governance
levels. In Canada, the government of Nunavut developed a strategic adaptation plan
in 2011, the Canadian government targeted funding for vulnerability assessments
and adaptation planning, and Inuit organizations are lobbying on climate change
action domestically and internationally. The Greenland government has a focus on
the integration of climate change into sector plans for fishing and hunting, shipping,
and agriculture and in 2015 decided to mainstream climate change adaptation into
sectoral planning (AMAP 2017f). In the Bering/Chukchi/Beaufort Region, adapta-
tion is underway both informally and as a result of proactive planning (AMAP
2017g).

Some actions may have an explicit focus on climate change, but in most cases,
responses to climate change are incorporated into other goals related to improving
community health, housing, self-reliance, and sustainability, illustrative for the
larger context of change and adaptation. Some adaptation actions are immediate,
such as changes to when, what, and where people hunt, fish, and gather food. Others
involve the development and use of better technologies to help in these activities.
Some communities are engaging in formal and informal monitoring, to better detect
changes and understand their trends in order to project future conditions (AMAP
2017g).

Challenges to implementation of responses to long-term changes, such as shifts in
the frequency and intensity of extreme events and their risks to important species and
ecosystems in the Arctic, depend on a great number of factors. One such challenge is
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the different time horizons for climate change and governance. Governance is, in
many contexts, too fragmented across administrative boundaries and sectors to
provide integrated responses to the increasing and cascading risks from climate-
related changes in the ocean and/or cryosphere. The current strengthening of
capacities is not sufficiently rapid or robust to adequately address the scale of
increasing projected risks. Financial, technological, institutional, and other barriers
exist for implementing responses to current and projected negative impacts of
climate-related changes, and ecosystem recovery rates are slower than the recurrence
of climate impacts. Adaptive capacities differ between as well as within
communities and societies. Recent reviews discuss adaptation progress in the Arctic
requires new governance mechanisms and institutional frameworks. This includes
inclusion consideration of adaptation across different levels of government reducing
institutional fragmentation, inclusion of traditional knowledge and cultural values in
adaptation planning, and cross-departmental mandates for integrating climate
considerations into planning (Ford et al. 2018).

Health adaptation strategies to climate change are generally underrepresented in
policies, planning, and programming. For instance, all Annex I members of the
UNFCCC report their progress toward agreed climate goals through national
communications every 4 years. While climate change is strongly linked to health,
of the Fifth National Communications of Annex I parties to the UNFCCC, only 15%
of the initiatives has an explicit human health component described. The Arctic is no
exception to this global trend. Despite the substantial health risks associated with
climate change in the Arctic, health adaptation responses remain sparse, with the
health sector substantially underrepresented in adaptation initiatives compared to
other sectors (Meredith et al. 2019).

However, some Arctic health adaptation efforts and actions have been undertaken
at the local level, focusing on increasing awareness of the health impacts of climate
change and conducting vulnerability assessments. Depending on the region and
risks, adaptation at the local scale is broad. In the Canadian (Nunavut) context, for
example, adaptations range from community freezers to increase food security, to
community-based monitoring programs to detect and respond to health impacting
climate events, and to Elders mentoring youth in cultural activities to promote
mental health (Meredith et al. 2019). To reduce ecosystem change-related health
impacts, response options could be strengthened through maintaining networks of
protected areas, e.g., as a barrier to range shifts in species. Also, precautionary
approaches, such as rebuilding overexploited or depleted fisheries, regular monitor-
ing of stocks and risks, and updating measures over time, could function as a buffer
to negative climate change impacts for both species, fisheries, livelihoods, and
regional economies.

Adaptation to climate change takes place in the context of other changes and
challenges, and there is no “one-size-fits-all” solution for adaptation within the
Arctic regions (AMAP 2017c). It requires case-specific consideration of each com-
munity within the context of the unfolding local interactions between environmental,
cultural, social, and economic conditions (AMAP 2017c). Where adaptation actions
are limited, profound economic and institutional transformative change is needed to
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enable climate-resilient development. Intensified cooperation and coordination
among governing authorities across scales, jurisdictions, sectors, policy domains,
and planning horizons can enable such effective responses. Adaptation and transfor-
mation will benefit from institutional arrangements that provide strong multiscale
linkages with local and Indigenous communities and combined scientific and indig-
enous knowledge. Governance systems in the Arctic regions vary substantially from
one country to another and are changing: the decentralization underway in Canada
and Russia and self-government agreements with Indigenous peoples will be impor-
tant for adaptation and the development of more resilient communities, because they
vest more authority in local and regional governments, which is where key decisions
about effective adaptation actions are likely to be made and enacted (AMAP 2017g).

Sustained monitoring is important to avoid adverse impacts on human health,
food security, agriculture, wildfires, tourism, conservation, droughts, and floods.
Prioritizing measures which address social vulnerability and equity will promote fair
and just climate resilience and sustainable development and reduce negative
consequences from climate impacts. There is high confidence that ambitious adap-
tation, including governance for transformative change, has the potential to reduce
risks in many locations. However, adaptation limits (e.g., biophysical, geographical,
financial, technical, social, political, and institutional) depend on the emission
scenario and context-specific risk tolerance and are projected to be reached in
more areas beyond 2100.

5 Concluding Remarks

The Earth is warming at an unprecedented rate, and the Arctic is warming about
twice as fast as the global average. Climate change is affecting all regions, with
consequences posing risks to society, health, infrastructure, and ecosystems. Also, in
the Arctic, changes to the cryosphere and ecosystems cascade into consequences for
flora and fauna and society. Climate is not the only driver of change in the region,
and many climate impacts compound on other drivers such as increased accessibility
and globalization, land use changes, and human impacts on ecosystems. These
impacts and consequences are expected to intensify in the coming decades. Exactly
how large the impacts will depend on the rate, peak, and duration of warming, while
the risk is determined by local and regional variable impacts, vulnerability and
resilience, adaptive capacity, and management actions of the exposed natural and
societal systems.

The Arctic will see large changes which are beyond historical variations, and
risks to health for both ecosystem and society are increasing. For climate and
ecosystems, tipping points are critical and will determine the speed and reversibility
of change, while for society, food and health are red threads connecting many of the
ongoing and projected changes in climate and ecosystems.

Even with ambitious mitigation, many ocean- and cryosphere-dependent
communities are projected to face challenges to adaptation limits (e.g., biophysical,
geographical, financial, technical, social, political, and institutional) during the
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second half of the twenty-first century under high emission scenarios. Low-emission
pathways limit the risks from ocean and cryosphere changes in this century and
beyond and enable more effective responses while also creating co-benefits.
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Loss of Untouched Land

Roland Pape

1 Introduction

Cold and remote, thus often considered less hospitable by us humans, the Arctic
region has—so far—largely escaped the extensive direct human modifications that
are experienced by the rest of the planet. However, how much ‘untouched’ land is
left within the Arctic and why is it actually important to have? What are the looming
threats to these ‘wild’ areas, and how could they affect the integrity of ecosystems,
thereby undermining the entire socio-ecological system within the Arctic and,
potentially, beyond? This chapter will provide answers to these questions, shedding
light on the current development around the loss of ‘untouched’ land within the
Arctic, which is triggered by the interaction of primarily external, but also of internal
forces. Three different ‘cases’ are portrayed to exemplify the various human-induced
impacts and their ecosystems’ consequences throughout the Arctic region, primarily
from a natural science perspective.

1.1 Coupled Socio-Ecological Systems and the Role
of ‘Untouched’ Land

Society and nature form a coupled, socio-ecological system (Liu et al. 2007), within
which both parts are interdependent and constantly coevolving. Such a coupling is
argued to be especially strong within the Arctic, where many indigenous and
non-indigenous people depend, to a greater or lesser extent, on the natural resources
for some combination of food, clothing, shelter and spiritual fulfilment, as they have
been for millennia (Forbes 2008). Also beyond the Arctic, our social and economic

R. Pape (*)
Faculty of Technology, Natural Sciences and Maritime Sciences, Department of Natural Sciences
and Environmental Health, University of South-Eastern Norway, Bø, Norway
e-mail: Roland.Pape@usn.no

# Springer Nature Switzerland AG 2022
M. Tryland (ed.), Arctic One Health, https://doi.org/10.1007/978-3-030-87853-5_5

121

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87853-5_5&domain=pdf
mailto:Roland.Pape@usn.no
https://doi.org/10.1007/978-3-030-87853-5_5#DOI


systems heavily rely on the ecological capital and ecosystem services provided by
nature. At the same time, our utilization and ‘enhancement’ of this ecological capital
and these ecosystem services exert cumulative pressure on the natural system
(Venter et al. 2016). Consequently, we are about to convert the natural system into
a novel, (semi-)artificial state as soon as the inherent ability of this system to cope
with human-induced pressures is exceeded. It is, however, especially the less-
impacted, ‘untouched’ land, that contributes vitally to our well-being (Díaz et al.
2018), provides important ecosystem services (e.g. provisioning and control of food
and water, carbon storage, and pollination; Watson et al. 2018), buffers against
climate change (Martin and Watson 2016), and houses biodiversity (Di Marco et al.
2019). These so-called ‘wild’ areas are also important for human health, as being
places of spiritual and mental renewal, exploration and wonder (Ewert et al. 2011).
Moreover, they serve many local communities by sustaining traditions and long-
term cultural connections with these places (e.g. Riggio et al. 2020).

Meanwhile, signs of human impact have been detected for 95% of the Earth’s
land surface, about 50% of it being even characterized as moderately to highly
modified (Kennedy et al. 2019). As such, we have dramatically transformed the
natural system and forced it into novel states. Now, knowing degradation, fragmen-
tation and loss of habitat (all of which occur in the wake of this transformation) to be
key drivers of biodiversity loss (e.g. Jacobson et al. 2019), accelerating detrimental
effects on global biodiversity (e.g. Newbold et al. 2015) come not as a surprise. At
the same time, however, biodiversity, by ensuring the complementarity of traits, acts
as one major insurance against failures within natural systems (cf. Körner 2004).
Once biodiversity is diminished, functionality and stability of the Earth’s ecosystems
are weakened (Steffen et al. 2015), which affect also the capital and services they
provide and, in turn, the entire socio-ecological system (Millennium Ecosystem
Assessment 2005). As such, the pace and the scale of human-induced environmental
change, resulting in the loss of ‘untouched’ land, are nowadays undermining the
conditions for environmental health and, subsequently, human health. The
interlinkages between environmental and human health, however, remain poorly
integrated within research, policy and practice (Ford et al. 2015).

1.2 The Arctic: Last of the ‘Wild’?

It was already in 2002 that Sanderson and colleagues took advantage of the avail-
ability of global data sets to map human stressors across the world, facilitated by
remote sensing (‘Human Footprint’: Sanderson et al. 2002). Globally consistent
digital data (on, e.g. human population, infrastructure, and cropland) were combined
to generate a high-resolution map (1 km) of summed human pressure, leading to a
global ‘last of the wild’ map. Building off this earlier attempt, four up-to-date
approaches to map human influence have recently been compared by Riggio et al.
(2020). From the global perspective of this comparison, it is equivocally the Arctic
that is least impacted by direct human activity, followed by the Boreal Forest. About
90% of the Arctic region show very low and 8.7% show low human influence
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(Fig. 1a), based on the ‘Global Human Modification’ dataset of Kennedy et al.
(2018) and a geographic delimitation of the Arctic region in accordance with the
Conservation of Arctic Flora and Fauna (CAFF) working group. Compared to a
global average of just 21.9% of very low impacted areas, the Arctic region is, thus,
characterized by some of the largest continuous intact, ‘untouched’ ecosystems on
Earth (Johnsen et al. 2010), ascribing the Arctic region indeed the role as the last of
the ‘wild’.

1.3 Human Impacts and Ecosystem Vulnerability in the Arctic:
A General Appraisal

Even though major parts of the Arctic remained comparably untouched by direct
human activity, some parts are facing increasingly larger human-induced environ-
mental threats, including the full range of human stressors known from other parts of
the world. Habitat loss and fragmentation from industrial development and infra-
structure, unsustainable harvesting, pollution, and invading exotic (southern) spe-
cies: they all exert their often cumulative and interacting impacts—also within the

Fig. 1 Global maps of human modification (a) and development threats (b), revealing most of the
Arctic region (as delimited by the Conservation of Arctic Flora and Fauna (CAFF) working group
of the Arctic Council) to be ‘untouched’ by direct human impacts, but partly exposed to multiple
development threats. Data: Kennedy et al. (2018), Oakleaf et al. (2015)
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Arctic (Johnsen et al. 2010). Consequently, almost one quarter of the Arctic region is
subject to—at least low—human development threats (Fig. 1b), as synthesized from
50 global datasets concerning urban and agricultural expansion, fossil fuels, renew-
able energy, and mining (Oakleaf et al. 2015). One quarter of the Arctic being
exposed to development threats seems still to be low when compared to the global
average, where more than two thirds (or 68%) of the land area are under threat. It is,
however, alarming as it mainly concerns previously ‘untouched’, pristine land.
Moreover, this assessment of development threats accounts neither for the emerging
cumulative effects of these threats (cf. Bowler et al. 2020), nor for those environ-
mental threats emerging from climate change. With a warming more than twice the
global rate within the Arctic, climate change is known to be more pronounced here
than elsewhere on the globe, pushing the Arctic’s climate state already now outside
of previous experience, likely to result in unprecedented environmental effects
(cf. Overland et al. 2019).

To be able to mitigate detrimental effects of human-induced impacts on
ecosystems, an assessment of the ecosystems’ ability to cope with such impacts
ahead of these impacts would be needed. Consequently, Weißhuhn et al. (2018)
proposed the idea of an ecosystem vulnerability assessment. Originally, the idea of
vulnerability is rooted within social sciences, based on research on natural hazards
that affect human structures and communities. Vulnerability is commonly described
as a function of exposure, sensitivity, and adaptive capacity—expressing, generally
speaking, a potential for loss. Within this equation of vulnerability, exposure refers
to the probability of a hazard (or, more generally, disturbance) to occur, sensitivity is
a measure of susceptibility to this disturbance, and the adaptive capacity
characterizes the ability to cope with the disturbance and its consequences. When
such a vulnerability assessment is applied to ecosystems, an environmental system
like the Arctic moves from the traditional anthropocentric view as a source of hazard
that influences human systems to a biocentric view of being a responding system that
is affected by both natural and human drivers (Weißhuhn et al. 2018). Obviously, the
increasing development threats, intermingled with those environmental threats that
arise from the changing climate, result in an increased exposure of the Arctic—but
what about the two remaining components within that equation describing ecosys-
tem vulnerability: sensitivity and adaptive capacity?

Generally, the harsh Arctic environment, characterized by low temperatures,
short growing seasons, low availability of nutrients, and—if at all—thin humus
layers (e.g. Billings 1987), puts major constraints on plant growth and recovery after
disturbance. As such, Arctic environments are considered particularly sensitive to
human disturbance and slow to recover (e.g. CAFF 2013). Trampling effects might
serve as an illustrative example for the general sensitivity of Arctic environments, as
they remain not restricted to the plant cover but have cascading effects on ecosystem
structure and functioning (Ravolainen et al. 2020). Not more than 25 trampling
passes by humans are needed to cause visible signs within the vegetation (Tolvanen
et al. 2001), while 500 trampling passes even led to cover losses in vegetation of
approximately 50% in mesic tundra and 70% in moist to wet tussock tundra (Monz
2002). Moreover, trampling effects were still visible more than 60 years later,
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indicative of—if any—a slow recovery of the original vegetation after disturbance
(e.g. Becker and Pollard 2016, Ylisirniö and Allén 2016). After trampling, the
vegetation is rather trapped within an alternative stable state, where grasses, rushes,
and sedges have replaced the original plant species and persist even for centuries
after the initial impact (e.g. Egelkraut et al. 2018).

The third and last variable within the vulnerability equation, adaptive capacity, is
constrained by the fact that terrestrial ecosystems within the Arctic are assumed to be
less complex than their counterparts at lower latitudes (Callaghan 2005). Consisting
of relatively few species in the food chains, with even fewer keystone species,
implies that population changes in a single (keystone) species may have strong
cascading effects across the entire ecosystem (Gilg et al. 2012; CAFF 2013).
Many Arctic wildlife species have wide distributions with most habitats still intact,
which actually imply adaptive capacity to some habitat loss from conversion,
degradation and infrastructure. These species, however, respond to habitat patchi-
ness and seasonality with a significant selection for certain localized key habitats
across the landscape during certain times of the year or across years. Thus, their
likely intersection with encroaching human activities puts them at a high risk of
losing key habitats that are important to maintain a species’ adaptive capacity within
the highly stochastic Arctic environment (CAFF 2013).

Generally, the Arctic is affected by human stressors and resulting impacts that
originate from a multitude of sources: some of which are indigenous to the Arctic,
while most, however, have their origin partially or fully outside the Arctic region.
Across these different origins, the following three sections will shed light on
exemplary human-induced stressors that challenge the adaptive capacity of the
Arctic ecosystems and, consequently, environmental and human health.

1.3.1 Resource Exploitation: Destructive by Nature?
The warming of the Arctic facilitates access to large portions of land that have
previously been isolated or logistically unfeasible for development (IPCC 2013;
Tolvanen et al. 2018). Within this area, which is considered a ‘storehouse of
resources’ (e.g. Boyd et al. 2016), growing global demands, high market prices
and improved technology have triggered extractive activities, pushed by new regu-
latory changes and policies that encourage further exploration and increased land use
(e.g. Haley et al. 2011). According to earlier estimates of the US Geological Survey
(USGS), 90 billion barrels of oil, 1669 trillion cubic feet of natural gas, and 44 billion
barrels of natural gas liquids may remain to be found in the Arctic, accounting for
about 22% of the undiscovered, technically recoverable resources in the world (Bird
et al. 2008). Compared to hydrocarbon production, however, mining has the longest
history across the Arctic, starting in the late nineteenth and early twentieth centuries
(Emmerson and Lahn 2012). For 2012, the total value of nonferrous and noble
metals mined from the Arctic amounted for 22.6 billion USD (Bortnikov et al. 2015),
not to mention commodities from coal mining. As of 2015, there were some
373 mineral mines across Alaska, Canada, Greenland, Iceland, The Faroes, Norway
(including Svalbard), Sweden, Finland and Russia, with the top five minerals being
gold, iron, copper, nickel and zinc (Haddaway et al. 2019). As indicated by this brief
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outline, mining and other extractive industries are nowadays considered the key
economic drivers within the Arctic (Tolvanen et al. 2018). An unprecedented
exposure of the Arctic to human development threats is the consequence, rooted in
the resource availability within the Arctic, but driven by economic interests that
originate primarily outside the Arctic.

Extractive activities, including prospecting, exploration, construction, operation
and maintenance, but also deconstruction and remains, are likely to affect social and
environmental systems in a range of positive and negative ways, both directly and
indirectly (Haddaway et al. 2019). As a source of employment, contributing to local
and regional economies, they can yield a range of benefits to society. They are,
however, also likely to cause conflicts—not least by having the potential to disrupt
traditional ways of life in nearby communities, with adverse effects on human well-
being and health. Moreover, being a disruptive industry by nature, its ecological
footprint with negative impacts on the environment is large—originating from,
among other factors, deforestation, erosion, contamination and alteration of soil
profiles, contamination of local streams and wetlands, as well as an increase in
noise level, dust and emissions and their cascading effects on the ecosystems
(e.g. CAFF 2019).

Focusing solely at the effects of extractive activities per se, however, falls short to
reckon the total dimension of associated environmental impacts. These impacts
extend far beyond the area being ‘consumed’ by extractive activities themselves,
i.e. exceeding the actual physical footprint of these activities. The infrastructure
needed to prepare and support extractive activities, such as seismic lines, roads,
housings, ports, railway tracks, airstrips and power lines not just adds to the overall
physical footprint by their sheer presence (Haddaway et al. 2019) but also exerts a
multitude of various indirect effects. These indirect ramifications, despite often being
less apparent, may take effect across vast spatial expanses. Seismic lines, for
instance, which are narrow corridors used to transport and deploy geophysical
survey equipment during the delineation of oil and gas reservoirs, have been
reported to be a major feature of the ecological footprint of hydrocarbon exploration.
Although they are just temporary used, the heavy machinery used along these lines
causes significant and persistent environmental changes regarding, among others,
soil conditions, carbon storage and fluxes, as well as plant and animal species
(Dabros et al. 2018; Raynolds et al. 2020). Such direct impacts remain confined to
a rather small, local area: the line itself. Zoomed out, to the larger setting of the entire
surrounding landscape, however, the spatial configuration of such lines takes addi-
tional effect. By forming tightly spaced grids at 50–100 m distance, the length of
seismic lines per area unit may exceed by more than twice that of all other, manmade
linear features (like roads, rail lines, power lines, and pipelines) taken together. As
such, within the boreal forest of Western Canada, seismic lines accounted for 80% of
all edge effects and associated fragmentation of the landscape, outmatching roads as
the otherwise major agent of habitat fragmentation (Pattison et al. 2016). Roads—
and especially their spatial network—have a pervasive multifaceted influence on
ecosystems, including pronounced impacts on wildlife movements (Bischof et al.
2017). For small, relatively slow-moving species, they pose barriers, while, for
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larger animals, they act either as corridors that facilitate movement (for large
predators like the wolf; Dickie et al. 2020) or as semi-permeable areas of risk that
are avoided (e.g. for caribou/reindeer; Wilson et al. 2016).

The increasing net of artificial linear features, like seismic lines and roads, divides
the habitat of species into smaller and more isolated pieces of land, separated by a
matrix of human-transformed land cover. The loss of undisturbed area, increase in
isolation and greater exposure to direct human impacts along fragment edges initiate
long-term changes to the structure and function of the remaining fragments (Haddad
et al. 2015). It often starts with seemingly small and harmless impacts, but the
cumulative effects of a piecemeal development will, in the end, lead to devastating
impacts on native species, accompanied by a loss of species richness, a total change
to the landscape and the destruction of the area’s wilderness heritage (CAFF 2001;
EEA 2004).

Caribou and reindeer (Rangifer tarandus) are particularly well known to react
sensitive to human infrastructure and activity, avoiding relatively large areas in the
vicinity of human impacts—see Wolfe et al. (2000) for a general review and Eftestøl
et al. (2019) especially for mining activities. At the same time, caribou migrate up to
1200 km a year round trip, clocking in at the world’s longest terrestrial migration,
driven by the low annual productivity of the vegetation in conjunction with the
highly seasonal Arctic environment (Joly et al. 2019). Their dependence on suitable
grazing grounds across those vast spatial expanses makes caribou and reindeer
highly susceptible to the observed encroachment of human development within
the Arctic region. The sustainable management of this keystone species of Arctic
and sub-Arctic ecosystems, however, has important ecological, cultural, and societal
implications (Pape and Löffler 2012). It forms the socio-ecological cornerstone of
circumpolar indigenous cultures, from subsistence hunting of caribou by native
peoples in Canada, Greenland and Alaska to reindeer husbandry by Sámi in northern
Fennoscandia and numerous herding cultures across Siberia (Vors and Boyce 2009;
Holand et al. 2021). Within Canada, nowadays 28 of 57 caribou populations are
declining: a process driven by forestry, oil, gas and mining—and of major concern to
Indigenous Nations (Collard et al. 2020). In Eurasia, reindeer husbandry relies, like
the reindeer itself, on large areas of available land, as opportunities for a flexible use
of land across space and time are at the foundation of its adaptive capacity
(e.g. Kuoljok 2019). Like in North America, however, also in Eurasia, large spatial
extents of grazing areas have been physically or functionally lost due to human
impact.

Human impacts, however, are unevenly distributed across the circumpolar Arctic,
with a few regions in North America and Russia experiencing most extensive threats
due to extractive activities related to oil and gas development (Forbes et al. 2009).
Among these regions is the Yamal-Nenets Autonomous Okrug, where approxi-
mately 90% of Russia’s and 20% of the world’s gas production are located. At the
same time, it represents the world’s most productive reindeer herding region with
631,000 domestic reindeer (Degteva and Nellemann 2013). Here, migratory Nenets
and their large reindeer herds are nowadays forced to move between their summer
pastures near the Kara Sea and their winter pastures south of the Bay of Ob back and
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forth across actively exploited fields, like the Bovanenkovo gas field (Fig. 2).
Extensive development since the 1980s has led to blocked migration routes, degra-
dation and loss of pasture area and loss of campsites. Reduced migration
opportunities, quality and access to natural resources have affected the herding
cycle, and, thus, the lives and well-being of indigenous herders in Yamal (Degteva
and Nellemann 2013). Nevertheless, Nenets have proven adept in responding to a
broad range of intensifying industrial impacts, primarily based upon the movements
of people and animals in space and time being still unfettered (e.g. Kumpula et al.
2012). Further development, however, is likely to limit the proven adaptive capacity
by constraining the opportunities of the reindeer herders for a flexible land use. In
this context, it is not only crucial how much territory is affected by future develop-
ment but what kind of territory and which migrations routes. Within an area
dominated by mires and wetlands, for campsites, sacred sites and migration routes,
the ongoing loss of high ground (where competition for land with industrial
developers is particularly high) is particularly critical (Forbes et al. 2009, Skarin
et al. 2020).

Fig. 2 Human-induced land cover change at the area of Bovanenkovo gas field within the Yamal-
Nenets Autonomous Okrug, as detected based on satellite data (Landsat TM and Landsat 8).
Detected change between 1985 and 2018 is marked in red, whereas the green arrow illustrates the
migration route of the Nenets reindeer herders
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1.3.2 Reindeer and Reindeer Husbandry: Victim, Culprit, or Both?
Across terrestrial ecosystems, herbivores play generally a key role in shaping
vegetation, soil nutrient dynamics, and the carbon cycle through complex herbivore–
plant–soil interactions (Tuomi et al. 2021). Within the Boreal and Arctic region,
reindeer and caribou have shaped ecosystem development since the last glacial
epoch, ascribing them the role as an ecological keystone (e.g. Pape and Löffler
2012). Through grazing, trampling and excretion, reindeer and caribou affect vege-
tation abundance and cover, plant biomass, light limitation, plant nutrient levels,
photosynthetic capacity and productivity. Apart from these effects on the vegetation,
they influence soil properties and nutrient cycling by producing faeces and urine,
altering the composition of the litter pool and soil temperatures, and affecting pore
space and moisture of soils (Roy et al. 2020). The variety of effects that arises from
interactions between herbivores and Arctic ecosystem functioning reveals a huge
potential of both, exposure and susceptibility of the Arctic ecosystems to grazing by
caribou and reindeer.

According to the keystone herbivore hypothesis of Zimov et al. (1995), grazers
are manipulating their own food supply by forcing vegetation change from one state
to another (i.e. between alternative stable states; cf. van der Wal 2006), thereby
enhancing ecosystem processes like nutrient turnover and primary productivity. The
change can be attributed to a number of drivers, such as reduced insulation of soils
following a decrease in plant cover that results in higher soil temperatures and,
subsequently, a higher nutrient turnover. Increased faecal nutrient input, and toler-
ance to repeated defoliation and trampling, allows graminoids (i.e. grasses, rushes
and sedges) to outcompete shrub vegetation (Egelkraut et al. 2018). Evidence for this
hypothesis arises from the large-scale transition of Beringian ecosystems from grass-
dominated steppe to moss-dominated tundra following the extinction of mega-
herbivores at the end of the Pleistocene (Bakker et al. 2016). Also the recently
observed opposite trend in parts of the Arctic, from a shrub-dominated state to a
more palatable, graminoid-dominated state, following an increase in reindeer
grazing pressure (e.g. Forbes et al. 2009), fits well with this hypothesis.

Such shifts between alternative states do not necessarily refer to overgrazing
(sensu Wilson and MacLeod 1991), at least as long as the productivity of the system
is not negatively affected. For caribou/reindeer and reindeer husbandry, winter
pastures and their lichen resources are often considered the bottleneck. Growing in
snow-poor habitats—thus being easily accessible—ground and arboreal lichens
constitute an important part of reindeer’s winter diet if present (Gaare and Danell
1999). Their slow growth, however, makes lichens susceptible to overgrazing. Apart
from their depletion due to grazing, ground lichens are especially prone to trampling:
during a normal week of foraging, moving across dry 6- to 8-cm-thick continuous
lichen mats, one single adult reindeer may trample a lichen volume corresponding to
about a year’s supply of lichen for that animal (Heggenes et al. 2017). Adverse
effects of grazing on these sensitive resources are commonly mitigated by the
reindeer’s natural migratory behaviour between winter and summer pastures,
which helps to avoid trampling of ground lichen resources during summer, and the
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implementation of additional pasture rotation methods and further measures into the
management of herded animals.

This adaptive capacity of reindeer and reindeer husbandry to the sensitive pasture
resources, which results from an unconstrained movement according to the
prevailing conditions of pastures and climate, gets imperiled by the increasing loss
of pastures areas (see also the previous section “Resource Exploitation: Destructive
by Nature?”; Brännlund and Axelsson 2011). Originally a sustainable form of land
use, reindeer husbandry, forced by the social-economic and political environment in
which it is embedded, takes meanwhile a bivalent role regarding the loss of
‘untouched’ land. Being dependent on the availability of suitable pastures, it is
clearly a victim of pasture loss. Despite the loss of suitable land, negative effects
on reindeer husbandry in Sweden have, so far, largely been circumvented based
upon increased supplementary feeding, changes in herd structure, more efficient
herding practices and more intense use of the remaining pastures (Uboni et al. 2020).
It is, however, especially this higher grazing pressure on the remaining pastures that
challenges the role of reindeer husbandry as sustainable form of land use (e.g. Moen
et al. 2010), ascribing it rather the role of being a potential culprit when it comes to
the loss of ‘untouched’ land. It has been shown that overabundance of reindeer may
lead to a substantial transformation of vegetation (e.g. Golovatin et al. 2012) that is
even visible from space (see Fig. 3). With the closure of the Finnish-Norwegian
border for reindeer migration in 1852, the herders on the Finnish side lost access to
their former summer pastures, thus being forced to keep their reindeer year-round
within areas that formerly constituted lichen-rich winter pastures (Brännlund and
Axelsson 2011). Subsequently, these vegetation changes may result in both cascad-
ing ecosystem effects (e.g. Ims et al. 2007) and, as shown for parts of Norway, a loss
of productivity within reindeer husbandry (Bråthen et al. 2007). Supplementary
winter feeding, advocated as a potential solution, is practiced in Finland and
spreading rapidly in Sweden and Norway. However, this will push reindeer hus-
bandry into more static and confined herding systems, resembling farming more than
pastoralism in the future (Holand et al. 2021).

1.3.3 Greening: Out of Arctic Control?
Tundra vegetation change, the so-called Arctic greening, has been identified as one
of the clearest examples of the terrestrial impact of climate change (IPCC 2014).
Time series analysis of satellite imagery since the early 1980s provides compelling
evidence for an increase of the vegetation across the Arctic (Fig. 4). Technically, a
measure for the relative amount of vegetation is provided by comparing the amount
of visible versus infrared light being reflected from a surface and recorded by the
satellite. Plants strongly absorb visible light while reflecting near-infrared light. As
such, if there is much more radiation reflected in near-infrared wavelengths rather
than in visible wavelengths, the surface is likely to be covered by dense vegetation.
The resultant metric is known as the normalized difference vegetation index (NDVI),
which serves as a proxy for both productivity and biomass of the vegetation
(Pettorelli et al. 2005).
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In tundra vegetation, the NDVI is known to be strongly related to cover, leaf area
and biomass of shrubs (Raynolds et al. 2012). Hence, increased biomass and
coverage of dwarf shrubs, the so-called shrubification, has been identified as a key
factor behind the observed greening of the Arctic (e.g. Myers-Smith et al. 2011).
However, given the spatial heterogeneity of this trend, which is slowing and even
showing signs of browning in many regions (cf. Fig. 4; Lara et al. 2018), experts
cannot yet agree on the direction of change (Abbott et al. 2016).

Such changes in the shrub cover of the Arctic have important repercussions on
ecosystems and their functioning—not least with global implications. The ecological
consequences of an increase in shrub cover, both of deciduous and evergreen
species, in tundra areas are manifold, although a differentiated view is needed
(Vowles and Björk 2019). Taller and denser shrub patches generally reduce the
reflection of sunlight (albedo), especially when encroaching lichen heaths (Aartsma
et al. 2020). The latter have a higher albedo due to their whitish-yellowish colour

Fig. 3 Due to different grazing regimes, the Finnish-Norwegian border is clearly visible from
space (data: Sentinel 2 from 2020). Continuous grazing and associated trampling on the Finnish side
of the border (in the lower, southern part of the map) have led to a strong decline in lichens, while
lichens are still abundant on the only seasonally grazed Norwegian side, as indicated by the whitish
colours

Loss of Untouched Land 131



(cf. Fig. 3), so that their replacement by shrub heaths is likely to reinforce the
warming of the Arctic. For erect deciduous species, such as birch (Betula spp.),
willow (Salix spp.) and alder (Alnus spp.), their taller canopy traps more snow, which
acts as insulation and raises winter soil temperatures (Sturm et al. 2005). In turn,
these higher soil temperatures increase litter decomposition (Baptist et al. 2010),
nitrogen mineralization (DeMarco et al. 2011) and winter respiration rates (Nobrega
and Grogan 2007). The turnover of carbon gets further promoted by the increased

Fig. 4 Spatial patterns of greening and browning across the Arctic as derived from satellite data for
the period 1982–2015 and visualized using greenish and reddish colours, respectively. About one
third of the Arctic shows significant changes in vegetation, where greening, corresponding to an
increase in coverage and biomass of shrubs (‘shrubification’), is the prevalent trend (data:
GIMMSv3, Tucker et al. 2005)
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input of more easily decomposed deciduous plant litter, which is even likely to be
more important for nutrient cycling than higher soil temperatures (Vankoughnett and
Grogan 2016) and contributing to changes in the (global) carbon balance. Expanding
evergreen dwarf shrubs, like crowberry (Empetrum nigrum), have a markedly
different effect on nutrient cycling and turnover of carbon. Owing to their low
stature, they are unlikely to affect snow cover, or, in turn, soil temperatures.
Moreover, different from deciduous species, many evergreen species produce
organic compounds that are slow to decompose. As these compounds also contribute
to the acidification of the soil, thus lowering microbial activity, nutrient cycling and
the turnover of carbon gets further impeded (Adamczyk et al. 2016). As such, unlike
for deciduous species, an expansion of evergreen species might facilitate carbon
storage (Vowles and Björk 2019).

Apart from affecting nutrient cycling and carbon balance, shrubification is likely
to have also strong effects on both, plant–plant and plant–animal interactions—
hence affecting, at the end, the entire Arctic ecosystem. The increased coverage of
shrubs is accompanied by a decrease in the diversity of understory vegetation
(Pajunen et al. 2011), as plant species intolerant to shading, like many lichen species,
are likely to disappear (Chagnon and Boudreau 2019). Moreover, shrubification has
been linked to a higher risk of nest predation of several arctic-alpine bird species in
tundra ecosystems, contributing to the observed decline of their populations (Ims
et al. 2019). Large herbivores, like reindeer, have the potential to mediate or even
halt the observed greening by selective browsing of deciduous shrubs (e.g. Verma
et al. 2020); consequently, they are even proposed as ‘a natural climate solution’
(Macias-Fauria et al. 2020). However, a deterioration of pasture quality that may
accompany the greening may also put these species at risk—as argued in the case of
the declining caribou populations in North America (Fauchald et al. 2017).

Due to its cascading effect on the entire Arctic ecosystem, the observed greening
of the Arctic, driven by increased shrub growth and abundance, is likely to be the
first stage towards the disappearance of large tracts of what today is recognized as
Arctic ecosystems (CAFF 2013). The actual driver behind this development, climate
change, originates fully outside the Arctic and is, thus, out of Arctic control.
Affecting, in contrast to the other stressors, the entire Arctic, it is also climate change
that takes the lead over all stressors, which, cumulatively, contribute to the loss of
‘untouched’ land within the Arctic.

1.4 Loss of Untouched Land in the Arctic: A Synthesis

To constitute the last of the wild, where still about 90% of the land are characterized
by very low direct human impacts, does not prevent the Arctic from being increas-
ingly exposed to the full range of human stressors known from other parts of the
world. Nowadays, extractive activities like mining and hydrocarbon production are
the key economic drivers within the Arctic, facilitated not least by the warming of
the Arctic—the latter of which actually forms a problem of its own. Native and
originally sustainable forms of land use, like reindeer husbandry, are caught in
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between conflicting land uses and climate change and, due to that, sometimes forced
beyond the limits of ecological sustainability. Hence, industrial development, land
use and climate change—though to different proportions and, in the case of reindeer
husbandry, involuntarily—act in concert to drive the loss of ‘untouched’ land in the
Arctic. Thereby, human activities often take effect far beyond the actual physical
footprint of those activities, due to various indirect and cascading environmental
consequences. Within the Arctic, the increasing exposure to human disturbance in
combination with a high susceptibility but low coping capacity of the natural system
will inevitably lead to detrimental effects on environmental health. Moreover,
originating from the rather tight coupling of nature and society in the Arctic,
repercussions of this loss of ‘untouched’ land on the societal system seem inescap-
able, likewise with adverse effects also for human health.
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Arctic Ecosystems, Wildlife and Man:
Threats from Persistent Organic Pollutants
and Mercury

Christian Sonne, Robert James Letcher, Bjørn Munro Jenssen,
and Rune Dietz

1 Introduction to Persistent Organic Pollutants (POPs)
and Mercury

The harmful effects of persistent organic pollutants (POPs) and mercury on wildlife
and local human populations in the Arctic have been an issue that was recognised
already back in the 1970s starting with the Arctic Monitoring and Assessment
Program (AMAP) (AMAP 1998, 2004, 2005). It is a paradox that despite the Arctic
is located far away from the use and emission sources of POPs and mercury, levels of
these anthropogenic pollutants are reported to be high in both wildlife and humans
(Muir et al. 1992; Ayotte et al. 1996). These high levels were, and still are, mainly
due to long-range transport of these pollutants through the atmosphere, sea currents
and rivers into the Arctic (AMAP 1998, 2009, 2011, 2015, 2018). Despite interna-
tional regulations and collaborations through AMAP and the Stockholm (POPs) and
Minamata (mercury) conventions, high concentrations still persist in many wildlife
species, for example, in odontocetes such as killer whales (Orcinus orca) and long-
finned pilot whales (Globicephala melas), but also in polar bears (Ursus maritimus)
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due to the biomagnification and high trophic position of these species in the Arctic
ecosystems as well as the persistence of these compounds (e.g. Desforges et al. 2018;
Dietz et al. 2018, 2019; McKinney et al. 2013; Sonne et al. 2018). Recently, it has
been reported that also climatic fluctuations and global warming play an important
role in retaining high levels of these anthropogenic compounds in Arctic wildlife
(McKinney et al. 2013; Dietz et al. 2019).

The AMAP program has monitored the health of Arctic wildlife and humans for
almost three decades. For the purpose of studying contaminant (POPs and mercury)
concentrations, spatial and temporal trends and human exposure, these programs
have used ringed seals (Pusa hispida) and polar bears as key monitoring species
(Fig. 1). From the East Greenland region, a large number of organ tissue samples
from polar bears have been obtained since the 1980s as part of the traditional hunt.
Likewise, from Svalbard, Canada and Alaska, polar bear adipose tissue and blood
have been archived and analysed, facilitating the spatial and temporal trends, which
are further supported by similar samples from ringed seals. With respect to East
Greenland polar bears, histopathological, gross morphological and bone composi-
tion and morphological investigations have been carried out since 1999 (Dietz et al.
2013a, b, c, 2018, 2019; Sonne 2010). These studies, in addition to many other, have
provided a unique opportunity to investigate the potential organ-specific effects of
POP and mercury exposure. Likewise, analyses of bone density and histopathology
have been carried out on West Greenland ringed seal populations and on Alaska
polar bears, ringed seals and toothed whale spp. as well as on polar bears and beluga
whales and glaucous gulls in Alaska, Canada and Svalbard (Dietz et al. 2013a, b, c,
2019; Letcher et al. 2010).

In addition to the biological insights in wildlife, these studies have also provided
information on transport of these pollutants to the Arctic and in Arctic food webs,
geographical (spatial) and temporal trends, consequences on human health due to
consumption of contaminated wildlife and the confounding effects of climate change
on levels and effects of these pollutants on wildlife and human health (AMAP 2009,

Fig. 1 Typical species assessed in the Arctic Monitoring and Assessment Program for the exposure
and health studies of contaminants in the Arctic food webs

140 C. Sonne et al.



2011, 2015, 2018). Furthermore, controlled studies have been conducted on
Greenland sled dogs (Canis familiaris) and farmed Arctic foxes (Vulpes lagopus)
to support and further understand toxic and endocrine mechanisms behind cause and
effects in wildlife from exposure to these toxic compounds (Dietz et al. 2019;
Letcher et al. 2010; Sonne 2010). In addition, as in vitro studies using, for example,
cells from Arctic wildlife provided information modes of action of pollutants and
causality including those of immune toxicity and endocrine disruption (Dietz et al.
2019). In the following sections, we will give examples of biological effects from
contaminant exposure in Arctic wildlife and inform about other stressors in the
Arctic environment including the cumulative effects from the multiple stressors. We
also describe the One Health issues in the Arctic with respect to human exposure and
come up with recommendations and future perspectives. It should, however, be
noted that these are only highlights and that the primary sources should be consulted
to get a thorough and more detailed overview of the information.

1.1 POPs and Mercury Biomagnification and Toxicity

Due to the lipid-rich Arctic marine food webs, the lipophilic or “fat-loving”
substances transported to the Arctic biomagnify and exert adverse effects on exposed
wildlife as well as humans (AMAP 2009, 2015; Letcher et al. 2010; Dietz et al.
2013a, b, c, 2019). Mercury is the only common metal which is liquid at ordinary
temperatures and can evaporate into the atmosphere, and in its organic form, which
is methylmercury, it is highly toxic and can biomagnify and exert adverse effects on
exposed Arctic wildlife (Dietz et al. 2013a, b, c, 2019). With respect to mercury, the
concentrations are highest in west Greenland and northeastern Canada (Dietz et al.
2019) (Fig. 2). Because these long-range transported toxic industrial substances
biomagnify in food chains, most studies on the effects of these have therefore
been carried out on top predators including marine mammals and seabirds in
Greenland and Svalbard (Norway) where the highest POP and mercury
concentrations are found (Dietz et al. 2019; Letcher et al. 2010; Sonne 2010).
Multiple projects involving large international teams have provided the possibility
of conducting correlative studies between concentrations of contaminants and bio-
marker endpoints. These correlations provide a weight of evidence for adverse
biological effects of these pollutants (Dietz et al. 2019; Letcher et al. 2010; Sonne
2010).

Long-range transported pollutants have been extensively monitored in the Arctic
to monitor exposure and threat to wildlife species and also to the Inuit populations
that consume these country foods. Human exposure is especially relevant and
occurs when there is consumption of a marine diet consisting especially of marine
predators including polar bears and toothed whales high in contaminants (AMAP
2009, 2015; Dietz et al. 2019). Exposure to POPs such as polychlorinated biphenyls
(PCBs) and mercury continue to be the most problematic and of high concern due to
their toxicity, despite their ban decades ago (Dietz et al. 2019; Letcher et al. 2010;
Sonne 2010). However, other POPs including several poly- and per-fluoroalkyl
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Fig. 2 Mercury exposure risk groups (top) and PCB PBPK risk group (bottom) for polar bears and
toothed whales (Modified from Dietz et al. 2019)
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substances (PFAS), which are not lipid soluble but associated with proteins, and
lipid soluble organochlorine pesticides (OCPs) are also found in concentrations that
for some species in some areas lead to concern for health effects on top predators and
humans (Dietz et al. 2009, 2013c, 2015, 2018). Perfluorooctane sulfonate (PFOS) is
a highly bioaccumulative PFAS that belongs to the group known as perfluoro
sulfonic acids (PFSAs). Along with longer-chain perfluorocarboxylic acids
(PFCAs), PFOS is found at high concentrations in the liver, which lead to concerns

Fig. 2 (continued)
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for effects on liver activities and function but also cancer and effects on the immune
and reproductive systems (Dietz et al. 2015, 2019; Letcher et al. 2010).

Arctic homoeothermic wildlife relies on lipid-rich prey for growth, thermoregu-
lation, reproduction and survival, and lipids are therefore a vital component of the
Arctic food web (Bechshøft et al. 2011; Bourque et al. 2018; Pedro et al. 2017).
Adipose (or fat) tissue contains polyunsaturated fatty acids as well as important
vitamins and hormones such as A, D and E to maintain organ-system, immune and
reproductive health (Sonne 2010). Unfortunately, POPs and mercury biomagnify
along the lipid-rich marine food webs of the Arctic resulting in high exposure of top
predators and human populations including sled dogs (Dietz et al. 2013a, b, c, 2019;
Letcher et al. 2010; Sonne 2010).

POPs and mercury pose a health threat to Arctic top predators and humans
because the compounds and their metabolic biotransformation by-products have
structural similarities to endogenous compounds in the body. Anthropogenic
(“human-made”) POPs as well as mercury are neuro-endocrine disruptors and affect
cellular activities through both endocrine and non-endocrine pathways (Landrigan
et al. 2017). This affects multiple organ systems such as liver, kidney, endocrine
glands, immune and reproductive systems (Letcher et al. 2010). The ecologically
relevant endpoints affected are growth and development, reproduction and general
fitness caused through chronic and combined stress at the organism level.

There is evidence that high contaminant exposure poses a great risk to neonatal
individuals during critical periods of development in mammals. Because female
mammals offload lipid-soluble pollutants/contaminants to their offspring in utero,
and via the mother’s milk, the very first offspring of young female is exposed to
higher loads before the female starts to offload her body burden to the next
generations. In polar bears, large amounts of the organochlorine body burden are
transferred from the mother to offspring during lactation, and that results in cubs
having up to three times higher concentrations compared to their mothers
(Bytingsvik et al. 2012; Dietz et al. 2004; Polischuk et al. 2002).

1.2 Cause and Effects

Interpretations and conclusions in wildlife health studies linked to contaminant
exposure are typically based on correlations and descriptive interpretations,
unavoidably confounded by a plethora of factors affecting the physiological state
of a free-ranging animal. To improve the understanding of the effects of exposure to
real-world contaminant cocktails, experimental exposure studies have been
performed on sled dogs and domesticated Arctic foxes, being possible surrogate
model species for Canidae spp. In captive sled dogs and Arctic fox studies, where
both included a cohort fed a naturally POP contaminated diet of minke whale
(Balaenoptera acutorostrata) blubber, it has been possible to define and compare
POP exposed and unexposed reference groups in direct relation to an array of effects
such as on reproductive organs and other internal organs, the skeletal system,
immune and endocrine systems and POP dietary accumulation, biotransformation
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and toxicokinetics (Letcher et al. 2010; Sonne 2010, Sonne et al. 2017). These
studies have shown that exposure to POPs leads to effects on the reproductive,
endocrine and immune systems and also vitamin homeostasis and lesions in internal
organs and thyroid glands. In addition, in vitro studies including those using live
immune cells and cell lines have been used to further understand and improve the
cause-and-effect understanding of pollution exposure and health effects in Arctic
wildlife (Letcher et al. 2010; Dietz et al. 2013a, b, c, 2019). This is important as the
establishment of cause and effects in wildlife toxicology studies is very difficult and
therefore is the use of relevant surrogate species, in vitro studies and population level
modelling a necessity (Dietz et al. 2019; Sonne 2010).

2 POPs and Mercury Biological Effects

An overview of the effects from contaminant exposure on the most threatened
species is given in Fig. 2, and in the following sections, a few selected examples
are given.

2.1 Hormones and Reproductive Organs

Endocrine disruption from POP exposure is likely a challenge in Arctic wildlife
(Jenssen et al. 2015; Letcher et al. 2010). Both steroid hormones and thyroid
hormones seem to be impacted by POP parent compounds and their metabolites,
mimicking hormone activity in both the transport pathways and receptor
mechanisms and affecting overall health and survival (Dietz et al. 2019; Letcher
et al. 2010). These investigations have been reproduced in controlled experiments on
sled dogs and Arctic foxes (Dietz et al. 2019; Sonne et al. 2014; Sonne 2010; Sonne
et al. 2017). Studies on polar bears from Svalbard indicate that plasma steroid levels
may be affected by POP exposure, particularly PCBs and their hydroxylated
metabolites (OH-PCBs). In females, pregnenolone and androstenedione in blood
appeared to be significantly negatively correlated to several OH-PCBs, indicating
that these POPs and metabolites may affect steroidogenesis (Gustavson et al. 2015).
PCBs also appear to affect male plasma steroids, in particular androgen levels in
Svalbard polar bears (Ciesielski et al. 2017). A study by Dietz et al. (2015) showed
that these PCB levels may affect fecundity based on and thereby the populations of
the highest exposed polar bear subpopulations using pharmacological modelling
(PBPK model) (Dietz et al. 2015, 2018).

Studying reproductive organs in wildlife is often based on necropsy samples as
clinical investigations are rather difficult. Investigation of endocrinology and repro-
ductive organs in wildlife and domesticated species (sled dogs and Arctic fox) can
give some important information. In polar bears, exposure to POPs may cause
effects related to the larger testicular dysgenesis syndrome (TDS) that affects their
reproductive organs including the morphology, function and size of testes and also
the penile bone mineral density (Sonne 2010; Sonne et al. 2006a, 2007a). Such TDS
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effects include, for example, the presence of orchitis (testes inflammation), and
changes in size and function of the testes. In fact, it has been observed that about
50% of the polar bears in East Greenland show dysfunction of their testes during
mating season (Spörndly-Nees et al. 2019). Similar correlations have been found
between POP concentrations and size of female reproductive organs and that may
affect the productivity of East Greenland polar bears (Dietz et al. 2015, 2018; Sonne
et al. 2006a). Suboptimal testosterone and semen production have also been reported
in Arctic foxes exposed to high concentrations of POPs as compared to that in a
control group (Sonne et al. 2017). In addition, inverse correlations between POP
exposure and size of female sexual organs were also found (Sonne et al. 2006a). The
effects of POPs on female and male reproductive function and resultant population
demographics are therefore some of the most important hypotheses to investigate
further.

2.2 The Skeletal System

Studies of polar bears suggest that osteoporosis may be a problem and especially for
male bears that do not have the evolutionary physiological mechanisms that females
have. In contrast to polar bear males, female bears are due to their denning physiol-
ogy and exposure to immobilisation, starvation and loss in body weight, less
susceptible to bone deterioration from POP exposure (Daugaard-Petersen et al.
2018a, b; Sonne et al. 2004). This makes them resistant towards osteoporosis,
presumably because an efficient bone metabolism is needed for supplementing
their offspring with calcium for bone development (Sonne 2010; Sonne et al.
2004). This is suggested to put males at high risk of endocrine disruptions from
POP exposure that lead to changes in their bone mineral density (Sonne 2010). The
studies of male polar bears have shown modulation of bone mineral density by PCB
exposure, and this is supported by studies on seals in the Baltic Sea and alligators
(Alligator mississippiensis) in Florida, USA (Daugaard-Petersen et al. 2018a, b;
Lind et al. 2003, 2004; Sonne et al. 2004, 2015). In polar bears, the effects from this
are a decline in overall health and homeostasis of calcium but also a risk for effects
on the population level given the risk of penile bone fractures (Sonne et al. 2015).
Female polar bears are likely more robust to bone stress from, e.g. fluctuations in
food availability and composition as well as endocrine-related effects from POPs.

2.3 The Immune System

Environmental contaminants have been shown to modulate, among other effects, all
measurable aspects of cellular and humoral immunity in marine mammals that affect
their resistance against infectious diseases through lower lymphocyte proliferation
(Desforges et al. 2016). Several studies have reported immune effects in Arctic
wildlife, including polar bears, sled dogs and Arctic foxes (Sonne 2010),
demonstrating that contaminants are reaching levels that can cause significant
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changes in physiology and immune fitness. Polar bear immunity was assessed in a
comprehensive study in Svalbard and Hudson Bay, and negative associations were
found between PCB exposure and serum immunoglobulin G (IgG) levels, antibody
titres against influenza virus and reovirus following immunisations and lymphocyte
proliferation (Lie et al. 2004, 2005). These findings are supported by a controlled
study on Greenland sled dogs showing reduced lymphocyte proliferation and anti-
body production (Sonne et al. 2006b, 2007b). Likewise, hepatic mRNA expression
of interleukin-1β (IL-1β), an important pro-inflammatory cytokine, in ringed seals
from Svalbard was positively correlated with hepatic POP levels hepatic IL-1
mRNA, and expression was positively correlated with blubber PCB burdens in
41 ringed seals in northern Labrador, Canada (Brown et al. 2014; Routti et al.
2010). These studies all illustrate that in vivo real-life exposure to contaminants
may cause measurable changes in immune function in Arctic wildlife, while con-
trolled studies are needed to further understand and conclude on that (Dietz et al.
2019; Sonne 2010).

In vitro experiments, where immune cells are exposed to contaminants under
laboratory conditions in order to characterise effect levels, have also been carried out
in Arctic wildlife species. East Greenland ringed seal leukocytes were exposed to
four PCB congeners (CB-138, CB-153, CB-169 and CB-180) and two PFAS,
i.e. PFOS and perfluorooctanoic acid (PFOA), and it was found that the coplanar
CB congeners 138, 153 and 180 but not 169 and PFAS caused significant suppres-
sion of lymphocyte proliferation at relevant environmental concentrations for seals
(Levin et al. 2016). Beluga whale (Delphinapterus leucas) leukocytes were also used
to show that low levels of mercury exposure can cause significant reductions in
lymphocyte proliferation and intracellular thiol production, and significant induction
of metallothionein (Frouin et al. 2012). Altogether, studies of free-ranging animals
and in vitro experiments suggest high contaminant loads in the Arctic can induce
immune suppression which affects the ability to respond to intruding infectious
pathogens in marine mammals.

2.4 Neuro-Endocrinology

Multiple environmental contaminants can cross the blood-brain barrier and exert
effects on the brain functioning thus causing neurobehavioral effects. Through
various mechanisms, contaminants can influence mating and other reproductive
behaviours, motivation, communication, aggression, dominance and other social
behaviours, as well as learning and other cognitive abilities (Grandjean and
Landrigan 2006, 2014). Although several POPs are reported in brain tissue of
polar bears (Pedersen et al. 2015, 2016), it is extremely difficult to conduct field
studies that would provide information on behavioural effects of POPs in polar
bears. However, investigations of correlations between contaminant levels and brain
neurotransmitters and receptors have been conducted in polar bears from the indige-
nous hunt in Greenland. Despite the relatively low concentrations of mercury in the
brains of these polar bears, significant negative correlations were found between
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both mercury concentrations and N-methyl-D-aspartic acid (NMDA) glutamate
receptors (citation). NMDA glutamate and genomic methylation are important for
animal health, behaviour, reproduction and survival, and their reduction may there-
fore have population-level effects for polar bears (Basu et al. 2009; Krey et al. 2014;
Pilsner et al. 2010). Mercury loads are even higher in beluga (Delphinapterus
leucas) brains as they do not have the excretion route for mercury through the hair
formation (Dietz et al. 2013a; Ostertag et al. 2013). Another proposed mechanism of
developmental neurotoxicity is through thyroid hormone disruption; thyroid
hormones are essential for proper neurodevelopment of the foetus and early neonate
(Ahmed et al. 2008; Zoeller and Crofton 2005). Therefore, high levels of POPs and
their associated thyroid disrupting properties raise concern for neurodevelopmental
effects in polar bears which may alter their behaviour and reproduction among others
(Jenssen et al. 2015). Therefore, more studies are needed to understand the effects
of pollution on behaviour and how that may alter biodiversity and ecosystem
functioning.

2.5 Modelling Combined Effects

Circumpolar polar bear subpopulations are under influence of immunological,
reproductive and carcinogenic consequences from POP exposure (Dietz et al.
2015, 2018, 2019). From a population conservation point of view, contaminants
that affect reproduction and survival in both males and females are among the most
important to monitor in different Arctic subpopulations of polar bears, toothed
whales and seals. Consideration of combined effects from the “cocktail” of contami-
nant exposure is important when understanding and evaluating exposure of Arctic
wildlife. Applying an individual and agent-based modelling predict collapses of
certain killer whale populations from effects of PCB exposure due to effects on
reproduction (Desforges et al. 2018). The model predicted ca. 50% (10 out of
19 populations worldwide) of the global populations to be significantly reduced or
even go extinct within 30–100 years including the one in East Greenland. Although
most of the populations were predicted to go extinct due to the reproductive effects
of PCBs inhabit regions outside of the Arctic, it is important to note that Arctic
ecotype populations that consume marine mammals, such as the East Greenland
population, also were predicted to go extinct. Risk assessments of the effects from
pollution have also been conducted using PBPK modelling, which assesses the
concentrations of contaminants in tissues in relation to the critical concentration
for immune and reproductive effects across the Arctic and over time in East
Greenland (Dietz et al. 2015, 2018; Sonne et al. 2009). These studies show that
although PCBs have been regulated for decades, the relatively high environmental
levels of PCBs still represent the pollutant class that poses by far the highest risk for
reproductive effects in polar bears. Other major contaminant classes of concern were
PCBs and PFOS. The PBPK modelling of polar bears and other Arctic marine
mammals for PCB exposure show that those at risk aside from polar bears are
pilot whales and East Greenland polar bears (Dietz et al. 2015, 2019). For mercury,
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the risk was highest for killer whales and pilot whales in the North Atlantic and polar
bears and seals in Canada and narwhals (Monodon monoceros) in Northwest
Greenland (Dietz et al. 2019). In a meta-study on 14 polar bear subpopulations, an
exploratory regression analysis identified clear negative relationships between polar
bear subpopulation densities and the contaminant concentrations in their adipose
tissue, such as PCBs, DDTs and polybrominated diphenyl ethers (Nuijten et al.
2016).

2.6 Metabolomics

Metabolomics, lipidomics and proteomics together with transcript levels of genes,
ratios between fatty acids and plasma parameters, may also be used to estimate the
risk of combined effects from climate change, i.e. fasting and emaciation and POP
exposure on energy metabolism and endocrine disruption in Svalbard and Hudson
Bay polar bears (Morris et al. 2019; Routti et al. 2019; Tartu et al. 2017). Energy
requirements for fasting, breeding, lactation and migration lead to increased metab-
olism which release contaminants from adipose tissue that then become bioavailable
and may exert endocrine and metabolic disrupting effects (Jenssen et al. 2015). Such
studies of multiple stressors and combined effects, including those of infectious
diseases, are important, and new omics technologies may help elucidating the
complicated endocrine and physiological feedback mechanisms (Dietz et al. 2019).

3 Climate Change and Multiple Stressors

Arctic ecosystems are also exposed to other multiple stressors than contaminants,
which lead to cumulate stress in wildlife and humans. For example, Arctic wildlife
such as polar bears have received considerable focus as they, depending on the
regional subpopulation, are threatened most dramatically by climate change and loss
of sea ice (Derocher et al. 2013; Durner et al. 2009; Molnár et al. 2011). Modelling
has shown that the southernmost polar bear subpopulations in the Hudson Bay are at
greatest risk due to climate change and will struggle to exist throughout this century
(Hamilton et al. 2014). In fact, models have predicted two-thirds of the world’s polar
bears could disappear if greenhouse gas emissions continue to increase as predicted
(Amstrup et al. 2018; Molnár et al. 2020). This has been linked to the occupation of
large home range sizes and the requirement of higher energetic costs and thus higher
feeding rates, which again can lead to increasing blood PCB concentrations (Olsen
et al. 2003; Pavlova et al. 2016a, b; van Beest et al. 2016). In polar bears, multiple
types of anthropogenic stressors, or factors, such as adipose tissue concentrations of
POPs, September ice cover (being proxy of climate change), human population
density and polar bear harvest rates may influence population dynamics. A meta-
study on 14 polar bear subpopulations indicated that the September ice cover, as a
proxy for climate variability, was the best predictor for adult female survival,
whereas the study also identified a clear negative correlation between polar bear
population density and subpopulation specific contaminant concentrations in
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adipose tissue (Nuijten et al. 2016). This particular study indicates that multiple
anthropogenic stressors may inflict population dynamics in a complex manner that
may be difficult to entangle.

Furthermore, climate warming induced migration of warm water adapted fish
species may act as bio-vectors increasing contaminant levels in marine Arctic
ecosystems (Atwood et al. 2017; MacKenzie et al. 2014; VanWormer et al. 2019).
Climate change has been deemed the most important factor in the emergence of
infectious diseases, and nowhere else in the world is climate change occurring as fast
as in the polar regions (Parkinson and Butler 2005). A warming climate may
profoundly affect disease dynamics in the Arctic by changing the species composi-
tion and northward invasion of disease vectors and transport of zoonotic pathogens
(Tryland et al. 2013). In addition, increased survival of infected animals during
milder winters may further increase the risk of pathogen reservoir in marine
mammals including that of zoonoses. Moreover and as discussed above,
immunotoxic contaminants may increase disease-related mortality and morbidity
of Arctic marine mammals (Dudley et al. 2015).

Climate change has a duel impact, acting through alteration of food web pathways
for contaminants and spreading the zoonotic diseases. Pollution-induced increase in
disease rates due to immunotoxic effects of POPs and mercury can increase the
likelihood and risk of disease transfer from animals to humans (zoonoses) as the
proportion of infected Arctic wildlife increases. A large volume of marine and
terrestrial wildlife is consumed by humans in the Arctic, often raw and inadequately
frozen, and this likely increases the risk of zoonotic diseases (Tryland et al. 2013).
There has been a particular focus on indigenous people who consume large amounts
of marine food, including the blubber of marine mammals with high concentrations
of POPs, which affect their immune system (Dewailly et al. 2000; Donaldson et al.
2010). With a decreased function of the immune system comes an increased risk of
zoonotic infectious, i.e. infections transferred between animals and humans. Few
studies have examined the incidence of zoonotic transmitted diseases in humans in
the Arctic. The majority of such studies have been performed in Alaska and Canada,
with just a small number of studies in Greenland and Russia. This is despite a
significant proportion of the indigenous Arctic residents living in close contact with
wildlife. Indeed, traditional food preparation often avoids heat treatment. The
process of heat treatment of food can be extremely effective against zoonotic
diseases as shown by the case of Trichinella and Toxoplasma gondii (which causes
lifelong parasitic cysts in the human brain): 80% of Inuit consuming dried marine
mammal meat tested seropositive for the disease, while prevalence was only 10% in
Cree who prefer cooked meat (Kotula et al. 1983; Messier et al. 2009). It is clear that
zoonoses are a very real threat to Arctic residents, and this highlights the need for an
overview of the most serious zoonotic diseases, especially for those Arctic regions
where information is particularly sparse. The need for an overview is strengthened
by the context of changing disease patterns, as well as ongoing bioaccumulation and
exposure to toxic chemical contaminants, some of which have been proven to be
immune-suppressive. This would render both animal and human hosts more vulner-
able to diseases, especially hosts that are already immunologically vulnerable to
novel diseases.
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4 One Health: Linking Humans, Wildlife and Environment

Despite implementations of international regulation for industrial production and the
use of POPs (and mercury) over the last two decades, the concentrations of the
highly toxic PCBs, chlordane pesticides and mercury, have remained essentially
unchanged in Arctic marine mammal (Dietz et al. 2019). This is likely due to climate
change effects on food web interactions, generational transfer and continued sec-
ondary and unintentional emissions. For Hg, the body burdens even appear to be
continuously increasing in most top predators in the central Arctic reaching up to
20-fold baseline levels of pre-industrialisation (Dietz et al. 2009, 2013a, b, c, 2019).
One Health aims to improve health and well-being, including mental health, through
the prevention of risks and the mitigation of effects of crises that originate at the
interface between humans, animals and their various environments (http://www.
onehealthglobal.net).

Since Greenlanders in this region traditionally ingest significant quantities of
adipose tissue from wildlife including seals, whales and polar bears, they are among
the people carrying the highest POP and mercury burdens (AMAP 2009, 2015).
Such high exposure is likely to pose a health risk based on available literature on
dioxin toxic equivalent (TEQ) concentrations, which are based on toxic equivalency
factors (TEFs) for individual dioxins, furans and dioxin-like PCBs, and tolerable
daily intake (TDI) guidelines (Sonne et al. 2013; Wielsøe et al. 2017, 2018). Human
exposure to contaminants in Greenland has been evaluated from chemical analyses
of prey species and food intake showing that the TDI was exceeded for chlordane
(CHL) by a factor of 3–6, while PCB exposure did not (Deutch et al. 2006; Johansen
et al. 2004). However, none of these studies reported on polar bear and ringed seal
tissues which are important food items in East Greenland. Since POP loads in polar
bears and ringed seals are known to be four times higher in East Greenland than in
West Greenland, human exposure is subsequently higher in East Greenland (Dietz
et al. 2019; Letcher et al. 2010). According to Nielsen et al. (2006), it is
recommended that Greenlanders reduce their exposure to PCBs and CHLs by
reducing their blubber intake. The AMAP is therefore concerned about Arctic
human health within a contaminant exposure context, and their studies do support
observations that Greenland hunters are particularly exposed to high PCB
concentrations due to frequent ingestion of polar bear, killer whale, narwhal and
seal tissues. Studies from the Russian Arctic have shown that dioxin, furans and PCB
exposure of neo- and prenatal children exceeded TEQ TDI levels by up to 33 times
in the year 2000 (AMAP 2009, 2015).

Chronic diseases, including diabetes, upper respiratory and recurrent middle ear
infections, cancer, and osteoporosis, are becoming an epidemic in the Arctic and
may be partially caused by chronic POP exposure and associated endocrine disrup-
tion (AMAP 2009, 2015). Likewise, disruption by POPs of the thyroid and steroid
hormone endocrine axis is influencing physiological endpoints with effects on
reproduction, cancer and immunity and may even affect the physical growth of
Inuit children (Tahir et al. 2020). It is apparent that subsistence hunters in East
Greenland are exposed to mixtures of POPs that include both toxic parent
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compounds and also their derived metabolites (Sonne et al. 2013). Some POPs can
induce (hepatic) cytochrome (CYP) 450 enzymes in Arctic people that may interfere
with normal metabolic processes and homeostasis of various intrinsic hormones and
vitamins influencing immunity and reproduction. For example, prenatal exposure to
PCBs has been suspected to play a role in the relatively high incidence of acute
respiratory infections and middle ear inflammation in Inuit children. Likewise,
Sandau et al. (2002) found that metabolism of PCBs was significantly negatively
correlated with thyroid hormones, namely, free thyroxine, in northern peoples in the
Ungava region in northern Québec, Canada. These findings of associations between
POP exposure, induction of cytochrome P450 (CYP450) monooxygenases and
changes in thyroid hormone concentrations may play a role in the development of
chronic diseases. A single study has been published on osteoporosis in relation to
POP exposure in Greenlanders (Côté et al. 2006). The study focused on quantitative
ultrasound parameters (QUS) at the right calcaneus of 153 people from Southwest
Greenland and found blood plasma CB-153 concentrations strongly and negatively
associated with the three QUS parameters. While the relationship was no longer
significant when normalising for age and weight, people in Southwest Greenland
belong to some of the lowest POP-exposed Greenlanders, and effects on bone
composition are therefore not likely to occur. Another study of Cree women from
Eastern James Bay in Canada showed that bone stiffness index was negatively
associated to blood concentrations of CB-105 and CB-118 (Paunescu et al. 2013).

It has been shown that blood concentrations of PFAS and especially PFOS in
male Inuit from East Greenland can be two to three times higher as compared to the
Faroese population where local exposure has already been attributed with effects on
the immune system (Grandjean et al. 2012). Although certain PFAS have been
associated with developmental and hormonal effects, immunotoxicity and tumour
growth in rodents, the impact of these compounds on human health appear to be
inconclusive. Of the PCBs found in Greenlanders, the highly dioxin-like congeners
CB-77, CB-126 and CB-169 attain a coplanar configuration similar to the very toxic
dioxins and furans and are in fact commonly found in Arctic wildlife (AMAP 2004,
2009). These coplanar PCB congeners are characteristically highly potent inducers
via the aryl hydrocarbon receptor (AhR) and subsequent expression of CYP1A,
CYP2A and CYPB1 monooxygenase activity. Furthermore, for Greenlanders, sig-
nificant correlations were found between blood contaminant concentrations and
calculated daily intake of POPs (Sonne et al. 2014). Mercury exposure of Inuit
people is also of great health concern and has been recognised as a neuro-endocrine
and immune health problem in the societies of Faroe Islands, West Greenland
(Thule) and Canada.

5 Future Perspectives and Recommendations

Further efforts are required to understand the toxicokinetics and toxicodynamics of
POPs and mercury in Greenland wildlife and peoples in this changing Arctic in order
to better predict the individual-level health risks associated with contaminant expo-
sure. Arctic top predators are sentinels for humans as they consume the same diet and
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act as potential vectors for zoonotic transfer to humans due to harvesting. Combining
correlational studies on wildlife health with experimental work on surrogate species,
such as the sled dog, will allow better understanding of the proximate toxic pathways
behind exposure to contaminants and infectious diseases, their interactions and the
driving role of a rapidly changing climate. Doing this offers a promising One Health
approach to survey and pinpoint environmental change and multiple stressors that
may have effects on wildlife and human health. The warming Arctic climate is
suspected to influence abiotic and biotic long-range transport and exposure pathways
of contaminants to the Arctic. As a result, there will be likely increases in POP
exposure of Arctic wildlife and human populations, while exposure to vector-borne
diseases and zoonoses may increase as well through range expansion and introduc-
tion from invasive species. Broad and nevertheless in-depth studies on the occur-
rence and human health risk of Arctic zoonoses and their interactive effects with
climate change and contaminant exposure are pending, as well as an increased effort
to educate the relevant groups of the public regarding safe handling of wildlife.
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Oil Spills in the Arctic

Sadie K. Wright, Sarah Allan, Sarah M. Wilkin, and Michael Ziccardi

1 Introduction to Oil Spills

1.1 What Is Oil?

Oil, including crude oil extracted from the ground and products distilled and refined
to isolate and extract different fractions for specific uses, are complex mixtures that
can contain thousands of different organic and inorganic compounds. Petroleum
products are predominantly (50–98%) composed of various hydrocarbons, divided
into four main categories: saturates, aromatics, resins, and asphaltenes. The specific
proportions of the chemical components in the product determine oil’s physical and
chemical properties, behavior in the environment, and toxicity.

Different types of oil vary in their physical, chemical, and toxicological
characteristics, and impact the environment in different ways when spilled. In the
United States, spill responders classify most oils into five basic groups according to
their properties and behavior in the environment: (1) nonpersistent light oils, such as
gasoline, are highly volatile and difficult to clean up due to high flammability. They
have a high concentration of water-soluble toxic compounds and can cause severe,
but generally localized, impacts in the environment. (2) Persistent light oils, such as
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diesel and light crude oils, are less volatile with a lower concentration of water-
soluble toxic compounds. They can often be cleaned up effectively but also have the
potential to leave residues in the environment and on organisms, with longer-term
contamination potential. (3) Medium oils include most crude oils, which can be
cleaned up most effectively directly after the product is spilled. These oils can cause
severe and long-term impacts to shorelines and feather- and fur-bearing animals.
(4) Heavy oils, including heavy crude oils and Bunker C, have a very low concen-
tration of volatile or water-soluble compounds and are difficult to remove from
shorelines. They weather very slowly and can cause heavy contamination of
shorelines, long-term contamination of sediments, and severe impacts to waterfowl
and fur-bearing mammals when fresh. (5) Sinking (or non-floating) oils, such as
residual and slurry oils, which do not float on water and show no evaporation or
dissolution when submerged. These oils can be removed from water bodies by
dredging but can cause long-term contamination of sediments and severe impacts
to benthic organisms. There are also oil products that do not fit nicely into these
classifications, including diluted bitumen and non-petroleum oils, such as vegetable
oil and animal fats.

1.2 Oil Transport and Fate

When oil spills, it begins to change physically and chemically in a process called
weathering. Oil spilled on water spreads to form surface slicks and sheens and be
transported by wind and currents. It undergoes evaporation, photolysis, oxidation,
dispersion, emulsification, and dissolution to varying degrees depending on the oil
type and environmental conditions. Oil that is entrained (i.e., incorporated), dis-
persed, or dissolved in the water is transported by horizontal and vertical diffusion,
and may adsorb to particles, undergo sedimentation, or interact with biota (Fig. 1)
(NRC 2003). Ultimately, most of the oil is degraded, though the more persistent
constituents and oil protected from weathering may remain in sediments or on
shorelines for decades (Prince et al. 2002; Lindeberg et al. 2018). The transport
and fate of oil from subsurface releases in the ocean (e.g., drilling incidents or well
blowouts) differs from surface releases in a number of ways, primarily related to
subsurface movement with currents, subsurface entrainment of droplets and
dissolved constituents, and weathering before reaching the surface—especially
through enhanced dissolution and possibly emulsification. However, in both shallow
and deep-water releases, the majority of the oil rises to the surface, forms slicks and
sheens, and weathers and degrades (NRC 2003). Arctic conditions, in particular the
formation and presence of sea ice, affect oil transport, weathering, and fate (see
Regional Considerations for Spills in the Arctic, Sect. 1.5).

Oil spilled in terrestrial environments, including freshwater habitats, is generally
more contained and easier to recover than oil spilled in marine waters. Oil spilled on
land weathers through evaporation, photo-oxidation, biodegradation, and dissolu-
tion, to varying degrees depending on the oil type and environmental conditions. Oil
may coat vegetation, can soak into soil, and may contaminate groundwater. Oil flows
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over land, following the natural topography. The subsurface movement of oil in soils
depends on soil structure, water content, and other factors. Most of the oil ultimately
is degraded, though heavier oils can form extremely long-lasting asphalts, and
timelines for natural recovery of oil-contaminated anoxic soils and groundwater
can be very long (Essaid et al. 2011). Oil that enters freshwater systems, including
rivers and lakes, is transported by wind and water currents and undergoes weathering
processes similar to those described for marine spills.

1.3 Mechanisms of Injury from Oil Exposure

Many chemicals in oil are toxic to organisms. Oil toxicity to humans and animals
depends on the mode and duration of exposure, characteristics of the product spilled,
sensitivity of the species, individual factors like age and preexisting health
conditions, and other variables (Jessup and Leighton 1996). The aromatic
hydrocarbons are considered the most toxic chemical constituents in petroleum
products. Exposure to smaller single-ring aromatics, such as benzene, has been
strongly associated with carcinogenicity, organopathy, and death in vertebrates
(ATSDR 2007a). These aromatic hydrocarbons are biologically available but are
extremely volatile and tend to degrade or dissipate quickly in typical environmental
conditions (weather, waves, etc.). Thus, the concern for exposure to aromatic
hydrocarbons is usually in the immediate vicinity and time following the spill.

Multi-ring polycyclic aromatic hydrocarbons (PAHs) are also toxic, and because
they degrade more slowly in the environment, they can cause long-term and chronic
impacts. As oil weathers and the more acutely toxic, volatile, and water-soluble
organic compounds are lost, the remaining oil tends to have proportionally more
PAHs (NRC 2003). PAHs are lipophilic, bioaccumulative, have a tendency to sorb
particulates and organic matter, and persist in the environment. PAHs undergo
photooxidative degradation and are responsible for the photo-enhanced toxicity of
oil to organisms in the presence of ultraviolet radiation (Barron 2017). Other, more
polar constituents of oil, including PAH degradation products, are more environ-
mentally mobile and may contribute significantly to the toxicity of oil (Aeppli et al.
2012).

PAHs have been shown to cause carcinogenicity, reproductive failure, and
immunotoxicity in animals in laboratory experiments (ATSDR 1995). Two-, three-
, and four-ring PAHs, which are the predominant PAHs in oil, cause death, morpho-
logical abnormalities, cardiotoxicity, changes to endocrine and immune function,
and circulatory and bioenergetic alterations, among other effects, in a wide range of
species (Albers and Loughlin 2003; Hodson 2017). Exposure to PAHs may occur
through direct contact with oil, passive uptake of dissolved constituents across
biological membranes, inhalation, and ingestion.

In addition to the direct injuries identified, some species may experience other
injuries as a result of becoming oiled. For birds and heavily furred aquatic mammals
(e.g., sea otters, fur seals), the microscopic interlocking of barbules and barbicels in
feathers (Albers 1995; Jessup and Leighton 1996) or the density and alignment of
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interlocking hair bundles (Tarasoff et al. 1972; Williams et al. 1992) creates a
waterproof barrier that traps air next to the skin, providing critical insulation and
buoyancy in the water. Oil exposure causes the collapse of this microstructure
(Hartung 1967; Jenssen and Ekker 1988) and, with its comparatively lower surface
tension, can allow water to penetrate deeply into this insulative air layer (Stephenson
and Andrews 1997; Newman et al. 2000; O’Hara and Morandin 2010). The result is
increased heat loss from the skin and, particularly in an arctic environment, a
tendency to become hypothermic. The decreased insulation results in a significantly
greater basal metabolic rate (to maintain core body temperature) (Jenssen and Ekker
1991; Jenssen 1994) and increases the animal’s vulnerability to starvation due to the
use of stored body fat (Hartung 1967; Fry and Lowenstine 1985). In addition to body
temperature issues, the removal of this air layer can also cause birds and mammals to
lose the capacity to swim or float in the water (McEwan and Koelink 1973; Vermeer
and Vermeer 1975), leading to an inability to forage or to escape predators.

1.4 History of Spills in the Arctic

Units of Measurement
In this chapter, we use “gallons” as units of volume. In oil spill response and
planning, barrels, or “bbls” is a typical unit of measurement. 42 gallons ¼ 1
barrel (bbl). 1 Mbbl ¼ 1000 bbl. As a reminder, 1 gallon ¼ 3.785 l.

1.4.1 The United States
Alaska, the only state in the United States that extends north of the Arctic Circle, has
a long history of oil and gas development and associated spills. Small crude and
refined oil spills less than 2100 gallons are fairly common in the Northwest Arctic
and North Slope regions, averaging over 85 spills annually (NOAA 2014). From
1995 to 2012, only 0.1% of spill incidents that impacted the ocean in Alaska were
greater than 21,000 gallons in volume (NOAA 2014). Although they are rare in
Alaska, large oil spills in the marine environment pose a high risk to humans,
wildlife, and the environment. The largest spill in Alaska occurred in 1989 in Prince
William Sound when the oil tanker Exxon Valdez ran aground, spilling over 11 mil-
lion gallons of crude oil. Although Prince William Sound is south of the Arctic, what
we learned from that event regarding cause, response, effects, and restoration is
instructive for spill preparedness in the Arctic and subarctic (see EVOS case study,
Sect. 3.3). The largest spill within the US Arctic occurred when the bulk carrier
Selendang Ayu grounded near Unalaska in the eastern Aleutian Islands in December
2004, spilling over 335,000 gallons of fuel in addition to its cargo of soybeans
(ADEC 2020).

Several large terrestrial crude oil spills from pipeline incidents have occurred in
Alaska since 2000, including a 286,000 gallon spill from the Trans-Alaska Pipeline
(TAPS) in 2001, a 212,000 gallon spill from a transit line in 2006, and a 108,000
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gallon TAPS pump station release to secondary containment in 2010 (ADEC 2020).
The two TAPS spills occurred inland in central Alaska just below the Arctic Circle,
while the third (2006, resulting from a corroded pipeline) occurred on the North
Slope near Prudhoe Bay.

1.4.2 Canada
Canada also has a long history of oil spills, including major well blowouts, pipeline
spills, and spills from vessel and rail accidents. Most of these spills occurred at lower
latitudes, and spills in the Canadian Arctic have been infrequent. Oil exploration and
development has occurred in the Canadian Arctic since the early 1900s, and offshore
drilling in the Beaufort Sea began in the 1970s. Numerous on-land spills originated
from the CANOL crude oil pipeline No. 1 in the Northwest Territories and Yukon
Territory before it was abandoned in 1945 (Kershaw and Kershaw 1986). A small
crude oil spill occurred from the Romulus C-42 well on Ellesmere Island, the
northernmost onshore oil producing well in the world, before it was decommissioned
in 1972 (Ferguson et al. 2020). A series of small, experimental oil spills were
conducted on the northern tip of Baffin Island from 1981 to 1983, providing valuable
field data about the natural attenuation of oil under arctic conditions (Prince et al.
2002). In 1970, the tanker Arrow ran aground in Chedabucto Bay, Nova Scotia,
releasing an estimated 7.5 million gallons of Bunker C that fouled hundreds of miles
of shorelines and impacted the fishing industry. This spill occurred in subarctic
waters and was the catalyst for major changes to the legal framework related to oil
spills in Canada.

1.4.3 Russia
Identifying detailed information regarding oil spills in Russia is challenging due to
shifting political climates and reporting procedures. Many significant spills have
occurred at the main production and transport areas in or near Russian territorial
waters in the Black and Caspian Seas, including a substantial leak from an oil
pipeline near Tuapse in 2014 and a tanker release from Volganeft 139 of at least
748,000 gallons into the Kerch Strait between Ukraine and Russia in 2007
(Fashchuk 2011). Reported spills in the Arctic region of Russia include a series of
large crude oil spills from the Komi oil pipeline (74.8 million–187 million gallons)
near Usinsk in 1994 (Sagers 1994). The oil was initially contained within a dike, but
a collapse in October 1994 sent the oil into the taiga forests inhabited by the
indigenous Komi people. ITOPF reports that no major oil spills occurred in the
Russian Federation from 1999 to 2009, but numerous smaller spills (up to 150,000
gallons) occurred (ITOPF 2012). More recently, a significant release of diesel fuel
(estimated at 5.55 million gallons: 1.59 million on land and 3.96 million into the
Daldykan and Ambarnaya rivers) was released in May 2020 near Norlisk from a
holding tank supplying a power plant (Nechepurenko 2020). The spill contaminated
an area of 350 km2 and directly affected an area of about 0.18 km2 near the Daldykan
River, causing the Russian government to declare a regional state of emergency. In
the company’s press release, it was acknowledged that “(t)he accident was caused by
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a sudden sinking of supporting posts in the basement of the storage tank,” as a result
of thawing of the permafrost on which it was built (BBC News 2020).

1.4.4 Europe
Significant oil spills have also occurred in the arctic waters of European nations,
primarily Norway. Oil exploration off Norway began in the North Sea in the late
1960s with the discovery of the Ekofisk offshore oil field in 1969. Production began
at Ekofisk in 1971, and in 1977, the Bravo platform experienced an oil and natural
gas blowout, resulting in the first major oil release in the North Sea with over 8.4
million gallons of oil estimated spilled before the well was capped (NOAA 1977).
Oil production in Norwegian waters has moved further north, beginning in the
Norwegian Sea in 1993 and in the Barents Sea in 2007 (Norwegian Petroleum
2020). Vessel-based spills have also occurred in Norway, including the bulk carrier
Server in 2007, which spilled an estimated 280,500 gallons of international fuel oil
(IFO) 180, and the bulk carrier Full City which grounded in 2009 and contaminated
approximately 100 km of coastline with IFO 180, although neither of these spills
occurred north of the Arctic Circle (ITOPF 2018). The former USSR collaborated in
response to two spills in the Baltic Sea under bilateral/regional agreements: the
tanker Antonio Gramsci in 1987, which ran aground off the south coast of Finland,
spilling 3.74 million–4.49 million gallons of crude oil (Bonsdorff 1981), and the
Soviet tanker Volgoneft 263, which collided with a West German cargo ship Betty
off of the Swedish coast, releasing 264,200 gallons of waste oil in 1990 (Fagoe
1991).

1.5 Regional Considerations for Spills in the Arctic

1.5.1 Response
The remoteness and extreme weather in the Arctic are key factors that make oil spill
response more challenging than at lower latitudes. Transportation and infrastructure
generally are less available and less consistent the further north you go. Winter snow
and ice conditions can slow or halt ground transportation, as can summer permafrost
thaw-induced flooding. Vessels or aircraft can provide fairly consistent transporta-
tion to arctic communities with established ports and landing strips during the
summer, but access becomes more difficult during the dark winter months when
ice can limit or preclude vessel access and blizzards can ground flights for lengthy
periods. Infrastructure, personnel, commercial services, communications, and equip-
ment are either unavailable or much more limited than in temperate climates, which
can limit or significantly delay response in the Arctic.

Interaction with large, dangerous, or unpredictable oiled and unoiled wildlife is
possible in arctic responses, including predators such as polar bears, and other large
species, such as ice-adapted pinnipeds (e.g., bearded seals, walrus) and whales.
Responders navigating through ice leads may encounter higher numbers of wildlife
aggregated in the available open water.
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1.5.2 Oil Transport and Fate
The transport and fate of oil that is spilled into waters with sea ice depends on the
timing of the release relative to sea ice formation or breakup and the type of ice
present. If oil is spilled when sea ice is forming, oil may become encapsulated in ice
within hours, where it will cease to weather and be transported with the ice until the
spring thaw releases the oil (NRC 2014). If oil is released below already formed sea
ice, it will spread beneath the ice, pool in the rough surfaces under the sea ice, and be
transported with the ice as it moves, unless the water current is strong enough to
move the oil (Fig. 1) (Dickins and Buist 1999; Wilkinson et al. 2017). For subsea
releases under ice, most weathering will not be significant until the oil reaches the
surface of the ice or open water (Sørstrøm et al. 2010). Sea ice may also limit the
spread of oil on water and concentrate it in leads, polynyas, and other open water
areas. Evaporation will be reduced in areas where surface slicks are thicker, and
wave-damping will reduce dispersion and emulsification, leading to overall slower
weathering rates (Evers et al. 2004; Singsaas et al. 2020). Oil will drift separately
from sea ice when ice coverage is low (less than approximately 30%), but will move
with the ice when there is greater coverage (more than approximately 60–80%)
(NRC 2014; French-McCay et al. 2017). Oil-degrading bacteria are present in arctic
waters and degradation is not inhibited by cold water (McFarlin et al. 2018), though
cold temperatures may limit biodegradation through other mechanisms and degra-
dation in or under ice may be limited by lack of oxygen or nutrients (NRC 2014).
Degradation rates for oil stranded on arctic shorelines are lower than in temperate
regions, primarily due to seasonal snow and ice coverage (Prince et al. 2002).

The transport and fate of oil spilled in terrestrial environments in the Arctic
depends on environmental conditions and timing. Oil spilled in the summer will
undergo weathering and transport processes similar to those described for non-arctic
environments, although tundra soils are often saturated with water, which may
prevent oil penetration, and underlying permafrost and ice wedges limit subsurface
vertical and horizontal spread. Though a limiting factor, oil can move in the
seasonally thawed layer above the permafrost, especially in drier soils (Kershaw
and Kershaw 1986), and there are documented cases of limited vertical migration
into the permafrost layer (Biggar et al. 1998). Most of the spilled oil is likely to
spread and pool on the surface. Degradation rates will be slower than at lower
latitudes due to lower temperatures and seasonal freezing and snow cover.

Oil spilled on land when snow and ice are present will weather much more
slowly. Oils with low viscosity, such as diesel, will flow downslope, under snow
and over frozen ground or ice, accumulating in natural low points. Under these
conditions, the oil can persist with minimal weathering until it is recovered or ice
breakup occurs. Oils with higher viscosities will spread less or not at all. Snow will
absorb large volumes of spilled oil. Oil-contaminated snow can be transported by
wind, and can be collected and contained for spill cleanup. At spring breakup, any oil
that was not recovered will still be relatively fresh and may impact aquatic systems
or terrestrial plants and animals as it weathers and degrades. Because of the short
summer season in the Arctic, it may take decades for oil to degrade (Prince et al.
2002).
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1.5.3 Differences in Exposure Pathways
Differences in oil transport and fate can change oil exposure pathways for wildlife in
arctic environments. In particular, the presence of sea ice affects how wildlife are
exposed to oil. In the presence of sea ice, oil will concentrate at the ice-water
interface, either under the ice or in leads and open water between ice (Fig. 1). In
both cases, the ice will limit the spread of the oil, concentrating it in thicker water-
surface or below-ice slicks. The underside of sea ice is a highly productive habitat
where algae grow and zooplankton and fish congregate to feed (Fig. 2). This
convergence can lead to longer exposures to higher concentrations of oil for
organisms living on or right below the underside of the sea ice. Leads in sea ice
are where marine mammals and birds surface to breathe, enhancing the likelihood,
duration, and concentration of exposure to oil from direct contact and through
respiration.

If oil is entrained (Petrich et al. 2013) or encapsulated in ice and transported with
the ice pack, exposure may be delayed until thaw and fresh oil could impact water
and wildlife far from where it was originally released. Oil can penetrate brine
channels and migrate vertically, ultimately pooling on the surface of the ice (Oggier
et al. 2020) and creating an exposure risk for wildlife that spend time there, including
seals and polar bears. These same processes may also prolong the window of

Fig. 2 Conceptual model showing anticipated exposure and injuries associated with oil spills in the
Arctic. NOAA illustration by Kate Sweeney

Oil Spills in the Arctic 167



opportunity for certain spill response tactics that are more effective with more
concentrated and less weathered product.

2 Impacts of Oil Spills in the Arctic

2.1 Environment

2.1.1 Terrestrial, Freshwater, Wetlands, and Low Coastal Lagoons
Oil spills on land can cause a range of impacts in terrestrial systems. Tundra plants
can be killed, even in lightly oiled areas, by smothering, chemical toxicity, and
temperature changes (McKendrick and Mitchell 1978). Long-term impacts on plant
cover and plant community composition are expected in the absence of cleanup and
restoration (Kershaw and Kershaw 1986). The effects of oil on bacterial community
profiles in arctic soils may persist for many decades at spill sites (Ferguson et al.
2020). Oil pollution of soil surfaces increases absorption of solar energy and may
increase the depth of the seasonally thawed layer (Everett 1978; Chelombitko 2019),
leading to the development of thermokarst terrain (i.e., irregular hummocks and
marshy ponds) and subsequent degradation of the area (Chelombitko 2019). In
rivers, oil will form sheens and may be rapidly dispersed, diluted, and moved
downstream with the current, depending on the oil type, water volume, river
morphology, flow rates, and other factors. Spilled oil can contaminate bottom and
bank sediments, which then become a longer-term source of contamination to
aquatic and riparian vegetation, benthic organisms, and the water. If oil enters a
river or lake that is frozen, the ice cover will reduce weathering and evaporative loss
and enhance dissolution, leading to greater toxicity in the water. Oil spilled in lakes
and ponds will impact both primary production by phytoplankton and zooplankton
abundance and community composition (Miller et al. 1978). Microbial populations
in arctic freshwater ecosystems will respond to the presence of petroleum
hydrocarbons, shift their composition, and effectively degrade many oil constituents.
However, microbial degradation will slow significantly when waters are ice-covered
(Horowitz and Atlas 1977).

Coastal lagoons, dynamic transition zones between freshwater and marine
ecosystems, play a key role in arctic habitats, providing rich feeding and breeding
grounds for arctic fish, migratory birds, marine mammals, and critical resources for
local subsistence hunters and fishers (Dunton et al. 2012; Tibbles 2018). Wetlands
make up as much as 60% of all arctic ecosystems and approximately 37% of the
Alaskan Arctic coastline north of the Bering Strait (Gundlach and Hayes 1978;
Haynes et al. 2017). Wetlands include a complex mix of bogs, fens, swamps,
marshes, and shallow open water areas, providing crucial ecosystems functions.
Because of their extreme productivity and sensitivity, these environments are at
significant risk during oil spill events, leading responders to classify them among the
most vulnerable to oil spill damage (Gundlach and Hayes 1978) (Fig. 2). In coastal
wetlands and lagoons, oil type appears to be one of the most significant factors for
predicting effects, with lighter oils more acutely toxic than heavier oils (Michel and
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Rutherford 2013). Heavier oils in more protected areas will persist longer. Protection
from oil entering these habitats, coupled with effective containment and cleanup of a
spreading slick, are key functions in reducing effects. Some techniques to remove oil
from coastal wetlands and lagoons may actually cause more harm to the habitat than
allowing natural recovery to occur.

2.1.2 Marine
Oil spilled in the arctic marine environment can degrade the quality of pelagic,
benthic, ice, nearshore, and shoreline environments (Fig. 2). Surface and dispersed
oil and dissolved oil constituents will impact the productive pelagic environment,
potentially disrupting food webs. Phytoplankton, zooplankton, and fish eggs and
larvae that inhabit the upper part of the water column are critical components of the
food web and especially vulnerable to oil exposure and resulting death or other toxic
effects. The presence of oil in the pelagic environment can cause injury to fish, birds,
and marine mammals, both by exposing them directly to oil and by altering or
contaminating their prey base.

Some portion of the spilled oil can be transported to the benthos through
sedimentation processes, including as marine snow (Daly et al. 2016; Ross et al.
2021). The benthic environment is highly productive, and in some parts of the
Arctic, especially where there are shallower shelves or stable polynyas, there is
tight benthic-pelagic coupling (Hobson et al. 1995; Dunton et al. 2005). Oil in the
benthos may reduce productivity and nutrient cycling by altering the benthic com-
munity and could kill or contaminate important prey species, such as mollusks and
isopods (Percy 1978). Oil degrades slowly in benthic sediments, and arctic benthic
environments are expected to recover slowly following an impact (Conlan et al.
1998; Konar 2013).

2.2 Animals

2.2.1 Birds
For animals to survive in harsh, cold, arctic conditions, the primary challenge is to
balance heat loss versus metabolic heat production; this is primarily done through
control of heat loss via behavioral, physical, and physiological adaptations. Birds in
the Arctic are particularly reliant on the interlocking mechanical structure of their
feathers to trap a blanket of air next to their skin, and oil can negatively impact that
protection. The majority of wildlife observed to be affected by most oil spills are
seabirds, waterfowl, and shorebirds. In the Arctic, alcids (such as murres or
guillemots) and diving ducks are species most prone to being found acutely oiled
in large numbers (Piatt et al. 1990), but many other species may become oiled and
are never found, or are more chronically affected, leading to population-level effects.
Both crude and refined petroleum products affect birds externally in a similar
manner. As described above, oiled feathers quickly lose their waterproofing and
insulating properties, resulting in loss of buoyancy and subsequent hypothermia
(Jenssen and Ekker 1988; Albers 1995). Affected birds may drown at sea or, if they
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are able to make it to shore, are vulnerable to dehydration, starvation, and/or
predation. In addition, oiled birds spend more time preening, have difficulty foraging
for prey, have decreased flight capacity, have an increased metabolic rate due to heat
loss, and may have skin and corneal burns (Jessup and Leighton 1996). These
difficulties often lead to dehydration and malnutrition exhibited first through loss
of body fat and then, subsequently, to muscle wasting (Leighton 1993; Bursian et al.
2017).

Exposure of seabirds and eggs to oil in the breeding season, through both physical
coating of the eggs and effects of ingested or inhaled components, may result in
reproductive failures due to stress, changes in reproductive behaviors, failed laying,
embryo mortality, teratogenesis, failed hatching, and increased chick abandonment
(Leighton 1993). Eggs can become oiled from feathers of brooding birds or
contaminated nesting material. External oiling of eggs causes reduced embryonic
viability at higher concentrations and protracted embryonic development and
cardiotoxicity at lower concentrations (Goodchild et al. 2020).

Ingested or inhaled petroleum products can result in a variety of acute and long-
term health effects in birds. Ingested oils can result in irritation and erosion of the
lining of the gastrointestinal tract, resulting in bleeding, decreased nutrient uptake,
and dehydration from ensuing diarrhea (Fry and Lowenstine 1985; Tseng and
Ziccardi 2019). Biotransformation of oil metabolites by the liver can lead to cellular
damage, altering liver metabolic function and affecting immune function and pro-
duction of cholesterol (Peakall et al. 1989; Harvey 1991; Briggs et al. 1996).
Oxidative damage from exposure to PAH metabolites can lead to hemolytic anemia
(Leighton et al. 1985; Harr et al. 2017) and further lead to liver impairment via
hemochromatosis (Yamato et al. 1996; Balseiro et al. 2005). The ingestion of oil (via
preening or through food items) can cause significant damage to the renal system,
manifested by lesions and alterations in metabolic function (Fry and Lowenstine
1985; Harr et al. 2017). Inhalation of volatile fumes may lead to lesions within the
upper or lower portions of the respiratory tract in birds.

2.2.2 Marine Mammals
Marine mammal exposure to spilled oil may occur through multiple pathways
(Ziccardi and Wilkin 2018). Mammals breathing at or near the surface of the water
may be exposed to the volatiles and aerosols related to the spilled product, which can
be inhaled or aspirated (Fig. 3), potentially leading to neurological issues (Spraker
et al. 1994) and/or lung damage (Schwacke et al. 2014). Marine mammals may
directly encounter surface oil, causing impacts to the skin, eyes, or mucous
membranes. Baleen whales may experience fouling as they skim feed at the surface
or within the water column, as oil or oil/water mix coats the baleen (Geraci 1990),
although recent laboratory experiments suggest this may not be as great a concern as
previously feared (Werth et al. 2019). Oil in the water column may also be
bioaccumulated by prey species (zooplankton or fish), with marine mammals subse-
quently exposed by ingestion of oiled prey or oil/water mixtures (Fig. 4). Oil that
sinks to the benthos may likewise contaminate benthic prey that are consumed by
some marine mammals. Shoreline or ice surface oiling provides an additional
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exposure pathway for pinnipeds that may haul out in those areas, and may result in
fouling of fur, dermal exposure, and ingestion. Oil concentrated under ice may
likewise contaminate animals transiting, foraging, or creating breathing holes.

In addition to these direct impacts from a spill, indirect effects may result from the
marine mammal losing access to prey species or preferred habitat. Pinnipeds may
choose not to haul out on a preferred beach or ice flow due to oil spill response
activities and may have to swim longer distances, which increases energy expendi-
ture. Animals may be forced to switch prey or forego feeding, resulting in nutritional
stress.

Depending on the duration and severity of both direct and indirect impacts,
animals may lose energy reserves, experience organ damage, be more susceptible
to disease, and may experience reproductive loss or decreased fecundity and ulti-
mately decreased survival. In contrast to birds, there may not be much acute
mortality observed of marine mammals in the immediate aftermath of an oil spill,
but sublethal impacts are likely to occur that may result in mortalities or population
reduction and failure to recover over long periods of time, as was observed following
the Exxon Valdez oil spill in 1989 (Matkin et al. 2008) and Deepwater Horizon oil
spill in 2010 (Schwacke et al. 2014; Takeshita et al. 2017).

Fig. 3 Conceptual model of inhalation pathways of a marine mammal (beluga whale) exposed to
spilled oil. NOAA illustration by Kate Sweeney
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Marine mammals in the Arctic include species that occur north of the Arctic
Circle for most of the year and depend on the arctic ecosystem for all aspects of life,
such as bowhead whales (Balaena mysticetus), narwhals (Monodon monoceros),
ringed seals (Phoca hispida), bearded seals (Erignathus barbatus), walrus
(Odobenus rosmarus), and polar bears (Ursus maritimus) (Laidre et al. 2008).
Other marine mammal species migrate to the Arctic seasonally for essential parts
of their life history (e.g., pupping in ice lairs, foraging), such as gray whales
(Eschrichtius robustus), hooded seals (Cystophora cristata), and harp seals
(Pagophilus groenlandicus). Finally, there are species that have a broader geo-
graphic distribution, but stocks or populations may remain within arctic or subarctic
waters year-round, such as beluga whales (Delphinapteras leucas). Marine
mammals are critical to arctic ecosystems and a fundamental cultural and subsistence
resource for arctic peoples (Moore and Hauser 2019).

2.2.3 Fish
Fish may be exposed to spilled oil by spending time on or in contaminated
sediments, taking up contaminants through body surfaces (including respiratory
structures such as gills), and ingesting oil droplets, particulates contaminated with
oil, and contaminated prey. The impacts of oil exposure on fish depend on the oil
type, exposure conditions, species, and life stage, among other factors. Juvenile and
adult fish that are exposed to oil may suffer acute mortality or develop other injuries
that lead to delayed mortality. Early life stages of fish are highly sensitive to oil
exposure, and even minimal exposure during embryonic development can lead to

Fig. 4 Conceptual model of ingestion and aspiration pathways of a marine mammal (beluga whale)
exposed to spilled oil. NOAA illustration by Kate Sweeney
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acute or delayed mortality (Incardona et al. 2015; Laurel et al. 2019). The presence
of ultraviolet radiation enhances the toxicity of oil in early life stages of fish (Barron
2017), though ice, when present, may provide some protection from photoenhanced
toxicity.

In the Arctic, fish are prey for many other fish, birds, and marine mammals, as
well as an important subsistence resource for humans. Polar (or Arctic) cod
(Boreogadus saida) is a keystone species in ice-associated arctic marine food
webs because it provides a critical linkage between lower and higher trophic levels
(Huserbråten et al. 2019). Polar cod is one of the most abundant and important fish
species in circumpolar arctic ecosystems, and their life history makes them espe-
cially vulnerable to oil exposure. They spawn under ice, produce buoyant eggs, and
grow into larvae that feed on ice-associated zooplankton, all at the ice-water
interface where the highest concentrations of spilled oil would likely be present
(Fig. 2). Oil exposure can cause acute mortality or a range of morphological and
bioenergetic effects that lead to delayed mortality (Laurel et al. 2019). If an oil spill
led to changes in the distribution and abundance of polar cod, it would likely have
consequences for the entire arctic food web (Bluhm and Gradinger 2008; Choy et al.
2017).

2.2.4 Invertebrates
Aquatic invertebrates may be exposed to spilled oil in much the same way as fish,
through contact with contaminated water and sediment and ingestion of oil droplets,
particulates contaminated with oil, and contaminated food. Unlike fish, invertebrates
do not readily metabolize many of the toxic chemicals in oil and can bioaccumulate
PAHs and other lipophilic constituents (Agersted et al. 2018; Szczybelski et al.
2019). Lipid-rich arctic invertebrates, such as pelagic copepods and euphausiids
(krill) and benthic mollusks, are important food sources for fish, birds, and marine
mammals. Their high lipid content and slow elimination of oil chemicals
(Nørregaard et al. 2015; Agersted et al. 2018) may create a persistent risk of trophic
transfer of these constituents from invertebrate prey to higher-level consumers
following an oil spill.

Arctic invertebrates can also suffer toxic effects from oil exposure (Hannam et al.
2010; Gardiner et al. 2013). Similar to fish, invertebrates that live at the ice-water
interface, in the upper part of the water column, or in nearshore areas are most at risk
for exposure. Deeper-water benthic invertebrates can also be exposed in situations
where oil reaches the seafloor (Fig. 2). Though limited toxicity data are available for
arctic species, there is not currently evidence that arctic invertebrates are inherently
more sensitive to oil than temperate species (Camus et al. 2015; Bejarano et al.
2017). However, the impact of exposures that are above toxic thresholds on
populations and communities in the Arctic is not well understood. Because of their
importance to arctic food webs, changes in the abundance of invertebrates could
affect energy flow throughout the ecosystem, and recovery of these populations is
likely to be slower in the Arctic than at lower latitudes.
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2.3 Humans

Humans are known to be at risk of adverse health effects from direct exposure to oil
and its constituents. Of greatest concern are the chronic effects of benzene and some
PAHs and their association with cancer. Risks of occupational PAH exposure were
first recognized by Sir Percival Pott in 1775 through increased risk of scrotal cancer
in chimney sweeps in England (Waldron 1983). Since that time, strong experimental
and epidemiological evidence has linked numerous volatile congeners produced by
petroleum to health impacts. Benzene has been shown to disrupt neuronal
membranes and also causes hematological effects leading to aplastic anemia and
acute myelogenous leukemia (ATSDR 2005). Other compounds in the BTEX group
(benzene, toluene, ethylbenzene, and xylene) can also have acute effects on respira-
tory and central nervous systems (ATSDR 2007b, 2010). Further, 17 different PAHs
have been identified as a great concern for inducing cancer, primarily skin and lung
cancer, but also bladder and gastrointestinal cancers (ATSDR 1995), and have been
shown to both cross the placenta and cause male idiopathic infertility (Madeen and
Williams 2017). These facts are concerning not only for the direct environmental
exposures of humans to oil and its byproducts but also the potential of
bioaccumulation of these compounds in food items that people may consume.
Much information has come out of the Deepwater Horizon oil spill related to risks
associated with eating seafood from a spill location. While data showed that individ-
ual PAHs were found in low concentrations and, when detected, were at least two
orders of magnitude lower than the level of concern for human health risk (Ylitalo
et al. 2012), others argue that analyses were not extensive enough to completely
interpret human risk (Farrington 2020).

While most epidemiologic studies have focused on the acute effects of crude oil
exposure during spill cleanup, effects have been documented years after a spill
response. Responders to the 2002 Prestige oil spill self-reported having respiratory
symptoms 5 years after the spill (Zock et al. 2012), and similar findings occurred
1–3 years after the Deepwater Horizon response among decontamination workers
and workers with high exposure to burning oil/gas compared with unexposed
workers (Gam et al. 2018), though effects appear to have resolved after 4–6 years
(Lawrence et al. 2020). There is also increasing evidence that exposure to total
hydrocarbons and volatile organic compounds from air pollution during spills
(especially spill responses using in-situ burns as a clean-up method) is associated
with increased risk of coronary heart disease (Strelitz et al. 2019).

In addition to the direct affects to human health, oil spills impact regional
community function. Indigenous peoples of the Arctic have hunted and gathered
the local resources they need to survive and flourish in the extreme environment for
thousands of years. Many subsistence communities are reliant on the plants and
wildlife sustained by the unique arctic ecosystem to provide essential traditional
food and other needed resources for their survival and cultural identity. A very large
oil spill or a series of smaller spills in the same area have the potential to impact the
subsistence way of life in the Arctic. Direct oil exposure in wildlife species (marine
mammals, birds, fish, shellfish, etc.) that provide food to subsistence communities
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poses a health risk. Avoiding harvesting animals that may have been exposed to oil
due to uncertainty about toxicity would reduce the available traditional food
resources for subsistence communities.

Components of economies tied to healthy wildlife populations and a clean
environment would suffer as a result of a large oil spill or chronic smaller spills.
Arctic aquaculture is a growing commercial enterprise, particularly for salmon, with
Norway having a sizeable aquaculture industry. Aquaculture sites would be espe-
cially impacted by an oil spill, as they would be impractical to relocate. Commercial
fishing activities could be impacted in both the short and long term; while some
dynamic shifting of fishing practices might be possible depending upon the
parameters of the spill (i.e., relocating to a different geographic region for the
season), it would increase costs and may not result in the same yield. Finally, tourism
activities could be impacted, including businesses that rely upon tourists such as
hotels, restaurants, native handicraft shops, whale and wildlife viewing companies,
and cruise lines with arctic routes.

Additionally, the co-stressors that exposure to PAHs can have during spills with
other physiological and psychosocial stressors are becoming more well understood
following studies of recent spills. Beyond the direct effects described above,
disasters affecting the health, economy, and quality of life in communities may
lead to psychosocial impacts including anxiety, stress, and depression associated
with being impacted by a large-scale disaster (Lowe et al. 2019; Ritchie and Long
2021). The effects of this stressor are just now becoming more widely understood
and could have a tremendous impact in arctic communities where culture and
livelihood are tied so closely to the natural environment.

3 Preparedness, Response, Restoration, and Prevention

3.1 Preparedness

Formal planning for oil spill response in the Arctic happens at many levels. For
example, in Alaska, US federal laws regarding oil spill preparedness apply through-
out state and federal waters, State of Alaska laws apply to state lands and waters,
some communities have worked with industry to establish agreements to mitigate
impacts to subsistence harvest should a spill occur, and non-governmental
organizations have developed plans and outreach materials to aid preparedness and
communication between community members and government agencies before and
during spills. Wildlife trustee agencies have developed regional plans in collabora-
tion with communities and wildlife response organizations (NMFS 2017; ARRT
2020), and taxon-specific plans (USFWS 2015; Ziccardi et al. 2015) in an effort to
prepare for and streamline oiled wildlife response. Planning ahead is essential for
caching spill response equipment in accessible locations in advance of spills to
mitigate the risk of transportation limitations during a large response.

Oil exploration and development operations throughout the Arctic are largely
required to have some level of spill contingency planning, but the criteria and
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oversight vary by country and region. History has shown that new laws and
regulations have been established following major oil spills in an effort to fill gaps
identified by the accident and attempted spill response (e.g., US Oil Pollution Act of
1990 [OPA 90] created in the aftermath of the 1989 Exxon Valdez Oil Spill, and
recent amendments to the Law on Environmental Protection by the Government of
the Russian Federation in the aftermath of the 2020 Norilsk diesel spill).

The challenges of responding to oil spills in the Arctic, including the dearth of
response infrastructure and resources in the region and the potential for cross-border
or multinational impacts, necessitate international cooperation on oil spill response.
There are national and international laws and conventions for establishing mutual aid
or mutual assistance agreements. The 1990 International Maritime Organization
Convention on Oil Pollution Preparedness, Response, and Cooperation provides a
global framework for cooperation in the event of major spills and provides the
foundation for specific agreements between nations. For example, the United States
has bilateral agreements with Russia and Canada related to oil spill preparedness and
response. Additionally, the Agreement on Cooperation on Marine Oil Pollution
Preparedness and Response in the Arctic (MOPSA) was signed by all eight Arctic
States in 2013 and entered into force in 2016 (Arctic Council 2013). The objective of
MOPSA is to strengthen cooperation, coordination, and mutual assistance among the
Parties to prepare for responses to protect the marine environment from oil pollution.

3.2 Response Activities

3.2.1 Primary Response
A number of tactics exist to remove oil from the environment following a spill.
These are generally referred to as “primary” response tactics and can be categorized
as mechanical, physical, or nonmechanical (which includes in-situ burning and
chemical/biological response).

Mechanical recovery of oil includes the use of booming, barriers, skimmers, and
sorbent materials to capture and remove oil from the environment (Fig. 5). Booms
are typically used for in-water spills and are floating devices akin to long snakes that
contain surface oil on one side and prevent it from spreading further. Some booms
are fireproof and can contain on-water in-situ burns of oil (Fig. 5). Skimmers are
mechanical devices that collect oil on the water’s surface and can be used in
conjunction with booms. Sorbent materials can be used in conjunction with booms
or on land to recover oil. Physical recovery of oil generally includes all shore-based
or terrestrial cleaning and recovery of oil. This includes pressure washing, flushing
and flooding with clean water (water can be heated to enhance removal), wiping with
sorbents, steam cleaning and sandblasting, and removal of contaminated soil, sedi-
ment, vegetation, animal carcasses, or other natural debris (NMFS 2015).

Chemical or biological response tactics include the use of dispersants or herders.
Dispersants are applied directly to oil and are designed to break the oil into smaller
droplets to enhance natural weathering and removal processes (Fig. 5, and see Oil
Transport and Fate, Sect. 1.5.2). Dispersants do not reduce the total amount of oil in
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the environment but, instead, may change the characteristics of the oil, thereby
changing the transport, fate, and potential effects of the oil (NMFS 2015). Other
nonmechanical countermeasures include application of other chemical agents (e.g.,
solidifiers and fire foam), and application of biodegrading organisms or nutrient
stimulants used to enhance biodegradation of oil.

Implementation of primary response tactics will be particularly challenging in the
Arctic due to environmental conditions and paucity of infrastructure, equipment, and
personnel. The same extreme weather conditions and lack of daylight in the winter
that increases the risk of spills will hinder primary response.

3.2.2 Secondary Response
Secondary oil spill response tactics includes efforts to keep wildlife away from oil.
Animals can be hazed using visual or auditory devices designed to scare them away

Fig. 5 Illustration showing several methods for on-water oil spill response designed to remove oil
from the environment. Provided by NOAA
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from oiled areas, deterred from areas using exclusion devices (e.g., fences, netting),
or attracted to less risky locations using bait or environmental manipulation
(Gorenzel and Salmon 2008). Scarecrows with moving parts have been shown to
deter pinnipeds from docks and could be effective at oiled terrestrial sites such as
haulouts. Noise-generating devices such as fireworks and electronic sound
generators have also shown to be effective in hazing birds. Devices such as Breco
buoys and Phoenix Wailers playing high intensity noise have been successful in
deterring birds and some marine mammals from on-water oil slicks. Audio
recordings of predator calls (e.g., Bigg’s killer whales) broadcast into the water
near spills may be effective in deterring marine mammal prey species such as
pinnipeds, whales, and porpoise. Oikomi pipes, a technique using metal pipes
suspended over the side of a boat into the marine environment and struck with a
hammer, are an approved method in the United States to deter killer whales (EPA
and USCG 2020).

Secondary response also includes the preemptive capture, short-term holding, and
release of unoiled wildlife. For example, in 2015, three endangered Hawaiian monk
seals were captured by the NOAA Marine Mammal Health and Stranding Response
Program and brought into captive care to avoid the threat of exposure to a fuel spill
resulting from a sunken tug on Oahu. The seals were returned to the wild after the
threat of oil exposure was over. Penguins and dotterels have also been preemptively
captured to avoid oil exposure in response to large oil spills in New Zealand and
South Africa, and subsequently released (Wolfaardt et al. 2008; Gartrell et al. 2014).

3.2.3 Tertiary Response
Tertiary response efforts are defined as the capture, handling, transport, stabilization,
rehabilitation, and release of oiled wildlife. In the Arctic, these tactics will be
particularly challenging and dangerous due to remoteness and extreme weather
conditions. The conditions in the Arctic may limit the number of animals that trained
wildlife responders can handle, and it requires advanced caching of equipment and
training of personnel. Birds, terrestrial mammals, and marine mammals in the Arctic
are capable of seriously injuring responders, and only trained responders with proper
personal protective equipment and wildlife response equipment should be authorized
to handle live animals. Considerations for holding and rehabilitating Arctic species
will be very different than for species in warmer climates.

3.2.4 Potential Negative Impacts of Response Activities
Containing and preventing landfall of spilled oil is a top priority in a spill response to
reduce long-term impacts of shoreline oiling. However, nearly all response tactics
carry a risk of negatively impacting wildlife and people, and those risks should be
considered and minimized when possible. Mechanical response equipment has the
potential to interact with wildlife by entangling wildlife in lines, pipes, booms, or
sorbents; crushing small animals or nests on land; or striking animals while equip-
ment is in motion (e.g., ship strike of a whale). The noise from response activities
may startle wildlife, leading to unusual or harmful behavior (e.g., stampeding
pinnipeds crushing smaller animals, birds abandoning nests or chicks), or chasing
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wildlife inadvertently into the spilled oil. Response activities, including wildlife
deterrence, can also attract curious marine mammals and other wildlife toward the
activity and the spilled oil. It is a common misconception that response activities will
deter marine mammals from a spill zone or that these animals can detect and avoid
oil (St. Aubin et al. 1985), but repeatedly, curious, intelligent marine mammals have
been observed to approach response equipment and spilled oil (Fig. 6). Deterrence
and other noisy activities should be closely monitored to determine efficacy and the
potential to negatively impact wildlife in the area. Wildlife observers can aid in
minimizing potential stressors by notifying equipment operators of animals in the
area or alerting wildlife response personnel if interactions occur.

Planning for in-situ burns should take into consideration the presence of people
and wildlife in the vicinity of the operation. In addition to the potential for distur-
bance of wildlife, terrestrial or on-water burns result in significant smoke plumes that
introduce particulates into the air which may be inhaled and embedded in lung tissue.
Solid particulates and pyrogenic PAHs (which may have a higher mutagenicity than
the original PAH components in oil) are emitted during in-situ burning (Sheppard
et al. 1983; USCG and EPA 2014). Proximity to human communities and animal
aggregations (e.g., pinniped haulouts and rookeries, bird colonies, caribou herds),
wind direction, burn duration, and potential toxic components of the smoke plume
should be considered in order to minimize unintended consequences.

Fig. 6 Photo of killer whales approaching skimming operations and spilled oil in Prince William
Sound, Alaska, in 1989 during the Exxon Valdez oil spill response. Photo taken by Dan Lawn. Used
with permission from the Alaska State Library
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Chemical dispersants have the potential to make the toxic components of oil more
bioavailable to marine foragers by dispersing oil droplets throughout the water
column. Dispersants reduce the potential for oil to contact wildlife and the shoreline
but increase the potential exposure of pelagic and benthic biota to dispersed oil
(NRC 2005, 2013). Though modern-use dispersants are generally much less toxic
than oil or oil with dispersant, some aquatic species and life stages are sensitive to
toxic effects from dispersant exposure. Exposure of marine mammals to oil, either
through ingestion of oil or indirectly through prey with bioaccumulated PAHs, may
cause digestive system distress, narcosis, lesions, developmental deformities,
decreased growth, and mortality (USCG and EPA 2014). Dispersants do not remove
oil from the environment, so a thorough evaluation of environmental tradeoffs,
including less visible impacts to pelagic environments, should be conducted before
deciding whether and how to apply dispersants.

3.3 Restoration and Recovery

The 1989 Exxon Valdez Oil Spill (EVOS) occurred in the subarctic waters of Prince
William Sound, but many of the lessons learned from EVOS are applicable to spills
in the Arctic and show that spill impacts in cold regions can be significant and long
lasting (Fig. 7). Contamination of nearshore habitats can persist for many years,
affecting multiple generations of early life stage fish, such as Pacific herring (Clupea
pallasi) (Peterson et al. 2003; Incardona et al. 2015). After EVOS, clams and other
invertebrates in some areas remained contaminated for more than a decade, affecting
the animals that fed on them, including harlequin ducks and sea otters (Peterson et al.
2003). Some wildlife, such as the AT1 transient killer whale pod, may never recover
from the impacts (Peterson et al. 2003; Matkin et al. 2008). Over three decades later,
lingering oil from EVOS remains on shorelines in areas where it is protected from
physical weathering and degradation (Lindeberg et al. 2018). The deleterious
impacts of the spill on human communities were also substantial and long-term
(Gill et al. 2016).

Human-led restoration of natural resources that are injured by an oil spill can take
many different forms, such as removing lingering contamination sources, replanting
vegetation, and improving fish habitat. Restoration may also address impacts to
human uses of resources, such as fishing or recreation. The goal of restoration is to
decrease the amount of time it takes for natural resources, and the ecological services
that they provide, to return to pre-spill conditions. In some cases, natural attenuation
and recovery are preferable to active restoration, but in other cases, restoration is
essential to habitat or resource recovery. For example, tundra plant communities can
take many decades to recover and may be permanently altered by an oil spill;
therefore, soil remediation followed by transplanting or seeding are frequently
used to restore that habitat. The Exxon Valdez Oil Spill Restoration Plan published
in 1994 is another example and provides detailed analyses and descriptions of
restoration of biological resources and lost services resulting from the 1989 spill
(EVOSTC 1994).
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Many Arctic nations have laws that establish liability for public and private losses
caused by oil spills. In some cases, those laws require the polluter to pay for
restoration of public natural resources that were injured by the spill. One of the
most robust examples of this is the US Natural Resource Damage Assessment
(NRDA) process, described in the OPA 90, which is used to evaluate the impacts
of spills and determine the appropriate types and amounts of restoration required.
Another example is Canada’s Environmental Damage Assessment (EDA) process
and ship-source oil pollution fund, though its application to restoration of natural
resources is more limited than the NRDA process in the United States (Mac Innis
2005). The International Maritime Organization (IMO) also has a regulatory frame-
work and guidance for assessment and restoration of environmental damages fol-
lowing marine oil spills (IMO/UNEP 2009).

Natural recovery following an oil spill will generally be slower in the Arctic than
in more temperate regions, and in some cases, habitats, populations, and
communities may never return to pre-spill conditions. For example, tundra plant
communities may be permanently altered if disturbed areas become thermokarsts or
are recolonized by opportunistic species that were not dominant prior to the spill.
Recolonization of seafloor areas in the Arctic following a disturbance can take
decades or more (Conlan et al. 1998; Konar 2013). Long recovery times in the
Arctic are a product of both slower natural attenuation of the spilled oil and slower
recolonization and growth rates in organisms. Low temperatures, lack of sunlight,
and ice cover slow oil weathering, as well as bacterial degradation. Chronic exposure
to lingering oil can impact multiple generations of fish and wildlife, sometimes in
ways that are not immediately obvious (e.g., impaired immune function), slowing or
impeding recovery.

If early life stages or reproductive success of animals are impacted, the
population-level impacts may persist for multiple generations. The tendency for
some Arctic animals to aggregate in large numbers in confined spaces, such as open
water leads, increases the likelihood of a spill impacting a large proportion of a
population, which could also impede recovery. Many arctic animals have long life
spans and slow reproductive rates, which could prolong population-level impacts.
Furthermore, arctic systems are experiencing ongoing and increasing stresses from
global climate change, which may exacerbate the impacts of a spill and hinder
recovery. Scientific information about many arctic species, populations, and
communities is largely incomplete, which could make it impossible to fully assess
the impacts of a spill and if, when, or to what extent recovery has occurred.

An important component of restoration and recovery is to consider the human
uses of the environment and resources that must be suspended or moved to a
different location due to the impacts of the oil spill. Liabilities and requirements
for addressing lost human uses vary between Arctic nations. Commercial losses,
such as lost income due to fisheries closures, may be compensated through financial
settlements with affected parties. Additionally, the Arctic environment and its
resources are a critical part of the culture and subsistence of indigenous arctic
peoples. Damage assessment and restoration efforts should consider food security
and cultural uses of the resources including their importance to local communities.
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Restoration is important for preserving ecological integrity, ecosystem services, and
human uses of natural resources. However, some injuries caused by oil spills cannot
be restored, replaced, or compensated for, particularly in the Arctic where unique
habitats are relatively pristine and human communities are largely reliant on subsis-
tence resources.

3.4 Prevention

Whereas restoration of damaged resources carries considerable uncertainty of suc-
cess, prevention of oil spills is a sure way to avoid environmental impacts, and some
effective strategies and tools are available. Some requirements exist for marine
vessels to implement automatic identification systems (AIS) onboard while under-
way, depending on vessel size and governing organization. AIS tracking information
can be a useful tool in preventing oil spills by enabling detection of vessels deviating
from shipping routes and moving toward navigation hazards. Early detection of
these deviations aids communication between response organizations and captains
and crew of disabled vessels, reducing the likelihood of a grounding that could lead
to a significant spill. Increased application of vessel tracking technology in the Arctic
is a step in the right direction toward prevention. The necessary infrastructure and
equipment for a response to a disabled vessel is needed in order to take action.

Double-hulled tankers are a measure that can be taken to reduce the likelihood of
a spill occurring from a tanker grounding incident. MARPOL, originally adopted by
the IMO in 1973 and coming into force in 1983, was amended in 1992 to closely
match the requirements contained in OPA 90, requiring all newly built tankers to
have double hulls. Further, under revised regulations passed in 2007, Category
1 (pre-MARPOL) tankers were required to be phased out by 2005, with Category
2 and 3 (MARPOL and smaller) tankers phased out by 2010. The United States,
Canada, and the Russian Federation are part to this Convention, along with approxi-
mately 150 other nations, representing 99% of global shipping.

Pipelines of various ages exist throughout the Arctic region associated with past
and current oil and gas development activities. Regular monitoring and maintenance
of existing pipelines is needed to prevent future spills from occurring. Further
reductions in risk of spills can occur through the use of new technology and
equipment instead of relying on old pipelines with unknown maintenance records
or corrosion potential.

Traffic Separation Schemes, two-way routes, deep water routes, precautionary
areas (where ships must navigate with particular caution), and areas to be avoided
(ATBAs) are all techniques that can reduce the risk of spills (IMO 2019). Traffic
Separation Schemes identify two “lanes” on applicable maps and charts (e.g., one
identified for eastbound traffic and one for westbound, separated by some distance)
to reduce collisions along congested routes. Deep-water routes and precautionary
areas may help reduce collisions, and they also limit groundings. The establishment
of ATBAs is a mechanism by which international vessel traffic routes can be
influenced. Three ATBAs have been adopted by the IMO for the Bering Strait
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region, and additional areas have been proposed for consideration as ATBAs
(Huntington et al. 2019).

Additional safety precautions to reduce the risk of vessel collisions and resulting
oil spills include the use of pilots with local expertise or escort vessels. Currently
implemented in many busy ports (particularly those with tricky approaches), this
idea has been proposed and discussed for Arctic areas as well (Beveridge 2017).

4 Risk of Future Spills

There are an estimated 4 million people living permanently in the Arctic today, with
approximately 12.5% of those being of indigenous groups. While global population
growth is projected to continue increasing from the current total of 7.4 billion to
10 billion in 2055, the population of the broader Arctic region is projected to have
just a 1% population increase, with significant regional variability (Emelyanova
2017; Heleniak 2020). Trends expected in nearly all Arctic regions include aging
populations, more balanced gender ratios, increased population concentration into
larger urban settlements, and depopulation of smaller settlements. Thus, while
overall numbers of inhabitants of the Arctic region are not expected to substantially
alter, the impacts of the individuals that remain or emigrate into the area may impart
significant change if focused on tourism, resource exploration, or other pursuits
related to changes noted below.

The Arctic is experiencing rapid climate change, which will continue to acceler-
ate for at least decades to come. The effects of climate change are occurring more
quickly in the Arctic than at lower latitudes, in part due to feedbacks between the
physical mechanisms, known as “Arctic amplification” (NRC 2014). Changes
occurring as the Arctic warms are leading to increasing risk of oil spills in that
region, which will also influence the fate and effects of Arctic oil spills (Nordam
et al. 2017) and the recovery of the environment after a spill. Retreating and thinning
sea ice is increasing access for shipping, oil exploration and extraction, and other
resource development; all of which bring increasing risk of oil spills. Rising
temperatures are also causing permafrost thaw, which is destabilizing infrastructure
in the Arctic, including oil extraction, transport, and storage facilities, and has
already been a contributing factor in oil spills. Similarly, climate change is causing
increased coastal erosion and exacerbating the frequency and intensity of storms,
both of which threaten infrastructure and increase the potential for spills. At the same
time that climate change is leading to an increased risk of oil spills, it is causing
considerable strain on the Arctic environment. Arctic oil spills may threaten an
already stressed system. Warmer water temperatures and reduced sea ice may also
make Arctic fish and wildlife, especially ice-associated species, more vulnerable to
oil exposure and susceptible to toxicological injuries and latent effects (Laurel et al.
2019).

Vessel traffic in the Arctic is increasing from multiple sources: commercial
transport (shipping) due to the ability to use the Northern Sea Route (along coastal
northern Russia), and to a lesser extent the Northwest Passage (IPCC 2018); bulk
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carriers and tug-barge traffic to transport minerals and other commodities as well as
bring supplies to remote villages; fishing fleets that will likely follow the northward
migration of fish stocks; and cruise ships plying new routes (NRC 2014).

Oil and gas development is increasing throughout circumpolar lands and waters
with production and exploration predicted to increase in most arctic countries and a
5-year moratorium on offshore oil and gas development expiring in Canada in 2021.
Continued loss of sea ice is expected to result in increases in passage rates and length
of the season for transporting oil and natural gas through arctic waters. In January
2021, the first-ever winter voyages of liquid natural gas tankers occurred along the
Northern Sea Route from the Barents to the Bering Sea (IUCN 2021), a precursor of
future increased operations and spill risk.

5 Conclusion

Prevention of oil spills is the best way to control this stressor in the Arctic. Reducing
the chance of a spill occurring should be top priority, particularly for oil and gas
development, which has been the source of the largest spills in the Arctic and around
the world. However, with increasing oil and gas development and other human uses
in this region, accidents and incidental spills of all sizes are bound to happen. With
this in mind, preparedness for oil spill response is the next priority. Establishing
formal plans that cross geopolitical boundaries and account for the harsh environ-
mental conditions in the Arctic is needed for an agile response to an emergency that
could occur along any shipping route, port location, or land-based infrastructure.
Cached equipment, trained personnel, mutual aid agreements, and a better under-
standing of arctic conditions are needed to prepare for the most effective response,
recognizing that spill responses in the Arctic will remain extraordinarily challenging
under the best circumstances. Community engagement and inclusion of local and
traditional knowledge in planning, response, and restoration will greatly increase the
applicability of those efforts in this unique region. For large spills, responses may be
ineffectual in some cases, and policy-makers should account for the associated risks.

The characteristics of the Arctic, including extreme climate, remoteness, limited
infrastructure, dynamic sea ice, unique ecosystems, changing environment, and
slower recovery times, amplify the risks and consequences of oil spills and compli-
cate or impede response efforts. The risks and consequences of spills extend to
wildlife populations as well as the human communities in the Arctic that rely on a
healthy environment and subsistence harvest for food security, culture, and well-
being. Incomplete scientific information about many resources in the Arctic and their
sensitivity to oil spills, as well as a dynamic and shifting baseline, limit the ability to
predict impacts, determine injuries, and evaluate recovery. The increasing risk of oil
spills in the Arctic is outpacing efforts to address scientific and oil spill response
needs. It is critical to sustain and expand ongoing efforts, from local to international
scales, to reduce the risk of spills and identify and address gaps in oil spill prepared-
ness, response, and recovery.
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Nuclear Radiation

Birgitta Åhman

1 Introduction

Radioactive substances may originate from both natural and man-made sources.
Radioactive material in the environment is of potential concern since it may enter the
food chain for animals and humans and persist in the environment for a long time.
There is thus a risk that both humans and other organisms may be exposed to
radiation.

For most people, cosmic radiation and naturally occurring radionuclides in the
environment are the primary sources of radiation exposure. For example, the potas-
sium isotope 40K in our bodies (55 Bq/kg fresh weight in the body of an average
adult human) gives an annual radiation dose of about 0.2 mSv (effective dose,
millisievert) (AMAP 1998), and cosmic radiation leads to average doses that are
about twice as high as that due to 40K (although it is enhanced at high altitudes).
Inhalation of decay products of radon (222Rn) and thoron (220Rn), often termed
“radon daughters,” may cause enhanced doses at locations where the geological
profile includes these nuclides. Radon daughters emit alpha radiation, so inhalation
of these natural radionuclides may potentially cause lung cancer. Exposure to
radiation from inhalation of such decay products is generally low in areas with
permafrost (as in the Arctic), and where houses are normally built without a
basement.

This chapter focuses on radionuclides that are of anthropogenic (or man-made)
origin and also briefly considers naturally present radionuclides which are made
available for plant and animal uptake as an effect of human activities. The emphasis
of the text is on those radionuclides that have the potential to constitute a health risk
for animal populations (with a focus on mammals) or enter the human food chain and
create a potential health risk for Arctic and Subarctic people. Most of the focus is on
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terrestrial and freshwater systems since radionuclides accumulate in organisms more
easily in these systems compared with those in marine environment. Of special
concern are those radionuclides that are either absorbed by inhalation or that
contaminate vegetation that is eaten by animals including humans.

2 Radionuclides of Concern

Iodine (131I) will be of particular initial concern after there has been radioactive
fallout from sources such as nuclear accidents and atmospheric nuclear weapons
testing. Iodine-131 (and other less important shorter-lived radioiodine isotopes) can
be inhaled with air, thereby entering the lungs, and may be absorbed into the
circulatory blood system and then absorbed by the thyroid where it is accumulated
as an essential component of several hormones. At high doses, this may cause
thyroid cancer as occurred after the Chernobyl accident (IAEA 2006). For grazing
animals, ingested 131I is completely absorbed in the gut and readily transferred to
milk. There is a potential transfer of 131I to suckling offspring and to humans by
consumption of contaminated milk and milk products. Fortunately, 131I is short lived
with a physical half-life of 8 days so it disappears relatively fast from the environ-
ment. Therefore, after a single contamination event, the potential exposure from this
radioisotope largely exists for the first month, and to a much lesser extent the second
month after releases and deposition have ceased.

Potential long-term environmental transfer to humans and other animals may
occur for radioactive cesium (largely 137Cs, with a physical half-life of 30 years, and
134Cs, with a 2-year half-life), and strontium (90Sr and 89Sr, with half-lives of
28 years and 50 days, respectively). Cesium belongs to the alkali metals (like sodium
and potassium), and when present in the diet, it is readily absorbed from the gut and
then transferred to body tissues. The highest activity concentrations are found in soft
tissue such as muscle, liver, and kidneys (Åhman 1994; Skuterud et al. 2004).
Strontium belongs to the same group as calcium (alkaline earth metals) and is mainly
accumulated in bone and milk (Stara et al. 1971). Both of these environmentally
mobile radionuclides can be transferred from plants to grazing animals and through
the food chain to humans and carnivores. While strontium has a long turnover rate in
animals and may remain in the body for long, cesium has a relatively short retention
time (a short biological half-life). The reduction of radiocesium is thus rather rapid
when there is no further intake of contaminated food. The biological half-life may
however differ depending on the organism liveweight and organ considered, and
there are generally longer biological half-lives in larger organisms (Beresford et al.
2004; Stara et al. 1971).

Other radionuclides that are of potential concern are the naturally occurring
isotopes of polonium (210Po) and lead (210Pb) that mainly accumulate in internal
organs like kidney and liver. These radionuclides have a high radiotoxicity and are a
potential health risk even at low activity concentrations. In addition, radionuclides
such as technetium (99Tc), iodine (129I), americium (241Am), and several plutonium
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(Pu) isotopes are emitted into waters around reprocessing plants, thereby entering
mainly marine environments.

3 Sources of Radioactivity

Man-made sources of radioactivity are related to either military activities or the
production of nuclear power (including local use of radioisotope thermoelectric
generators for production of electricity in remote places or energy for use in
machinery such as that used in submarines) (AMAP 2010). Most of the man-made
radioactive material presently found in Arctic and Subarctic regions derives from
atmospheric nuclear weapon testing after the Second World War, the Chernobyl
accident in 1986, and the releases from reprocessing plants in the Northern Hemi-
sphere. In addition, there are local sources linked to industrial or military facilities in
the Arctic, which may potentially release radionuclides to the environment (AMAP
2010).

Aboveground nuclear bomb testing mainly took place from 1945 to 1960, with
additional fewer tests up to about 1980. Many of these tests were made at the USSR
test site on Novaya Zemlya in the Arctic Sea. The nuclear weapon testing (NWT)
released radioactive isotopes of cesium (137Cs) and strontium (90Sr) high into the
atmosphere and stratosphere. These emissions were gradually deposited over
subsequent decades after the releases, mainly in a circumpolar belt between the
30� and 60� N latitudes (Langham 1961; UNSCEAR 2000). Most of the radioactive
material was deposited with rain or snow, and the highest depositions are, therefore,
located in areas with high precipitation (Pálsson et al. 2013).

The accident in the Soviet nuclear power plant in Chernobyl, Ukraine, in 1986,
caused substantial releases of several radionuclides ejected upward to 1–10 km in the
atmosphere. Subsequent radioactive fallout from the accident was recorded in most
European countries (Wilson et al. 1998). Radioactive cesium (137Cs and 134Cs),
strontium (90Sr and 89Sr), and iodine (131I) were transported long distances and
deposited mainly with precipitation (rain and snow), creating a highly uneven
pattern of ground deposition over large areas (Wright et al. 1999). Cesium isotopes
dominated the fallout, and ground deposition of 137Cs reached 200 kBq/m2 in some
locations in Scandinavia, just south of the Arctic Circle. As an effect of the
prevailing winds after the accident, ground depositions in Arctic Russia were
considerably lower (up to 1 kBq/m2 on the Kola peninsula and declining
further east).

The more recent accident at the Fukushima Daiichi nuclear power plant in Japan,
2011, was caused by an earthquake and subsequent tsunami. Although radioisotopes
of iodine, cesium, and plutonium were detectable in large areas of the Northern
Hemisphere, the global release of radionuclides from Fukushima was too low to
cause concern for human or animal health outside Japan, with less than 1% of the
total release from Fukushima estimated to be deposited in the Arctic region (above
latitude 67�N) (Thakur et al. 2013). Nevertheless, radiocesium from the accident was
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detected, for instance, in Finland (Koivurova et al. 2015) at very low levels (c.1 Bq
of 137Cs per m2).

Releases of radionuclides from reprocessing plants (e.g., Sellafield in the UK and
La Hauge in France) are entering marine environments and include nuclides like
99Tc, 129I, 241Am, several plutonium (Pu) isotopes, and also some 137Cs and 90Sr
(AMAP 2010). In the Russian Arctic, there is also operational release of various
radionuclides from nuclear power plants (e.g., Kola and Bilibino) and other industry.

Enhanced release of naturally occurring radionuclides may be produced by
anthropogenic activities such as mining, oil extraction, and the use of geothermal
energy. The radionuclides of concern for these sources belong to either the natural
uranium (238U) or thorium (232Th) decay series. Radionuclides belonging to these
series have been detected in many living organisms in the Arctic (AMAP 2010). The
radionuclides of most concern are 210Po and 210Pb because of their relatively high
radiotoxicity, thereby constituting a potential health risk even at low activity
concentrations.

4 Contamination of Animals of Concern for the Human
Food Chain

4.1 Radionuclides in Terrestrial Environments

Radioactive fallout affects both agricultural food products and food derived from
natural ecosystems. Research on the fallout from NWT and from the Chernobyl
accident demonstrated that natural and seminatural food chains, together with
freshwater systems, are associated with relatively high risk of significant transfer
of some radionuclides to humans over a longer timescale (Calmon et al. 2009;
Howard et al. 1996). The transfer of radioactive cesium (137Cs) and strontium
(90Sr) from lichen to reindeer and caribou (subspecies of Rangifer tarandus), and
hence to humans, was identified during the 1960s, generating research in North
America (Hanson 1967; Holleman et al. 1971), Fennoscandia (Hvinden and
Lillegraven 1961; Salo and Miettinen 1964; Svensson and Lidén 1965), and USSR
(Nevstrueva et al. 1967; Ramzaev et al. 1970). After the Chernobyl accident in 1986,
this food chain gained extensive attention, primarily in Fennoscandia, where rein-
deer herding is a traditional occupation among the indigenous Sámi population and
where parts of the reindeer ranges were contaminated by substantial fallout that was
many times higher than that from the previous NWT fallout (De Cort et al. 1998).

Lichens have no roots, but absorb nutrients, including contaminants, directly
from air and precipitation (Tuominen and Jaakkola 1973). Reindeer and caribou
are particularly vulnerable to radioactive contamination which is because lichens
often form a large part of their diet. Close agreement between the measured activity
of 137C per m2 in the lichen carpet and the deposition per m2 showed that most of
deposited radiocesium is captured by ground lichens in places where they cover the
ground surface (Svensson and Lidén 1965). Lichens are long-lived and grow slowly;
therefore, contaminants remain in the lichen carpet for many years. Consequently,
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the intake of radionuclides will be exceptionally high for reindeer and caribou,
especially in winter when lichens often dominate their diet (Åhman and White
2018). Since meat from reindeer and caribou is a staple food for many indigenous
populations in the Arctic and Subarctic, the radiation doses to these people may be
much higher than those of people residing in other temperate areas.

Radioactive substances are transferred from fallout to vegetation to reindeer/
caribou and other terrestrial species that are consumed by humans. High, long-
lasting, contamination with radiocesium has been reported in wild animals such as
moose (Alces alces), roe deer (Capreolus capreolus), Arctic hare (Lepus arcticus),
and game birds from areas contaminated by the Chernobyl fallout (Howard et al.
1996; Johanson 1994). Much of the vegetation in natural environments, where these
herbivores feed, effectively absorb radiocesium, which also seem to persist longer in
most natural environments than in agricultural systems (Howard et al. 1996; Pröhl
et al. 2006). The specific role of fruit bodies from fungi (mushrooms) was early
recognized as responsible for transfer of radiocesium to white-tailed deer (Johnson
and Nayfield 1970), and the transfer of radionuclides from soil via consumed fungi
to herbivores was further emphasized after the Chernobyl accident (e.g., Avila et al.
1999; Hove et al. 1990).

The NWT fallout was deposited over many years and distributed over the
northern hemisphere (relative to the amount of precipitation). In contrast, the fallout
from the Chernobyl accident was a 10-day emission into the atmosphere, and the
subsequent deposition on terrestrial and aquatic sources was highly heterogeneous
even at a local level. Pooled samples from herds of caribou and reindeer at several
sites in North America during 1962–1969 showed 137Cs activity concentrations up
to 2000–3000 Bq/kg fw (fresh weight) in the meat, with maximum values in caribou
of 6000 Bq/kg (Macdonald et al. 2007). There was a trend of increasing 137Cs
activity concentration in caribou and reindeer from west to east, correlating with the
precipitation density and in accordance with models byWright et al. (1999). Activity
concentrations of 137Cs similar to those reported by Macdonald et al. (2007) were
recorded in Fennoscandian reindeer (Rissanen and Rahola 1990; Westerlund et al.
1987), while some herds in Alaska (O’Hara et al. 1999) and Greenland (Aarkrog
et al. 2000) were less affected.

In contrast, the Chernobyl fallout resulted in huge variations between regions and
sites (several orders of magnitude within a plant or animal species). For example,
only moderate elevations (around a doubling) of activity concentrations of 137Cs
were recorded in reindeer from the northernmost parts of Norway and Sweden, while
reindeer in the southern and central parts of the reindeer herding area were heavily
affected (Skuterud and Thørring 2012; Åhman et al. 2001). Activity concentrations
of 137Cs in reindeer meat reached around 80,000 Bq/kg fw in the most affected parts
in Sweden (Åhman and Åhman 1994), and highest values at about 150,000 Bq/kg fw
were recorded for individual reindeer in Norway (Strand et al. 1992). The Finnish
reindeer herding area was less affected, with activity concentrations of 137Cs up to
around 2000 Bq/kg fw, except for the Halla area in the southeastern corner of the
Finnish reindeer herding area, with up to 16,000 Bq/kg fw in reindeer meat
(Rissanen and Rahola 1990).
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A smaller increase in the activity concentrations of radiocesium was observed in
North American caribou after the Chernobyl accident, adding around 100 Bq 137Cs/
kg to the remaining contamination from NWT (Macdonald et al. 2007). The “old”
137Cs from NWT, however, still dominated in these animals (on average 80% of total
137Cs).

In 2020, 34 years after the accident, significant levels of radiocesium from
Chernobyl still persisted in parts of the reindeer ecosystem in both Norway
(Komperød et al. 2017) and Sweden (Åhman and Wiklund 2019). The radiocesium
activity concentration in animal tissues reflects that in the diet within a few weeks
due to a fairly short biological half-life, and changes in activity concentrations in
reindeer are soon to follow that of the forage (Åhman and Åhman 1994). Few
reindeer carcasses, however, presently exceed the standard maximum values for
sale (3000 Bq/kg in Norway and 1500 Bq/kg in Sweden). In areas where there is
possibility that values reindeer will exceed the limit, they are either fed uncontami-
nated feed to decontaminate the meat for some weeks prior to slaughter or
slaughtered in a different season when they have grazed on less contaminated
pastures which will then be reflected in the radiocesium activity concentration in
the meat (Åhman 1999; Mehli et al. 2000).

Strontium-90 radionuclide has also received attention with respect to human
health. The behavior of strontium is very similar to that of its close analogue,
calcium. Therefore, the uptake and metabolism of calcium are sometimes expressed
in relation to Ca in living organisms. Persson (1971) reported activity concentrations
of 90Sr in relation to Ca at 37 Bq/g Ca in bone (recalculated to Bq from original
values in pCi) and 6 Bq/g Ca in muscle from Swedish reindeer in 1965. Because
muscle, in contrast to bone (and also antlers), contains little Ca, the levels of Sr will
be several times lower in muscle compared with bone. Consequently, Hanson et al.
(1967) reported activity concentrations of 90Sr between 1173 and 2582 Bq/kg dw
(dry weight) in bone, and only about 0.1–1.6 Bq/kg fw in muscle, from Alaskan
caribou after the NWT fallout.

The relative proportion of radiostrontium compared with other radionuclides was
lower in the Chernobyl fallout than in the fallout from NWT, and therefore it was
regarded as a minor problem for human health compared with radiocesium.
Strontium-90 was, however, detectable in bone from reindeer in one of the most
contaminated reindeer herding districts in Norway (Vågå) in 1988–1989, with
average activity concentrations of 1810 Bq/kg dw (Staaland et al. 1991), thus similar
to that measured after the NWT fallout. Most of the strontium detected in reindeer
bone and antlers from Vågå seemed to originate from the Chernobyl fallout. The 90Sr
activity concentrations in bone and antlers collected from both the same site and a
more northerly reindeer herding district in 2000–2002 had 90Sr activity
concentrations ranging from about 2 to 4 Bq/g Ca, which corresponds to around
300–900 Bq/kg dw in bone or antler tissue (Skuterud et al. 2005b).

Radionuclides in samples from muskox and caribou, collected from 1998 to 2000
from the Aleutian Islands, Alaska, were reported by Hong et al. (2011). Muskox
(four animals) had 137Cs and 90Sr activity concentrations in muscle at 5.33–20.4 and
0.28–0.36 Bq/kg fw, respectively. Bone from the same animals contained 36–64 Bq/
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kg dw of 90Sr. Cs-137 activity concentrations in caribou, sampled from July to early
September, were lower (1–8 Bq/kg fw) than those in muskox, while those of 90Sr in
bone were higher (76–154 Bq/kg dw). Lower amounts of 137Cs in caribou than in
muskox would be expected at this time of year, because caribou mainly feed on
vascular plants. In contrast, due to long biological half-lives, strontium in bone
reflects intake over a longer time period and is probably affected by intake during the
previous seasons.

The content of several radionuclides from the uranium series in caribou from
areas around uranium mines was studied in northern Canada (Thomas and Gates
1999). The highest activity concentrations of 226Ra, 210Pb, and 210Po were in bone
with mean values of 72, 669, and 367 Bq/kg fw, respectively. Activity
concentrations of 226Ra were much lower in all soft tissues (less than 3% of that in
bone), whereas 210Pb and 210Po activity concentrations were relatively high in liver
(154 and 286 Bq/kg, respectively) and kidney (169 and 159 Bq/kg, respectively) and
low in muscle (1.1 and 12.4 Bq/kg, respectively).

The radionuclide activity concentrations in living organisms in relation to depo-
sition density can differ considerably between species. The relation between deposi-
tion and contamination of living organisms is often expressed as aggregated transfer
factor “Tag” (m

2/kg), denoting the activity concentration (Bq/kg) in an organism or
tissue relative to fallout per area unit (Bq/m2). Typical Tag values for 137Cs in
reindeer in Sweden in the first year after the Chernobyl fallout were around 1 m2/
kg fw in winter and 0.025 m2/kg in summer (Åhman and Åhman 1990), which can
be compared to values for moose around 0.01 m2/kg fw (Calmon et al. 2009;
Howard et al. 1996). Higher Tag values have been reported for Arctic hare
(0.03 m2/kg fw) than for brown hare (Lepus europaeus, up to 0.008 m2/kg), probably
reflecting their habitat, as the brown hare is commonly found in agricultural
landscapes, while Arctic hare is found in forest and on tundra. Tag values for game
birds have been reported to be i 0.01–0.02 m2/kg (Calmon et al. 2009; Howard et al.
1996).

For reindeer and caribou, which mainly eat lichens in winter and vascular plants
in summer, the change in diet, and thus radiocesium intake, creates a pronounced
seasonal variation, enhanced by a shorter biological half-life in summer compared to
winter (Holleman et al. 1971). Radiocesium activity concentrations in the body of
reindeer and caribou are thus typically high in winter and low in summer (Eikelmann
et al. 1990; Hanson and Palmer 1965; Åhman and Åhman 1994). However, since the
Chernobyl accident, the magnitude of the variation has declined with time (Skuterud
et al. 2005a) as radiocesium is lost from the lichens by weathering (or the lichens are
eaten by reindeer) and transported into the soil, eventually becoming available for
root uptake by vascular plants and, thereby, more evenly distributed in the environ-
ment. Seasonal patterns in 137Cs activity concentrations in reindeer may, therefore,
gradually change with occasional peaks in autumn if there is a high abundance of
fungi (Hove et al. 1990), which has been observed, for instance, for roe deer (Avila
et al. 1999).

Long-term decline of radionuclides in the environment, and thus in vegetation
and animals, occurs through a number of processes. The most obvious is radioactive
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decay, which differs for each radioisotope (resulting in physical half-lives discussed
earlier in this chapter). There is also an often quoted “ecological half-life” that
describes how fast a radionuclide is made unavailable for uptake by animals though
a number of processes in the ecosystem and “effective half-life” that describes the
combined decline of a radionuclide from an organism or a system that takes into
account the physical decay rate of the isotope (Howard et al. 1996). A more rapid
reduction of radiocesium activity concentrations in reindeer was observed during the
first 10 years after the Chernobyl accident (with effective half-lives at 2–5 years)
compared with later years. The early decline to a large extent followed that of lichens
(Skuterud et al. 2005a, 2009; Åhman 2007). The decline during latter years
approached that of the physical half-life of 137Cs of 30 years.

4.2 Freshwater Systems

The contamination of fish in freshwater systems after radioactive fallout will depend
on several factors. For example, lakes that get most of their water from surrounding
(contaminated) wetland catchments will receive more contaminants than those that
mainly receive water from direct precipitation. In fish, there is often an accumulation
with trophic level, so that piscivore fish (fish that feed on other fish) have higher
137Cs activity concentrations than herbivore and planktivore fish (Ishii et al. 2020;
Sundbom et al. 2003). After a single deposition event (such as the Chernobyl
accident), there will be a delay before maximum contamination of fish is reached.
Measurements in three Swedish lakes after the Chernobyl accident showed that,
depending on lake and fish species, it took from 56 to 806 days for 137Cs in fish to
reach maximum 137Cs activity concentrations (Sundbom et al. 2003). The decline of
137Cs also differed considerably between lakes, but after 10 years, the lakes seemed
to have reached a steady state, and the decline of 137Cs activity concentrations in fish
was then dominated by physical decay (30 y half-life). Aggregated transfer factors
(137Cs activity concentration in fish divided by deposition per m2) near to steady-
state conditions for roach (Rutilus rutilus, an omnivore fish) in these lakes varied
between 0.0025 and 0.04 m2/kg. Cs-137 activity concentrations for large perch
(Perca fluviatilis, a piscivore) were three to six times higher than in roach.

4.3 Radionuclides in the Marine Environment

Radionuclides that have been released to the ocean from nuclear fuel reprocessing
plants are partially transported with currents to Arctic waters. Radionuclides that
have been deposited with precipitation (e.g., 137Cs and 90Sr) are also dispersed with
currents and eventually reach stable, low, mean concentration in seawater (AMAP
2010). Radionuclides are accumulated by marine organisms such as marine fish,
seabirds, seals, and wales in Arctic waters. However, the activity concentrations
have generally been very low due to large dilution effects.
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Several species of marine fish collected around the Arctic and Subarctic had
consistently low 137Cs activity concentrations. The highest 137Cs activity
concentrations of up to 3 Bq/kg fw were recorded during the 1960s. Marine fish
collected in the Barents Sea and from waters along the Norwegian coast in 2005
(NRPA 2007) had activity concentrations that were well below 1 Bq/kg fw. Fish
from waters close to the Teriberka settlement in Russia (Kola Penninsula) were
below 0.5 Bq/kg fw for both 137Cs and 90Sr, and up to 1.6 Bq/kg fw for 239,240Pu
(AMAP 2010).

Nevertheless, consumption of seafood may contribute to the radiation dose of
humans, depending on the diet. Considering both natural radionuclides and those of
anthropogenic origin, and based on recent national dietary surveys, Komperød and
Skuterud (2018) concluded that fish and shellfish were currently the most important
dietary components contributing to the effective radiation dose received by the
general population in Norway. The total effective dose was still low (on average
0.42 mSv) and predominantly caused by the naturally occurring radionuclides.

Samples of muscle, liver, and kidney in several species of seabirds (Rissa
tridactyla, Uria lomvia, Larus hyperboreus, Fulmarus glacialis, and Alle alle)
from Svalbard have been analyzed for 137Cs, 210Po, and 210Pb (NRPA 2007). Only
low 137Cs activity concentrations were found in these birds (up to about 0.2 Bq/kg
fw, but mostly below the detection limit). The highest activity concentrations of
210Po in muscle (on average 14 Bq/kg fw) were found in little auks, while that of
210Pb in muscle were negligible for all species. Both 210Po and 210Pb had the highest
activity concentrations in kidney, with an average 6 Bq 210Pb/kg fw in Northern
fulmar (Fulmarus glacialis), and Bq 210Po /kg fw in the kidney of Brunnich’s
guillemot (Uria lomvia).

Seals (Pinnipedia) and wales (Cetacea) are top predators in the Arctic marine
food chain and are therefore vulnerable to accumulation of contaminants. Seals and
wales from Greenland and wales from the Faroe Islands (organs not specified) have
been measured for 137Cs from 1960 and onward (AMAP 2010). Activity
concentrations declined from generally only between 1 and 10 Bq/kg fw in the
late 1960s and stabilized below 1 Bq/kg fw from about 1980 onward. Polonium-210
and 210Pb have been measured in organs from grey seal (Halichoerus grypus) from
the Baltic Sea and ringed seal (Pusa hispida) from Svalbard in 2003 and 2004
(AMAP 2010). Activity concentrations of 210Po in muscle ranged from 3 to 28 Bq/
kg fw for 210Po, and 0.14 to 0.45 for 210Pb. Considerably higher amounts were found
in kidney and liver from the same animals (up to 215 Bq/kg fw for 210Po and 2 Bq/kg
fw for 210Pb).

Activity concentrations of several radionuclides in muscle and other tissue from
seals collected in the Canadian Arctic in 2014 have been reported by Chen et al.
(2017). Activity concentrations were low, for 137Cs (0.1–0.4 Bq/kg fw) and for 210Pb
and 226Ra (mostly below detection limit of 0.3 Bq/kg fw). Higher activity
concentrations were found for 210Po (12–39 Bq/kg fw in muscle and 102–396 Bq/
kg fw in liver) and 40K (range 50–80 Bq/kg fw). The data for 137Cs and 210Po were
similar to those reported for seal and walrus from the Bering Sea in 1996.
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4.4 Exposure of Animals and Humans and the Related
Health Risks

Intake of food with elevated levels of radioactive substances may involve a health
risk for animals, including humans. A general recommendation for humans from
international authorities (ICRP 2007) is that the added radiation dose caused by
intake of contaminated food products should not exceed 1 mSv per year. This dose
limit is reached at different intake rates depending on radioisotope. For 137Cs, the
dose is obtained at an intake of about 75,000 Bq (ICRP 1993), while the same dose is
reached at an intake of about 36,000 Bq 90Sr, or an intake of only 800 Bq 210Po.

Most dose estimates for populations in general (not for doses achieved from
occupation or, e.g., medical treatment) have been carried out for 137Cs, since this is
the radionuclide that has entered the human food chain worldwide. For example, the
total dose commitment from 137Cs from NWT fallout has been estimated to be
0.19 mSv for an average person living within the northern hemisphere (UNSCEAR
1982). Doses to persons with special food habits, like reindeer herders or caribou
hunters, may be considerably higher. The annual dose for a male reindeer herder in
Finland during the 1960s was estimated to be 1.2 mSv (Miettinen et al. 1963), and
whole-body measurements of reindeer herders in Sweden during the same period
gave estimated annual doses around 1 mSv (Falk et al. 1991). An integrated dose at
18 mSv was assessed (based on whole-body monitoring) for an average reindeer
herder in Northern Norway during 1950–2010 (Skuterud and Thorring 2015). This
means that herders have received higher dose than recommended during several
years. Nevertheless, such doses are too low to be expected to significantly affect the
risk for cancer (the most likely effect). Similarly, no measurable differences in the
frequency of cancer between reindeer herders and the average population have been
recorded (Haldorsen and Tynes 2005; Hassler et al. 2008; Kurttio et al. 2010; Tynes
and Haldorsen 2007), although Kurttio et al. (2010) suggest that there are some
indications, however ambiguous, of raised cancer risk due to elevated radiation
doses during childhood.

Despite the high local fallout after the Chernobyl accident, radiation doses to
humans have not generally been higher than that after the NWT, even in the most
exposed groups. The effective dose during 50 years to a reindeer herder in the most
contaminated areas of Norway has been estimated to be 27 mSv (Skuterud and
Thørring 2012), which is on average 0.5 mSv/year. Lifetime doses between 4 and
8 mSv were estimated for members of hunter families in the most contaminated areas
of Sweden (Tondel et al. 2017). Countermeasures and dietary recommendations
limited the intake of highly contaminated food products, and thus the radiation dose
to humans (Skuterud and Thørring 2012; Åhman 1999). Meat from game and
reindeer, freshwater fish, and wild berries and mushrooms were identified as food
products of concern. Countermeasures, such as changing the timing of hunting and
reindeer slaughter, clean feeding of reindeer before slaughter, and the use of cesium
binders in salt licks or factory-made feeds, were commonly used to reduce
radiocesium activity concentrations in animals (Beresford et al. 2016). These
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measures considerably reduced the radiation dose to humans in Sweden and other
countries after the Chernobyl accident (Rääf et al. 2006).

4.5 Radiation Exposure of Wildlife

The importance of protecting both humans and other organism in the environment
has been increasingly recognized during the last decades (see, e.g., Howard et al.
2010; ICRP 2014; Pentreath 1999). Transfer factors and dose conversion factors
have been presented for a range of radionuclides and living organisms (UNSCEAR
2008). These can be used to estimate expected radiation doses and risk for harm to
defined groups of wildlife. Specific reference organisms have been suggested for
Arctic environments (Hosseini et al. 2005), based on ecological niche,
radiosensitivity, and exposure to radioactive contamination. Proposed representative
mammals have been identified for different types of environment. These were seals
for the marine system, mink for freshwater systems, and lemmings and voles,
reindeer/caribou and foxes for terrestrial environments.

Different dose limits have been suggested by various authors and organizations.
Howard et al. (2010) suggested using 10 μGy/h (absorbed dose, micro gray per hour)
as a limit below which there is little risk of harm to wild organisms, while above this
limit, further assessment is needed to find out if there is a potential risk.

Possible effects of radiation for reindeer were investigated in Norway after the
Chernobyl accident by Roed and Jacobsen (1995). The authors did not find any
differences between reindeer herds in the pattern of chromosome aberrations
(an indicator of damage) that could be attributed to the exposure to radiation.
However, in a herd from the area with the highest ground radiocesium deposition,
calves born during the spring of 1986, when the accident happened, had significantly
more aberrations than expected compared with reindeer born in other years,
suggesting a negative effect of radiation exposure to the newborn calves.

5 Summary and Conclusions

There are a number of sources that have released radioactive material into Arctic and
Subarctic ecosystems. The resulting radionuclide activity concentrations in animals
are, however, generally low, with the exception of reindeer, certain wildlife species
and freshwater fish in some areas. The highest contamination of food products for
humans was caused by the Chernobyl accident in 1986. However, countermeasures
and dietary restrictions and recommendations limited the intake of contaminated
food by Arctic and Subarctic populations. No adverse effects of radiation on animal
or human health, such as increased frequency of cancer, have been demonstrated in
Arctic regions.
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Part III

Arctic Zoonoses: Diseases Transmitted from
Animals to Man



Rabies in the Arctic

Karsten Hueffer, Morten Tryland, and Svetlana Dresvyanikova

1 Introduction

Rabies is a disease caused by rabies virus in the family Rhabdoviridae, genus
Lyssavirus. The enveloped virus infects warm-blooded animals, with mammals
being most often affected. Rabies has been detected in every continent apart from
Antarctica and causes severe neurological disease that is nearly uniformly fatal once
clinical signs are manifest (Fooks et al. 2014).

Most often the virus is transmitted by bite from an infected animal that secretes
the virus with its saliva. After local replication in muscle cells, the virus spreads to
nerve cells and travels along neurons to the spinal cord and further to the brain. In the
brain, the virus replicates and leads to behavioral changes in infected animals with
two clinical manifestations. The paralytic (or dumb) form of rabies is characterized
by depression and increasing paralysis prior to death. In the furious form of rabies,
the infected animal becomes restless, loses normal fear behavior, and becomes
aggressive. Especially the behavioral changes associated with furious rabies aid in
transmission of the virus through bites (Jackson 2016). Inflammation in the brain of
rabies-infected animals is often limited, and the detailed pathogenesis leading to
death is still not very well understood.
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Variants of the rabies virus are adapted to specific reservoir host species. Bats,
carnivores, and mustelids are the most important reservoirs for the rabies virus. In the
circumpolar North, the arctic rabies virus variant is the most prevalent with bat
variants found in more southern regions of some Arctic jurisdictions (Hueffer and
Murphy 2018; Mørk and Prestrud 2004). Four different subgroupings have been
described for the arctic rabies variant, some of which have been further subdivided
into clades using sequence analysis. Rabies virus variant Arctic-1 is associated with
an incursion of rabies into Ontario from Northern Canada. Variant Arctic-2 has been
isolated in Russia and Alaska’s Seward Peninsula. Variant Arctic-3 has circumpolar
distribution, while rabies virus variant Arctic-4 has only been isolated from South-
west Alaska. The distribution is quite stable over a decadal timeframe (Goldsmith
et al. 2016).

Different mammals have been diagnosed with rabies in the North, ranging from
arctic foxes (Vulpes lagopus) to red foxes (Vulpes vulpes), reindeer and caribou
(Rangifer tarandus), polar bears (Ursus maritimus), and wolverines (Gulo gulo),
among others. The arctic fox is considered the most important reservoir in the Arctic
(Fig. 1), although in some regions, more red foxes (Fig. 2) are diagnosed more
frequently with rabies (Hueffer and Murphy 2018; Kim et al. 2014; Mørk and
Prestrud 2004). This discrepancy is likely due to closer association of red foxes
with human settlements and infrastructure which provide food subsidies. As most
surveillance and diagnostic efforts are associated with human exposures, closeness

Fig. 1 A red fox (Vulpes vulpes) sitting on a pipeline in oilfields in Northern Alaska. Red foxes
have expanded their range especially close to human infrastructure and pose a significant threat to
human health as a vector for rabies infection (Photo: Garret Savory)
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to human infrastructure leads to increased detection of the disease. The ability of the
arctic fox to travel long distances, especially in winter, when sea ice enables access
to arctic islands, and the aggregation of large numbers of arctic foxes around
available food, such as garbage dumps and carcasses, is likely important for rabies
ecology and maintenance in the North.

2 History

Similar to other diseases in the circumpolar North, early reports of rabies are rare, but
a rabies—like disease in foxes and sled dogs—has been long known by Indigenous
peoples in most of the Arctic. Early written reports from the Arctic about a rabies—
like disease in sled dogs and foxes—date from the latter half of the nineteenth
century (Colan 1881; Nelson 1887). In addition to lack of written records prior to
European colonization, the similarity of rabies to canine distemper in its clinical
presentation makes definite diagnosis difficult prior to development of specific
antibody-based assays (Secord et al. 1980), and canine distemper should be regarded
as a differential diagnoses to rabies (Morten Tryland et al. 2018). The diagnostic
challenges together with limited infrastructure in the sparsely populated regions of

Fig. 2 The arctic fox (Vulpes lagopus) is regarded as the main rabies virus reservoir in arctic
regions and may migrate with the virus over long distances. Rabies causes CNS infection and
change of behavior. This arctic fox charged and bit the sled dog that was tied up outside the
meteorological station at Hopen, Svalbard, in 2011 (Photo: Ragnar Sønsteby, The Norwegian
Meteorological Institute)
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the circumpolar North introduce challenges in our understanding of historical
development of rabies in the far North.

2.1 Alaska

The oldest known description of rabies in Alaska dates from 1887 (Nelson 1887)
which describes a disease in dogs in Alaska that is similar to “madness of dogs in
lower latitudes. . .”. Other early reports in red foxes from Western Alaska were
published in the early twentieth century.

Although rabies is frequently reported in foxes and sled dogs, historical reports of
rabies in humans in Alaska are rare with the last reported rabies death dating to the
early 1940s in Northern Alaska (Hueffer and Murphy 2018).

The first report of laboratory confirmed rabies dates from the 1940s (Williams
1949), in which the author stated that foxes (both red and arctic foxes) are the main
reservoir hosts of the virus for the infection of domestic dogs. However, the
detection of Negri bodies in histological samples practiced at the time is not a very
sensitive method to detecting infections with the rabies virus, likely leading to
underreporting of cases. This outbreak which lasted from1945 to 1947 involved
the northern and western coasts of Alaska, as well as Interior Alaska and resulted in
the introduction of vaccination of sled dogs.

An additional outbreak in Interior Alaska, the area between the Brooks and
Alaska Range bounded by the Yukon Kuskokwim Delta to the West and the
Yukon to the East, where rabies is currently not diagnosed, occurred in 1952 and
1953 (Rausch 1958). The northern and western coastal areas of Alaska have been
considered endemic for rabies since that time with periodic outbreaks occurring
every 3–5 years (Hueffer and Murphy 2018).

2.2 Northern Canada

In Canada’s North, a rabies—like disease in dogs—has been known at least since the
nineteenth century but was present likely for long periods before that time (Plummer
1932; Secord et al. 1980; Walker and Elkin 2005). Early reports of the disease were
focused on sled dogs, due to their importance for transport in northern Canada but
foxes where quickly identified as a wildlife reservoir as well (Secord et al. 1980).

In the Northwest Territories, the first official documentation in the medical
literature dates from the 1940s. It is considered enzootic throughout the territory
(Mair and Epp 2005; Walker and Elkin 2005). Between 1978 and 2002, rabies was
reported in every year with numbers of cases varying between 1 and 14 per year
(Mitchell and Kandola 2005). As in other arctic regions, the arctic fox is considered
the main reservoir host; however, rabies has also been documented in red foxes,
dogs, caribou, lynx (Lynx canadensis), grizzly bear (Ursus arctos horribilis), wolfs
(Canis lupus), and even in a polar bear (Simon et al. 2020; Taylor et al. 1991; Walker
and Elkin 2005).
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Arctic fox-associated rabies outbreaks in Northern Canada have repeatedly swept
south and have posed significant threats to more populated areas in Southern Canada
starting in the 1950s (Tabel et al. 1974). These threats of incursion and establishment
of rabies viruses from the far North to lower latitudes in Canada are ongoing as
Arctic variants of the rabies virus are still detected in southern Ontario (Nadin-Davis
and Fehlner-Gardiner 2019). From 1947 to 2017, a total of 950 rabies cases were
reported from Yukon, Northwest Territories, Nunavut and Nunavik with the major-
ity of these cases reported in foxes (Gregory David and Tinline 2020).

2.3 Greenland

The first description of a rabies-like disease in Greenland, called the “Eskimo dog
disease,” was provided by Colan in 1881 who described an outbreak in sled dogs in
Northern Greenland in 1859 that spread throughout the region and also infected
arctic foxes (Colan 1881). In 1908, the veterinarian Hjortlund wrote about a conta-
gious and deadly disease among sled dogs, with the onset of disease outbreaks
associated with fights between sled dogs and “mad” arctic foxes, the dogs usually
suffering from a paralytic form of the disease (Lassen 1962). During the period
January to April 1960, more than 1000 dogs died in the region of Egedesminde on
the Greenland west coast, threatening local communities with famine due to their
dependence of the dogs for hunting (Lassen 1962). The first laboratory confirmation
of rabies in this region was reported in 1959, describing rabies in two dogs and two
arctic foxes (Jenkins and Wamberg 1960). It was later shown that rabies outbreaks in
dogs often coincided with population peaks and migrations patterns of the reservoir
species, the arctic fox (Follmann et al. 1992). The serious rabies outbreaks among
sled dogs initiated a rabies vaccination program for dogs, which reduced the
occurrence of rabies substantially. However, rabies is considered enzootic in arctic
foxes in Greenland, causing disease in this species, as well as in dogs, horses, sheep,
and caribou, most cases occurring along the west coast (Mansfield et al. 2006).
Considering this enzootic status and the close contact with wildlife and numerous
dogs, only a single human case of rabies has been reported from Greenland.
Associated with the major outbreak in the Egedesminde region in 1960, a 4-year-
old non-vaccinated Inuit girl was bitten badly by a pack of dogs. The girl developed
early signs of disease, such as nausea and slight headache, about 12 weeks later. She
was hospitalized but did not receive a postexposure vaccination treatment. She
developed a paralytic form of the disease and succumbed (Lassen 1962).

2.4 Iceland

Rabies has never been diagnosed with certainty on Iceland, but descriptions of a
rabies-like outbreak in 1765 (Pálsson Pall 1980) resemble rabies to a large degree. A
dog that arrived to the island on a foreign ship became sick and attacked other
animals that also became “mad.” From Norðfjörður, eastern Iceland, the disease
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spread to other fjords and in the region Fljótsdalshérað, and the outbreak lasted for
about a year. The disease affected dogs, cats, arctic foxes, cattle, sheep, and horses,
and possibly also a woman, that was bitten by one of the animal and died. The
disease was never observed in other parts of Iceland (Pálsson Pall 1980). Rabies may
possibly also enter Iceland with migrating foxes, in years when the pack ice reach the
northern region.

2.5 Norway

Mainland Norway has been rabies free since the eradication of canine and fox rabies
for over a century (King et al. 2004). According to the Norwegian Institute of Public
Health, domestically transmitted rabies in humans and animals was last recorded on
the Norwegian mainland in 1815 and 1826, respectively (NPHI 2019). The last
imported human rabies case in Norway was recorded in 2019, when a 24-year-old
woman returned from the Philippines after having been bitten by a dog. She was
hospitalized and died a few weeks later (Euronews 2019). Norway shares a northern
border with Russia and Finland, and there might have been imported cases in
wildlife that have not been recorded. The first case of bat rabies (European bat
lyssavirus type 2; EBLV2) in Norway was detected in a Daubenton’s bat (Myotis
daubentonii) in the southern part of the country in 2015 (Moldal et al. 2017). There
have been no thorough investigations of bat species and populations in Norway for
the presence of rabies virus, and the epidemiological situation is unknown.

In Svalbard, a Norwegian Archipelago between mainland Norway and the North
pole, rabies was first detected 1980 and confirmed in 13 arctic foxes, 3 Svalbard
reindeer (Rangifer tarandus platyrhynchus), and in a ringed seal (Pusa hispida)
(Odegaard and Krogsrud 1981). However, as in other regions of the Arctic, rabies
may have been present but unnoticed through historical times. Rabies has occurred
sporadically on Svalbard since then in arctic foxes and reindeer, although seals have
also tested positive (Mørk et al. 2011; Prestrud et al. 1992). A larger screening of
620 trapped and of 22 arctic foxes found dead on Svalbard detected rabies virus
antigen in brain tissues in two animals (Mørk et al. 2011). These findings, which are
in line with a previous screening of brain tissues from 817 arctic foxes during the
period 1980–1989 (Prestrud et al. 1992), indicate that the prevalence of rabies has
remained low or that the virus is not enzootic in the arctic fox population. In fact,
rabies virus gene sequences have indicated that the virus is brought to the archipel-
ago with migrating arctic foxes from Russia, Greenland, or other Arctic regions
(Johnson et al. 2007; Mørk et al. 2011). Outbreaks, also confirmed having involved
reindeer, have been documented in 2011 and 2018 (Macdonald et al. 2011; NVI
2018). It is worth noting that serological screenings of arctic foxes (n ¼ 515) and
polar bears (n ¼ 266) from this region did not reveal indications of exposure (Mørk
et al. 2011; Tryland et al. 2005), suggesting that surveillance must be conducted on
animals with clinical signs and testing of brain tissues of these animals as the utility
of rabies serology is questionable to detect exposure.
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No human rabies case has ever been recorded on Svalbard, in spite of the fact that
arctic foxes have been actively trapped and skinned for fur over centuries. Whereas
rabies in the arctic fox has been observed in the furious/rabid form, Svalbard reindeer
with the disease have displayed paralysis and other central nervous symptoms and
have not actively transmitted the virus. The human population on Svalbard consists
of approximately 2500 people, of which about 200–300, including children, were
involved in reindeer hunting, harvesting about 200 animals. The hunting season is
from August 15th to September 20th, and the first two reindeer rabies cases were
diagnosed on September 21st. Thus, many people had already consumed reindeer
meat at the time of the outbreak discovery, and many still had reindeer meat in their
freezers. The public was advised to cook the reindeer meat well to inactivate the
virus and not to consume brain or spinal cord. As a measure against possible
exposure, 280 people in the community received postexposure treatment after the
outbreak. No human cases have been recorded after the outbreak (Macdonald et al.
2011).

2.6 Sweden and Finland

In Sweden, rabies was historically present in dogs and wild carnivores since at least
the middle ages, but the last case was reported in 1886 (King et al. 2004). As in
Norway, exposure of Daubenton’s bats to bat lyssavirus (EBLV) was recently
detected in south and southeast Sweden, in Skåne and Småland (Hammarin et al.
2016). Historically, rabies was less common in Finland but has been reintroduced
and maintained longer in Finland than in Sweden. It was eliminated in the 1930s but
afterward reintroduced in the 1940s from the USSR but was again eliminated by the
early 1960s. After nearly 30 years, however rabies was detected again with the
raccoon dog (Nyctereutes procyonoides) as the main reservoir. A large oral vaccina-
tion field campaign led to the elimination of the disease from Finland with the last
case reported in 1989 (King et al. 2004). In 2011, following a rabies outbreak in
Karelia, Russia, and Finland extended the vaccination zone along the Russian
border, and the annual number of baits distributed has varied from 160,000 to
360,000 per year (Nokireki et al. 2016).

2.7 Russia

Diseases similar to rabies have been known for a long time in circumpolar regions of
the Russian territory including the northern regions. Veterinarians and medical
workers have described rabies infection since the second part of the nineteenth
century, but similar to other regions, it likely occurred prior to that in sparsely
populated regions without written records. A widespread nervous disorder (“mad-
ness”) in the North of Yakutia was first described in 1855 and 1857 (Romanova
2000). The first report of human and animal rabies after wolf bites in the Akshirskii
part of the Transbaikalian District dates from 1895. In the first part of the twentieth

Rabies in the Arctic 217



century, medical specialists in the Baikal and Transbaikalian Region described
“natural remedies” for people that were bitten by dogs and wolves suggesting
existence of human rabies infections (Sidorova et al. 2007). Human rabies was
included in Russia Public Health records from 1887 onward (Pokrovskiy et al.
2003), but literature sources usually provide only generalized statistics of animal
and human morbidity and mortality from rabies in Russia without providing detailed
geographic information. In 1886–1896, rabies was registered in 52 Russian
provinces (Gruzdev and Metlin 2019). In 1895, 2096 animals were reported with
rabies in Russia, increasing to 5871 animals in 1905 and 13,911 animals in 1925.
The human mortality from “hydrophobia,” a common clinical manifestation of
rabies in humans, varied from 786 to 1917 per year in the period of 1902–1914
(Savvateyev 1927). Although the proportion of cases in the northern regions of
Russia were not reported, rabies treatment stations were established in big cities in
the northern regions in the beginning of the twentieth century, suggesting existence
of human rabies in the North at that time (Butyagin 1923; Georgiyevskiy 1922;
Zhukova-Florensova 1914).

In the circumpolar and arctic territories of the Russian Federation, both the
cosmopolitan rabies virus and arctic rabies virus have been isolated. Specialists
suggested a hypothesis that the circulation of cosmopolitan rabies virus in Southern
Russia was the consequence of outbreaks in the North in the beginning and in the
middle of twentieth century. Two outbreaks of rabies in the Northwestern and
Northeastern regions of the European part of USSR have been reported. The first
outbreak occurred in 1925–1926 and began in the Vologda region and spread to the
Archangelsk region. A possible cause of this outbreak was the large dog rabies
epizootic in central and southern regions of the USSR in 1921–1924 that spread
northward. The peak of another outbreak was reported in 1931. After this outbreak
ended in 1932, rabies was not detected in this region until 1955. The Vologda
Region, Archangelsk Region, and Komi Autonomous Soviet Socialist Republic
were free from animal rabies for 23 years from 1932 to 1954 but were again reported
in animals in these regions in 1955–1956 (Romanova 2000).

Throughout the territory of the former USSR, the cases of arctic rabies were
reported in Yakutia, Taimyr, Kamchatka, Chukotka, Yamal, Novaya Zemlya, as
well as on several islands of Arctic Ocean and covered both tundra, forest tundra,
and taiga zones. Similar to other Northern regions, the arctic fox is the main wildlife
reservoir of arctic rabies variants in the Russian territory (Romanova 2000).

3 Epidemiology

While the arctic fox is considered the main host species for the rabies virus in the
circumpolar Arctic, a variety of other species have also been diagnosed with this
disease (Mørk and Prestrud 2004; Simon et al. 2020). Most of these species,
however, do not play an important role in the epidemiology of rabies in the North.
The arctic fox is the predominant mesocarnivore at high Northern latitudes, and its
southern range limit is likely determined by the presence of red foxes. Arctic foxes
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travel long distances and aggregate at food sources during the cold arctic winter
months, a time when rabies is reported more frequently (Pamperin et al. 2008). This
behavior and the cyclical nature of its population size play an important role in rabies
dynamics. Especially the long-distance travel over sea ice combined with the long
and variable incubation period of the virus can likely lead to viral transport over long
distances and poses a public health threat to currently rabies-free areas that are
connected to endemic areas by sea ice. Among other wildlife species, the red fox
is of special importance. Climate change will likely expand the geographical range
of this mesocarnivore into northern latitudes (Shirley et al. 2009), which could lead
to an even greater importance for this species in maintaining sylvatic replication
cycles of the virus, also in northern regions. In some northern regions, the red fox is
already diagnosed more often with rabies than the arctic fox (Hueffer and Murphy
2018; Kim et al. 2014). Since the red fox is often found in habitats close to human
infrastructure where food and shelter are more readily available at the northern limit
of its range, this species can pose an increased risk of exposing humans and their
domesticated animals to this important zoonotic disease agent (Hueffer and Murphy
2018; Pamperin 2008).

The interaction of wildlife (especially red and arctic foxes) with domestic animals
puts dogs at risk of rabies exposure. In many remote areas of the far North, veterinary
services are limited, and rabies vaccination rates are low. This leads to frequent
infections of dogs. While dogs do not play a role in the long-term maintenance of the
rabies in the Arctic, rabid dogs pose a significant threat to humans (Lassen 1962) due
to their close relationships and husbandry practices that often allow for contact with
rabid foxes as dogs are often kept outside.

Reindeer in Svalbard (Fig. 3) have repeatedly tested positive for rabies and pose a
potential risk to hunters on this most northern inhabited region of the planet
(Macdonald et al. 2011; Ytrehus et al. 2011). The relatively high number of rabies
positive reindeer during rabies outbreaks among arctic foxes at Svalbard reflects the
fact that the reindeer are more easily found and identified with rabies as compared to
arctic foxes. Due to rabies associated lameness and paralysis, they are often not able
to rise and run when approached by a helicopter. However, they likely do not play
any role in maintenance of the virus.

Following the range of its main reservoir host, the arctic fox, rabies is distributed
throughout the circumpolar North, with the exception of the Nordic countries of
Norway, Sweden, and Finland (WHO 1990), where the arctic fox populations have
been critically reduced toward extinction (Dalén et al. 2006). In most other areas, the
virus is considered endemic in arctic foxes and possibly red foxes where their ranges
overlap, possibly in a multi-host system with the red fox being the main reservoir of
the virus (Goldsmith et al. 2016). The status of rabies in Svalbard between outbreaks
is not known (Fig. 4).

Even in endemic areas, rabies epidemiology is characterized by a cyclical out-
break dynamic with increased reported cases every 3–5 years (Elton 1931; Hueffer
and Murphy 2018). This outbreak pattern of rabies likely follows the cyclical nature
of the population density of the main maintenance host, the arctic fox, which is due
to changing rodent prey availability. The number of reported red and arctic foxes
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overlap in regions where both species are present, suggesting that they are involved
in the same outbreaks and do not support independent epizootics. Especially when
both red and arctic foxes are involved in rabies outbreaks, rabies in the far north
poses a significant risk to more populated southern regions. Eastern Canada is one
example where arctic rabies variants spread south causing multiyear outbreaks that
required significant public health response to control (Nadin-Davis and Fehlner-
Gardiner 2019).

Despite the long-distance movement of arctic foxes and the resulting potential for
rabies virus transport, the geographic distribution of subtypes of the arctic variant is
stable over multiple decades (Goldsmith et al. 2016), suggesting that in endemic
areas, local maintenance is more important than introduction of new variants.
However, Svalbard provides a counterexample where outbreaks of rabies were
linked to long-distance transport of virus based on sequence analysis (Johnson
et al. 2007). These different dynamics indicate that rabies epidemiology in the arctic
is complex and likely differs between areas with endemic rabies and areas
characterized by more occasional outbreaks of the disease after introduction (Mørk
et al. 2011; Odegaard and Krogsrud 1981).

By the early 1990, nine endemic areas of rabies were identified in the territory of
Russia and neighboring countries as a result of long-term comprehensive work:

Fig. 3 The Svalbard reindeer (Rangifer tarandus platyrhynchus) may be regarded as an aberrant
(dead end) host for the rabies virus. During a rabies outbreak on Spitsbergen (Svalbard) in
September 2011, a female reindeer was found with paralysis in the hind legs, guarded by a male
(with wire entangled in its antlers). The animal was euthanized, and diagnostic tests verified the
suspicion of rabies (Photo: Arild Lyssand, The Governor of Svalbard/Sysselmannen)
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Baltic, Central Russian, North Caucasian, West Siberian-Kazakhstan, Lower Volga,
Middle Volga, Transbaikalian, Manchurian, and Arctic.

During the twenty-first century, endemic areas have expanded northeast as rabies
cases are detected in the territories that were previously considered rabies free. In
natural foci of the Russian Federation, two main lines of rabies virus are circulating:
arctic/arctic-like rabies and cosmopolitan rabies (Kuzmin et al. 2004). Areas of
phylogenetic discrete clusters of rabies do not overlap with each other, and in
some ecological regions, the genetic diversity of the virus is insignificant. The arctic
rabies subgroups (A2 and A3) are common in the arctic territories.

Rabies morbidity in different animal species in the period from 1960 to 2002
shows a difference in disease ecology in the Northern regions of Russia compared to
other Russian territories. Up to half of all reported cases in the North were associated
with dogs compared to only 10% in other parts of the country.

During the second half of the twentieth century and the beginning of the twenty-
first century, the Republic of Yakutia and the Khabarovsk Territory remain affected
by rabies. In addition, in the territories of southern Siberia and the Far East, active
epizootics among foxes, raccoon dogs, and corsac foxes (Vulpes corsac) have been
detected for the first time.

Fig. 4 During the 2011 rabies outbreak, a Svalbard reindeer with rabies was found with seizures
against the rocks, causing damage and bleeding. The animal was euthanized, and rabies was
diagnosed (Photo: Per Andreassen)
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In 2018, 3162 cases of animal rabies were reported in a total of 75 regions of
Russia, which is similar to the average annual cases for 1960–2018. A total of
28 cases of human rabies were reported in the period of 2012–2018, compared to
67 in 2007–2011. Persistent epizootic outbreaks continue to be registered in Nenets
Autonomous District in the North. Thus, there is a risk of human rabies in the Arctic
region, especially in the Nenets region.

4 Challenges in Management

Remoteness: The extreme remoteness of many Northern regions and low population
density makes rabies surveillance difficult and costly (Hueffer and Murphy 2018).
These challenges lead to a lack of knowledge of true distribution of rabies in the
circumpolar North, especially in wildlife reservoirs. These challenges together with a
lack of urgency due to few human cases and competition with other public health
and animal health issues pose significant challenges to rabies management in the
North. Logistical and transportation challenges also limit sample quality and timely
testing due to transportation times that can exceed 7 days from sample collection to
delivery to specialized public health facilities, which are usually located in more
southern regions (Gregory David and Tinline 2020).

Lack of veterinary care: Veterinary care is limited in many Northern
communities. For example, in the Northwest Territories in Northern Canada, private
veterinary praxis is available to provide animal health services only in two
communities (Yellowknife and Inuvik) (Brook et al. 2010). Four other communities
in the Northwest Territories are serviced regularly by mobile veterinary services.
This leaves 27 communities in this remote territory without regular veterinary
services. Especially small communities do not have access to regular veterinary
services (Brook et al. 2010). A lay vaccinator program was established in the
Northwest Territories in 1950 and is operated under the federal Health of Animal
Act, which allows for rabies vaccination programs by non-veterinarians in “remote
areas where veterinary services are not readily available.” Currently, this program is
overseen by the territory veterinarian (Brook et al. 2010). In a recent survey in
communities without regular veterinary services, Brooks and coworkers found that
63% of owned dogs were reported by their owners as not previously vaccinated
against rabies (Brook et al. 2010). In addition, over 40% of school students who
participated in that study reported been bitten by a dog, which is likely related to
challenges in dog population control in remote communities. Similar challenges
exist in Alaska and other Northern regions (Hueffer and Murphy 2018).

5 Current Research Topics and Needs

More and better data on rabies prevalence and epidemiology is needed to predict and
assess the effects climate change and increased human development might impose
on rabies dynamics at high latitudes (Hueffer et al. 2011; Hueffer and Murphy 2018;
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Huettmann et al. 2017). Understanding the dynamics of rabies as an example of an
infectious disease in a changing Arctic can serve as a model for other diseases in the
North and beyond as our planet changes at an ever-increasing rate. Especially,
surveillance data that is independent of human exposure will be crucial to better
assess the disease ecology in the North beyond the likelihood of human exposure
(Huettmann et al. 2017). In this context, the role of the red fox in disease ecology at
high latitudes also deserves closer investigations. As a northward expansion of the
red fox distribution is predicted based on current climate models, the ability of this
host to maintain artic rabies variants at high latitudes as a sole maintenance host is
not clear. For example, areas in Interior Alaska that are inhabited by the red fox but
not arctic foxes are free of endemic rabies but have experienced sporadic outbreaks
that could indicate low levels of endemicity of incursions of rabies virus into
non-endemic areas (Hueffer and Murphy 2018; Rausch 1958).

6 Future Outlook

The future of rabies in the North is uncertain due to a rapidly changing environment.
Climate change and anticipated increased human encroachment for resource extrac-
tion, shipping, tourism, and recreation will drastically change the ecology of arctic
and red foxes, the main reservoir hosts for the rabies virus. How these changes will
affect rabies that currently is endemic in large areas of the circumpolar North is not
clear. Rabies has been identified as a disease of concern in the context of a changing
climate (Hueffer et al. 2013; Omazic et al. 2019). For Alaska, three independent
approaches of epidemiological data, ecological niche modeling, and conceptual
modeling approach point toward a reduced future risk of rabies in that State (Hueffer
and Murphy 2018; Huettmann et al. 2017; Kim et al. 2014). These predictions, while
all pointing to a similar outcome of reduced rabies, are based on current regimes and
do not account for incursion or evolution of rabies virus variants or the expansion of
alternate hosts with their associated rabies variants. It is also not clear how transfer-
able these findings are to other regions. Similarly, if the Svalbard archipelago in the
future is left ice free most of the year, reduced or no arctic fox immigration to these
islands may reduce the introduction of rabies and also other pathogens. In summary,
the future outlook of rabies infections in the North is uncertain given the complex
mixture of anticipated changes that will likely influence this important zoonotic
disease in the far North.
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Brucellosis in the Arctic and Northern
Regions

Xavier Fernandez Aguilar, Ingebjørg H. Nymo, Kimberlee Beckmen,
Svetlana Dresvyanikova, Irina Egorova, and Susan Kutz

1 General Overview of Brucellosis

1.1 Disease Overview

Brucellosis is a disease of people and domestic and wild animals that is caused by
species of bacteria from the genus Brucella. It was first described as a disease
syndrome in people, “Malta fever,” “Mediterranean fever,” or “undulant fever,” in
the 1850s. It was subsequently associated with a micrococcus in 1887 by David
Bruce (“brucellosis”) and named Micrococcus melitensis (Bruce 1887). In 1897, the
Danish veterinarian Bernhard L.F. Bang separately described spontaneous abortions
in cows related to a Bacillus that he named Bacillus abortus (Bang’s disease) (Bang
1897). It took a couple of decades more until Alice Evans established the etiological
link between animal and human brucellosis, being among the first recognized
zoonotic diseases (Madkour 2001).

Brucellosis is a major zoonotic disease worldwide. Approximately 500,000 new
human cases are documented annually (Pappas et al. 2006), but it is commonly
underreported, and the true incidence is unknown (Dean et al. 2012b). Brucellosis
causes livestock production losses that have an important impact on livelihoods in
low-income countries (McDermott et al. 2013), and huge direct and indirect
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economic costs wherever it occurs (Roth et al. 2003). Although brucellosis is an
“old” disease, it continues reemerging in different parts of the world and remains one
of the most important zoonotic diseases worldwide because of its impacts on the
economy, human, and animal health (Seleem et al. 2010). Brucellosis is a reportable
disease in most countries, and its management and control is a goal of national and
international strategies.

Brucella spp. primarily infect mammals, sometimes at livestock-wildlife
interfaces, with humans as spillover hosts. These bacteria have also been isolated
from fish (El-Tras et al. 2010), amphibians (Mühldorfer et al. 2017), reptiles
(Eisenberg et al. 2020), and nematode and trematode parasites (Dawson et al.
2008), as well as from soil (Scholz et al. 2008a). While Brucella spp. differ in
their primary hosts, virulence, and zoonotic potential, disease in animals is typically
associated with reproductive failure, including abortions, stillbirth, or weak off-
spring, as well as lesions in genital organs, joints, or other parts of the body.
Negative effects on productivity and population dynamics have been described in
enzootically affected livestock and wildlife populations (Fuller et al. 2007; Cotterill
et al. 2018).

In Arctic and subarctic regions, wildlife and semidomesticated reindeer (Rangifer
tarandus tarandus) are the main reservoirs and sources of human infection (Forbes
1991). Indigenous people from northern latitudes have an historical dependence on
wild animals and semidomesticated reindeer for subsistence (Nuttall et al. 2004),
making brucellosis an important public health concern where it is prevalent. Animal
and human brucellosis in Arctic and subarctic regions is relatively common, but its
prevalence has changed over time associated with introduction events, abundance of
reservoir hosts, and, in semidomesticated reindeer, disease control campaigns.

1.2 Etiology, Taxonomy, and Hosts

Brucella spp. are α2-proteobacteria belonging to the family Brucellaceae. There are
12 recognized species in the genus Brucella that are further subclassified into
biovars, with the first six species described commonly referred to as the “classical”
species (Table 1). Full-genome analysis groups Brucella ceti, Brucella pinnipedialis,
and Brucella microti with the classical species. In a related but distinct and distant
clade, Brucella vulpis and Brucella inopinata cluster with atypical isolates that also
contain genetic material derived from soil-associated Alphaproteobacteria (a feature
also shared with B. vulpis) (Scholz et al. 2016b). Several Brucella strains isolated
from native rodents from Australia (Cook et al. 1966; Tiller et al. 2010a), frogs
worldwide (Eisenberg et al. 2012; Scholz et al. 2016a), a bluespotted ribbontail ray
(Taeniura lymma) (Eisenberg et al. 2017), or from a complicated pneumonia case in
humans (Tiller et al. 2010b), are yet to be fully classified.

Different Brucella spp. and their biovars have primary hosts in which they are
best adapted and can be maintained enzootically (Vizcaíno et al. 2000; Foster et al.
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Table 1 List of formally described species of the Brucella genus, biovars, and known hosts with
which they are mainly associated

Species Type Biovars Main hosts

Human
cases/
zoonotic
potentiala References

Brucella
(B) melitensis

Smooth 1–3 Sheep, goats,
camels, wild
Caprinae

Yes/high Bruce (1887)

B. abortus Smooth 1–9 Cattle, yak, camels,
elk, bison, African
buffalo, and other
wild bovids

Yes/
moderate
low

Bang (1897)

B. suis Smooth 1 Pig, wild boar Yes/
moderate

Cotton (1922)

2 Pig, wild boar,
hares

Yes/very
low

3 Pig, wild boar Yes/
moderate

4 Reindeer and
caribou

Yes/
moderate

5 Rodents None

B. ovis Rough Sheep None Simmons and
Hall (1953)

B. neotomae Smooth Desert wood rats,
possibly other
rodents

Yes/
unknownb

Stoenner and
Lackman (1957),
Suárez-esquivel
et al. (2017)

B. canis Rough Dogs Yes/low Carmichael and
Bruner (1968)

B. ceti Smooth Whales, dolphins,
and porpoises

Yes only
ST27/
unknownb

Foster et al.
(2007),
Whatmore et al.
(2008)

B. pinnipedialis Smooth Pinnipeds None Foster et al.
(2007)

B. microti Smooth Common vole, red
foxc

None Scholz et al.
(2008b)

B. inopinata Smooth Unknown Yes/
unknown

Scholz et al.
(2010)

B. papionis Smooth Baboon None Whatmore et al.
(2014)

B. vulpis Smooth Red foxc None Scholz et al.
(2016b)

aInformed by Moreno (2014)
bFew but severe human cases described
cUncertain and defined by few isolation cases
Scientific names: African buffalo (Syncerus caffer), baboon (Papio spp.), bison (Bison bison),
common vole (Microtus arvalis), desert wood rats (Neotoma lepida), elk (Cervus canadensis),
hares (Lepus spp.), red fox (Vulpes vulpes), reindeer and caribou (Rangifer tarandus), yak (Bos
grunniens), wild boar (Sus scrofa)
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2009). While the mechanism of this host preference is unclear, the genome of
Brucella is remarkably constant with only minor nucleotide differences among
species, indicating that relatively small changes are responsible for host adaptations
and altered virulence (Paulsen et al. 2002; Scholz et al. 2016b). Many of the classical
Brucella spp. are associated with livestock or human brucellosis, but their host range
may also involve wild hosts. The ecology, host range, and zoonotic potential of
Brucella are best known from these species, whereas the remaining species, which
have been described more recently, are less well characterized (Table 1). It is
noteworthy that atypical Brucella strains share genetics with soil-living bacteria,
suggesting a different ecology than the classical species (Scholz et al. 2016b).
Furthermore, B. microti, which has atypical phenotypic characteristics, has been
isolated form the soil and recovered 6 months later from the same soil samples
(stored at 4 �C), indicating a long-term soil survival (Scholz et al. 2008a).

1.3 Pathobiology and Pathogenesis

The current understanding of infection, replication, and disease outcomes for Bru-
cella is derived primarily from studies of the classical Brucella species in domestic
animals or humans. One of the most important aspects of Brucella is its ability to
replicate and persist within cells (Gorvel and Moreno 2002). This stealthy intracel-
lular lifestyle drives the specific features of the pathology in hosts, including the
chronic course of the disease, as well as dictating specific therapeutic needs. Indeed,
Brucella spp. do not have classical virulence factors, rather their virulence is
associated with mechanisms that allow them to invade, survive, and replicate in
host cells (Seleem et al. 2008).

Brucella is internalized in Brucella-containing vacuoles (BCV) and modifies
intracellular trafficking to survive, ultimately fusing with the endoplasmic reticulum
(ER) to seize membranes and components (Pizarro-Cerdá et al. 2000). These
ER-associated compartments are the Brucella-induced niche for intracellular repli-
cation and have been demonstrated in macrophages, trophoblasts, dendritic cells,
and epithelial cells, although other intracellular replication niches may remain to be
identified (von Bargen et al. 2012). The infection process can be divided into
different stages, the incubation period, followed by an acute phase when the bacteria
invades and disseminates in host tissues, and a chronic stage when severe pathologi-
cal changes and organ damage may occur.

The infective dose of Brucella spp. is relatively low (10–100 organisms for
Brucella melitensis or Brucella suis) (Miller and Neiland 1980; Mantur et al.
2007). Entry sites include the oral mucosae, nasopharynx, conjunctiva, digestive
and genitourinary tracts, or directly through damaged skin. In the digestive tract, the
epithelial transmigration occurs through M cells, and the jejunal-ileal Peyer’s
patches are among the most important entry sites (Salcedo et al. 2008; Rossetti
et al. 2013). The transepithelial migration of Brucella spp. may also occur through
phagocytes (Ackermann et al. 1988) and is facilitated with the functional subversion
of the mucosal barrier (Rossetti et al. 2013). Brucella spp. are transported in the
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infected cells to the regional lymph nodes where they can remain for weeks before
further dissemination to different organs. During infection, Brucella can naturally
differentiate into “smooth” and “rough” mutants according to their cell surface,
which may have an important biological role for Brucella dissemination (Turse
et al. 2011). Rough mutants induce higher macrophage cytotoxicity that helps
smooth variants to egress from the infected host cells and disseminate (Pei et al.
2014). The major target cells of Brucella spp. are macrophages, dendritic cells, and
trophoblasts, but replication can also occur in other cell types like microglia,
fibroblasts, epithelial cells, endothelial cells, or erythrocytes (Vitry et al. 2014).
Brucella abortus bacteremia in calves was reported as fast as 30 minutes after
intraluminal inoculation of the ileum (Rossetti et al. 2013), suggesting that invasion
and dissemination of Brucella spp. may differ between species, route of infection, or
the bacterial load (Demars et al. 2019).

After the bacteremia phase and dissemination, Brucella spp. can establish chronic
infections that may last for several months or years (Castaño and Solera 2009).
Persistence may occur in the joints, liver, or spleen and may remain sequestered in
white blood cells from the lymph nodes, mammary gland (Harmon et al. 1988), and
bone marrow (Gutiérrez-Jiménez et al. 2018).

1.4 Gross and Microscopic Pathology

Brucellamay be associated with gross pathological lesions in the lymph nodes, liver,
kidneys, spleen, testes and the accessory glands, uterus and mammary glands,
synovial structures, and bone marrow (Saegerman et al. 2010). In females, brucello-
sis is primarily manifested with abortions, stillbirths, weak offspring, placental
retentions, or endometritis resulting in transient or permanent infertility. The endo-
metritis may have necrotic and ulcerative lesions that affect the luminal epithelium
and caruncular surfaces. Mucopurulent exudate with focal granulomas and lymphoid
nodules in the endometrium have also been described in swine (Foster 2017). In
more chronic stages, brucellosis can cause interstitial mastitis (Meador et al. 1988;
Xavier et al. 2009). In males, epididymitis and orchitis are common manifestations
along with seminal vasculitis, prostatitis, or inflammation of the bulbourethral
glands, which can also cause infertility (Fig. 1). A lymphoid hyperplasia with
enlarged lymph nodes and splenomegaly may occur. Arthritis and bursitis may
also appear, which can lead to conspicuous hygromas in chronic stages (Forbes
1991, Fig. 1). More rare pathological outcomes include spondylitis or
discospondylitis and meningoencephalitis (Megid et al. 2010; Dean et al. 2012a).

Brucellosis lesions can be suppurative or nonsuppurative, with multifocal or
diffuse lymphocytic or lymphohistiocytic inflammatory infiltrates as well as neutro-
philic infiltrates (Forbes 1991). Granulomatous and necrotic lesions may be found in
affected organs and tissues, as well as abscesses of different sizes, more frequently
occurring with B. suis (Braude 1951).

Fetal lesions include lymphoid hyperplasia, pleuropneumonia, and pericarditis
(Lopez et al. 1984) but may also have focal necrotizing granulomas in the liver,
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Fig. 1 Brucellosis gross lesions in migratory tundra caribou. Top left: caribou from the Mulchatna
herd (Alaska) with a hygroma affecting the right carpal joint, a typical sign observed in Rangifer
herds with brucellosis. Top right: opened hygroma in a swollen carpal joint from a Dolphin and
Union caribou caused by Brucella suis biovar 4, filled with a translucent, watery, pink liquid with
smooth, nodular suspended aggregates of fibrin. Bottom left: abnormal big testes indicating orchitis
in a male caribou from the Mulchatna herd, Alaska. Bottom right: longitudinal section of a testicle
showing a severe granulomatous orchitis caused by B. suis biovar 4 in a Dolphin and Union caribou.
Photo credits: alive caribou photos from Dominic Demma, Alaska Department of Fish and Game.
Brucellosis gross lesions from Jamie Rothenburger and Dayna Goldsmith, Diagnostic Service Unit,
Faculty of Veterinary Medicine, University of Calgary
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kidneys, and spleen (Gorham et al. 1986; Meador et al. 1988; Xavier et al. 2009).
Fibrinous exudate may be present in pleural surfaces, pericardium, or abdominal
organs (Xavier et al. 2009; Poester et al. 2013).

1.5 Diagnosis

None of the signs of brucellosis are pathognomonic, and diagnosis is hence based on
the epidemiological history and laboratory analyses. Diagnostic tests can directly
target Brucella spp. or may provide indirect evidence of the infection (i.e.,
antibodies). The isolation of Brucella spp. is the gold standard for diagnostic cases
(OIE 2019). Microbiological cultures also enable comprehensive subtyping and
further research on the isolates; however, culture is time-consuming and requires
appropriate facilities with a high degree of biosafety. Laboratory-acquired brucello-
sis in people is not uncommon (Traxler et al. 2013). DNA-based approaches are
highly specific and sensitive and in combination with culture methods offer an
appropriate diagnostic approach (Leyla et al. 2003). However, serological methods
can be more practical depending on the objectives (diagnostic case vs. population
surveys), case-specific constraints, or epidemiological contexts.

1.5.1 Bacteriology
Brucella spp. are Gram-negative, nonmotile, and facultative intracellular
coccobacillus 0.6–1.5 μm long and 0.5–0.7 μm wide (Corbel and Brinley-Moran
2005). Smears from pathological material such as abortions or biological fluids can
be fixed with heat or ethanol and stained to identify Brucella-like bacteria. Brucella
appear red with the Stamp’s modification of the Ziehl–Neelsen’s stain and typically
arrange single or less frequently in pairs, chains, or small groups (Alton et al. 1988).
Other pathogens like Coxiella burnetii or Chlamydia abortus may appear similar in
the Stamp stain, and this method only provides presumptive evidence of brucellosis
(Alton et al. 1988). A fluorochrome or peroxidase-labeled antibody conjugate can
also be used to detect Brucella in smears (OIE 2019).

The isolation of Brucella can be performed in live animals from aborted material
and vaginal secretions, milk, sperm, and fluids from arthritis and hygromas. In
postmortem examinations, the preferred tissues are those with lesions, and spleen,
reproductive organs, bone marrow, or lymph nodes. In cetaceans, B. ceti has also
been isolated numerous times from the central nervous system (Guzman-Verri et al.
2012). There are many culture media suited for Brucella; however, field samples are
often contaminated, and thus selective media should be used (Poester et al. 2010).
The modified Farrell’s medium (FM) is highly selective but inhibits the growth of
Brucella ovis and some strains of B. melitensis, B. abortus, B. suis, and
B. pinnipedialis. The use of FM together with a less selective media such as the
Thayer–Martin’s modified culture media (mTM) (Foster et al. 2002) or conventional
blood agar is a classical approach for field samples. However, the more recently
described CITA medium offers a better success in field samples and can also be used
simultaneously with FM (De Miguel et al. 2011). After 48–72 h at 37 �C, the
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colonies are 0.5–1.0 mm in diameter with a convex, circular outline. Typically,
smooth strains are transparent yellowish, while rough colonies are opaque and
granular. Some primary smooth cultures may rapidly dissociate and appear as
rough phenotype (Foster et al. 2011).

The typing of Brucella in biovars has classically been defined based on pheno-
typic characteristics, pathogenicity, or primary hosts. Classical microbiological tests
assess around 25 phenotypic characteristics for typing, predominantly the require-
ment for CO2, H2S production, urease activity, sensitivity to dyes and phages, and
agglutination with specific antisera (Alton et al. 1988).

1.5.2 DNA-Based Methods
There are numerous molecular methods to detect Brucella genus, species, biovars, or
sequence types (STs). In field samples, these methods may have higher sensitivity
than conventional bacteriology and the specificity of PCR-based methods for Bru-
cella detection approaches 100% (Yu and Nielsen 2010).

Brucella genus can be confirmed with the 16S rRNA (Gee et al. 2004), or by
conventional and real-time PCRs that target Brucella-specific markers (Yu and
Nielsen 2010). For the identification of Brucella species or subtypes, the AMOS-
PCR uses the polymorphism of the insertion sequence IS711 to differentiate by size
the amplicons of B. abortus, B. melitensis, B. ovis, and B. suis, including few of the
biovars, and some of the B. abortus vaccine strains (Bricker and Halling 1995). A
more recent multiplex PCR (Bruce-ladder), and its subsequent advancements,
discriminates in the same test most of the Brucella species, including classical
Brucella with their biovars, B. microti, B. inopinata, B. ceti, and B. pinnipedialis,
and the vaccine strains B. abortus S19, B. abortus RB51, and B. melitensis Rev
1 (López-Goñi et al. 2011). Additionally, several real-time PCRs based on similar
principles or single-nucleotide polymorphism (SNP) have also been developed for
the detection of species and biovars (Yu and Nielsen 2010), including for the marine-
zoonotic ST27 (Wu et al. 2014). The Bruce-ladder multiplex PCR and
PCR-restriction fragment length polymorphism (RFLP) are suitable for Brucella
spp. subtyping into biovars and can be applied together with conventional bacteriol-
ogy (Al Dahouk et al. 2005).

Genotyping methods provide better insights into the genetic structure of Brucella
populations and a higher resolution for epidemiological inference than the classical
biovar subtyping. Multi-locus sequence analyses (MLSA) on housekeeping genes
characterize sequence-type profiles according to allelic variation, which gives a
better understanding on Brucella populations and phylogenetic relationships
(Whatmore et al. 2016). Multi-locus sequencing of rapidly evolving markers, such
as the variable-number tandem repeats (VNTR or MLVA), provides fingerprint
profiles that can be applied for outbreak investigations or trace epidemiological
roles (Valdezate et al. 2007; Higgins et al. 2012).

1.5.3 Serological Tests
Serological diagnosis is a presumptive evidence of infection. The first serological
test for brucellosis was described in 1897 (Wright et al. 1897), and since then a large
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number of tests have been developed. There are two main groups of serological tests,
the conventional tests relying on the antibodies performing a secondary function
(e.g., agglutination tests, complement fixation tests, and precipitation tests), and the
primary binding assays where the antibodies solely react with an antigen (e.g.,
various enzyme-linked-immunosorbent assays [ELISA] and fluorescence
immunoassays) (Nielsen 2002; Poester et al. 2010). Antibodies against Brucella
can be detected in serum, milk, whole blood, or eluates from blood collected on filter
paper (Curry et al. 2011; OIE 2019). The immunogenic characteristics of the outer
membrane lipopolysaccharide (LPS), which may (smooth; S-LPS) or may not
(rough) contain the surface-exposed O-polysaccharide chain (OPS), is an important
feature for Brucella serology. Most of Brucella species are naturally occurring as
smooth strains (Table 1). The OPS epitopes are similar across species and cross-react
among S-LPS; therefore, primary binding assays for smooth Brucella can be devel-
oped with non-species-specific antigens, typically from B. abortus or B. melitensis
reference strains. For rough brucellae (B. ovis and B. canis), some secondary
function tests can be used (Kimura et al. 2008), but agglutination tests may not
perform well due to autoagglutination of whole-cell antigens.

Because of differences in performance, it is common to use a panel of serological
tests as indication of exposure. Among conventional tests, the slow agglutination,
rose bengal and buffered antigen plate agglutination tests are simple and cost-
effective methods for Brucella antibody screening, but can result in more false
positives and negatives than other techniques (Forbes and Tessaro 2003). The
complement fixation test (CFT) is a laborious technique that has higher specificity
(Sp) and it is considered a confirmatory test, classically used in combination with
agglutination tests (OIE 2019). Indirect ELISAs, and to a less extent competitive
ELISAs, offer an excellent balance between sensitivity and specificity, can be
designed to detect specific immunoglobulins, and can be used for both population
surveys and confirmatory tests. Fluorescence polarization assays (FPA) also have
similar or higher sensitivity and specificity than iELISAs and have extensively been
validated for the detection of Brucella antibodies (Minas et al. 2005). A review of the
methods according to their characteristics for different purposes and epidemiological
situations is provided by the World Organization for Animal Health (OIE 2019).

The attenuated vaccines B. abortus strain 19 or B. melitensis Rev.1 (Schurig et al.
2002) and some members of the families Enterobacteriaceae and Vibrionaceae can
generate cross-reactivity in OPS-LPS-based tests (Gee et al. 2004), but only Yersinia
enterocolitica O:9 may represent a significant source of false positives in ruminants
(Kittelberger et al. 1995). The quality of the serum, like hemolysis or high lipid
content, affects the performance of the classical agglutination tests and CFT (Poester
et al. 2010). A 30-min chloroform/centrifugation cleanup (Castro et al. 2000) can
remove false positives caused by lipemic serum in certain serological tests (Blanchet
et al. 2014; Godfroid et al. 2016; Nymo et al. 2018).

In wildlife, many of the test procedures have been directly transferred from
domestic animals, however, and ideally, a proper validation of the sensitivity and
specificity should be performed in each species with bacteriological gold standards
(Godfroid 2002). Competitive ELISAs or the use of protein A/G may solve the lack

Brucellosis in the Arctic and Northern Regions 235



of species-specific secondary antibodies. An iELISA has been validated for the
detection of anti-Brucella antibodies in reindeer and caribou and has shown good
coherence with agglutination tests in other Arctic species (Nymo et al. 2013a, 2018;
Godfroid et al. 2016). Marine mammal conjugated antibodies and ELISAs based on
B. ceti and B. pinnipedialis antigens have also been developed (Hernandez-Mora
et al. 2009; Meegan et al. 2010, 2012).

2 Brucellosis in Terrestrial Ecosystems

Brucellosis has been long recognized in terrestrial ecosystems from Alaska, the
northern territories of Canada and Russia. It was first described in the Arctic in
1939, infecting Indigenous people from Alaska (Huntley et al. 1963), and in
1930–1935 in livestock and people from the northern territories of Krasnoyarsk
Krai and Yakutia (current Republic of Sakha) in Russia (Pinigin 1959). The main
etiologic agent of brucellosis in Arctic terrestrial ecosystems, in both humans and
animals, is B. suis biovar 4. Brucella abortus and B. melitensis are much less
common in most of the Arctic. This is because these species are mostly present in
livestock, which is uncommon in the Arctic, and are also target of eradication
programs. Other less studied Brucella occur depending on the presence of the
reservoir hosts. Here we focus mainly on B. suis biovar 4 due to its primary role in
brucellosis in the terrestrial Arctic and subarctic.

2.1 Brucella Species and Hosts

Brucella suis biovar 4 is found throughout the Canadian, Alaskan, and Russian
Arctic mainly in migratory tundra caribou (Rangifer tarandus granti; R. t.
groenlandicus; R. t. groenlandicus x pearyi) and semidomesticated and wild rein-
deer (Rangifer t. tarandus). It is apparently absent from Greenland, Iceland, Norway
(including Svalbard), Sweden, Finland, and some eastern regions of Russia. In
Russia, brucellosis in reindeer was first described in 1948 in the Taimyr national
district (Davydov 1967), and since then it has been recorded in the Magadan Oblast,
Murmansk Oblast, Tyumen Oblast, Yamalo-Nenets Autonomous Okrug, Chukotka
Autonomous Okrug, Kamchatka Krai, Khabarovsk Krai, Krasnoyarsk Krai, and the
Republic of Sakha (former Yakutia) and Tuva (Sleptsov et al. 2017).

Brucella suis biovar 4 was first characterized in isolates from Alaskan Indigenous
people (Meyer 1964) and subsequently found to be the same as reindeer and caribou
isolates, formerly referred to as Brucella rangiferi (Parnas 1964, 1966; Meyer 1966).
Because it is mainly isolated from caribou and reindeer, it is commonly referred to as
rangiferine brucellosis. However, B. suis biovar 4 can also be found in muskoxen
(Tomaselli et al. 2019), and less commonly, in moose and carnivores from the Arctic
and subarctic (Morton 1986; Honour and Hickling 1993) (Table 2). Experimental
infections demonstrated that cattle (Forbes and Tessaro 2003), bison (Bison bison)
(Bevins et al. 1996), Dall’s sheep (Ovis dalli dalli) (Rausch and Huntley 1978),
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white-tailed deer (Odocoileus virginianus) (Qureshi et al. 1999), a variety of north-
ern rodents, snowshoe hares (Lepus americanus) (Miller and Neiland 1980), red
foxes (Vulpes vulpes) (Morton 1986), wolves (Canis lupus), black bears (Ursus
americanus), and grizzly bears (Ursus arctos horribilis) can be infected with B. suis
biovar 4 (Neiland and Miller 1981).

It is hypothesized that B. suis biovar 4 was introduced along with imported
semidomesticated reindeer to North America; however, this remains to be proven.
Reindeer were introduced to Alaska and Canada from Norway and Siberia between
1892 and 1935, for food security, and to promote the settlement of nomadic Inuit and
Inupiaq people (Lantis 1950; Scotter 1972). Brucellosis was recognized by tradi-
tional knowledge as a new syndrome in caribou in some areas of the central
Canadian Arctic in the late 1980s (Gunn et al. 1991). However, parasite-host
assemblages from the Eurasian and American continent are similar in Rangifer
spp. (Hoberg et al. 2012), and rangiferine brucellosis may have been historically
present in North America. Regardless, reindeer movements within North America,
such as the land transportation of Siberian reindeer from Alaska to Canada
(1929–1935) (Scotter 1972), may have favored the spread of B. suis biovar 4 strains
across regions.

Brucella abortus is the causative agent of bovine brucellosis. In northern regions,
B. abortus is present in cattle from Russia and in wood bison (Bison
b. athabascae) from Canada. It is believed to have African origins from where it
was introduced into Europe (Whatmore et al. 2016), and most probably into North
America with European cattle during colonization in the 1500s (Aguirre and Starkey
1994; Moreno 2014). Costly national eradication programs for bovine brucellosis in
livestock have succeeded, leading to declaration of bovine-brucellosis free status in
Norway (1952), Sweden (1957), Finland (1960), Alaska (1982), and Canada (1985)
(Elberg et al. 1977; State of Alaska Section of Epidemiology 2011; Canadian Food
Inspection Agency 2018), and no cases have ever been reported in Iceland or
Greenland (OIE 2013). In Russia, in 1957, 55% of the brucellosis cases recorded
in livestock were from subarctic regions (Verteletsky 1959). However, the disease
decreased in the subsequent decades with the implementation of vaccination
programs (Denisov et al. 2013).

The most northern extent of bovine brucellosis in North America is the boreal
population of wood bison, in the greater Wood Buffalo National Park area (WBNP,
Alberta and Northwest Territories, Canada), where it has been detected since 1955
(Choquette et al. 1978; Tessaro et al. 1990). Brucellosis was most probably
introduced to this population with the translocation of plains bison (Bison
b. bison) from the now-closed Buffalo National Park in the 1920s (Alberta,
Canada) (Tessaro et al. 1990). Both B. abortus biovar 1 and 2 have been isolated
in wildlife from the WBNP region (Tessaro 1986) (Table 2). Bovine brucellosis has
also been reported in foxes and rodents from Russia (Neiland 1970). At more
southern latitudes in North America, B. abortus is maintained by plains bison and
elk in the Greater Yellowstone Ecosystem (Cheville et al. 1998) and has also been
isolated from moose, feral swine (Sus scrofa), and coyotes (Canis latrans) (Corner
and Connell 1958; Davis et al. 1979; Higgins et al. 2012). Wild rodents and
lagomorphs are also susceptible to B. abortus infection (Thorpe et al. 1967).
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Table 2 Brucella spp. isolation and detection of antibodies in mammals from terrestrial
ecosystems from the Arctic and Subarctic. Additional references may exist for several of the species

Species scientific
name

Detection methods Brucella
species ReferencesAntibodiesa Agentb

Arctic ground
squirrel
Urocitellus parryii

BPAT, SPAT Brucella
spp.

Morton (1986)

Arctic fox Vulpes
lagopus

BPAT, CFT,
ME, Riv,
SPAT, STAT

BA B. suis
biovar 4

Pinigin et al. (1970), Morton
(1986), Zheludkov and
Tsirelson (2010)

Caribou Rangifer
t. groenlandicus/
granti/
groenlandicus
pearyi

BPAT, CAR,
cELISA,
iELISA, RBT,
SPAT, STAT

BA B. suis
biovar 4

Broughton et al. (1970),
Forbes (1991), Zarnke et al.
(2006), Nymo et al. (2013a),
Carlsson et al. (2019)

Dall’s sheep Ovis
dalli dalli

SPAT Brucella
spp.

Foreyt et al. (1983)

Domestic dog
Canis lupus
familiaris

CFT, STAT BA B. suis
biovar 4

Neiland (1970, 1975)

Ermine Mustela
erminea

BA B. suis
biovar 4

Zheludkov and Tsirelson
(2010)

Grizzly bear Ursus
arctos horribilis

BPAT, CAR,
CFT, iELISA,
RBT, SPAT,
STAT

Brucella
spp.

Morton (1986), Zarnke et al.
(2006), Godfroid et al. (2016)

Moose Alces alces BPAT,
iELISA, RBT,
WIA

BA B. suis
biovar 4

Honour and Hickling (1993),
Edmonds et al. (1999), Nymo
et al. (2016b)

Muskox Ovibos
moschatus

BPAT, CAR,
CFT, iELISA,
cELISA, RBT,
STAT

BA B. suis
biovar 4

Gates et al. (1984), Nymo
et al. (2016b), Tomaselli et al.
(2019)

Red fox Vulpes
vulpes

BPAT, CFT,
ME, Riv
STAT, SPAT

BA B. suis
biovar 4
B. abortus
biovar 1

Neiland (1975), Morton
(1986), Tessaro (1986)

Reindeer Rangifer
t. tarandus

STAT BA B. suis
biovar 4
B. abortus
biovar 1

Broughton et al. (1970),
Forbes (1991), Higgins et al.
(2012)

Wolf Canis lupus BPAT, STAT,
SPAT, CAR,
CFT

BA B. suis
biovar 4
B. abortus
biovar 1

Neiland (1970, 1975), Pinigin
and Zabrodin (1970), Tessaro
(1986), Zarnke et al. (2006),
Zheludkov and Tsirelson
(2010)

Wolverine Gulo
gulo

BA B. suis
biovar 4

Pinigin and Zabrodin (1970),
Zheludkov and Tsirelson
(2010)

(continued)
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Brucella canis is sporadically detected in domestic dogs from Alaska (State of
Alaska Section of Epidemiology 2011) and has caused cases and outbreaks in
kennels from southern Canada and the Nordic countries of Europe (Forbes and
Pantekoek 1988; Brennan et al. 2008). No cases of B. canis have been reported in
wildlife from the Arctic and subarctic. Serosurveys suggest that it is uncommon in
dogs in most northern countries (Buhmann et al. 2019). However, it has been
detected in imported dogs to Canada, Sweden, and Finland (Forbes and Pantekoek
1988; Holst et al. 2012), and increasing international movement of dogs may lead to
a higher risk of emergence (Buhmann et al. 2019).

Other typical brucellosis agents in livestock, such as B. suis biovar 1, 2, and 3 or
B. melitensis, do not typically occur in arctic or subarctic regions, but cases may be
imported (Holst et al. 2012; Garofolo et al. 2016). The less pathogenic Brucella suis
biovar 2 is, however, widely present in Eurasian wild boar (Sus scrofa) and
European brown hares (Lepus europaeus) that range in adjacent subarctic regions
(Fretin et al. 2008; Gyuranecz et al. 2011).

2.2 Pathology of B. suis biovar 4

Brucellosis in caribou or reindeer is similar to the reproductive disease described in
livestock with a higher frequency of abscesses in tissues and may also progress to
osteoarthritis and granulomatous lesions in different organs (Dieterich 1981; Forbes
1991). In Siberian reindeer herds, 1–5% of the animals show evident brucellosis
signs at some point, and morbidity may be up to 15% in animals older than 6 months
(Neiland et al. 1968). However, animals with visible clinical signs may represent
only a small portion of the infected animals in caribou or reindeer herds (Dieterich
1981).

The reproductive effects of B. suis biovar 4 in Rangifer females mainly occur
during the first pregnancy following infection (Rausch and Huntley 1978; Dieterich
1981; Cotterill et al. 2018). Brucellosis can cause metritis and mastitis that may lead
to reproductive failure about 2 months following infection (Neiland et al. 1968;
Rausch and Huntley 1978). The outcome of abortion in experimentally infected
reindeer is dependent on the stage of pregnancy and the bacterial dose (Rausch and

Table 2 (continued)

Species scientific
name

Detection methods Brucella
species ReferencesAntibodiesa Agentb

Wood bison Bison
b. athabascae

STAT, CFT,
BPAT

BA B. abortus
biovar 1
B. abortus
biovar 2

Choquette et al. (1978),
Tessaro et al. (1990)

aAbbreviations used: BPAT buffered Brucella antigen test, CAR card test, CFT complement fixation
test, ME, 2-mercaptoethanol, RBT rose Bengal test, Riv rivanol, SPAT standard plate agglutination
test, STAT standard tube agglutination test, WIA western immunoblot analyses
bAbbreviations used: BA bacteriology isolation
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Huntley 1978). In an experimental setting, among seven reindeer cows naturally
infected with B. suis biovar 4, two aborted (Forbes and Tessaro 1993). The infection
can also cause retention of placenta and excessive bleeding during parturition that
may be associated with stillborn and weak calves with short survival (Rausch and
Huntley 1978; Forbes and Tessaro 1993). In the Western Arctic caribou herd
(Alaska), excessive bleeding and retention of placenta were observed in 3–5% of
the cows when Brucella seroprevalence in this herd was estimated to be 8–12%, and
40% of the cows analyzed with these signs had antibodies against Brucella (Neiland
et al. 1968). Neiland (1972) also reported that about 50% of the cows experiencing
these signs would lose their calves within a few days after birth.

In males, epididymitis or epididymo-orchitis appears as enlarged testes with
purulent content that may be partly calcified (Neiland et al. 1968) (Fig. 1). Although
testicles may be enlarged to 12–20 cm in diameter, a swollen epididymis is only
detectable through palpation or careful examination (Dieterich 1981). Lymphade-
nopathy is common, and abscesses (described up to 70 mm) can occur in different
organs, including the spleen, liver, lung, or omentum from 45 days to several months
following infection (Rausch and Huntley 1978), or less commonly in muscle,
subcutaneously and in other organs and tissues (Dieterich 1981, Forbes 1991).
Granulomatous lesions can also occur in the kidneys, liver, or spleen (Tessaro and
Forbes 1986; Forbes 1991). Bursitis-synovitis are commonly reported in carpal and
tarsal joints and may lead to conspicuous hygromas and lameness (Neiland et al.
1968; Forbes 1991). Bursitis in carpal joints is the most commonly reported visible
sign of rangiferine brucellosis in wild populations (Gunn et al. 1991; Tomaselli et al.
2018) (Fig. 1).

Brucella suis biovar 4 occurs less commonly in other arctic ungulates. In
muskoxen, severe disease, including bursitis, orchitis, lymphadenitis, splenitis,
nephritis, endometritis, granulomatous mastitis, and intramedullary and vaginal
abscesses, has been reported (Gates et al. 1984; Forbes 1991; Chopra et al. 2016;
Tomaselli et al. 2019). In moose, clinical and pathological presentations vary among
the few cases examined. A wasting and chronic disease with bursitis and osteomye-
litis in carpal joints and phalanges was observed in a naturally infected moose
(Honour and Hickling 1993). Severe disease in moose was also reproduced in an
experimental infection with B. suis biovar 4 at a high dose (1.7 � 107-colony
forming units, cfu, conjunctival sac inoculation), involving long-lasting bacteremia
from day 28 to 103 postinfection (p.i.) and a 2-week febrile syndrome starting at
42 days p.i. Lymphadenitis, epididymis, and splenitis with multiple white-necrotic
foci (0.1–0.2 cm) were detected at necropsy (Dieterich et al. 1991). In contrast, a
moose challenged with a different strain and at a lower dose (2.2 � 103 cfu,
conjunctival sac inoculation), seroconverted 1 month p.i., antibodies peaked at
2 months and declined thereafter, but no lesions attributable to brucellosis were
observed 1 year later (Rausch and Huntley 1978).

Bovines may be more resistant to B. suis biovar 4 infection than Rangifer,
muskoxen, or moose. In experimental infections, cattle, and bison had no clinical
signs, lesions, or abortion attributable to Brucella. However, the infection was
confirmed by seroconversion of cattle and B. suis biovar 4 was recovered from
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regional lymph nodes in both species, cattle and bison, several months after the
challenge (Forbes and Tessaro 1993, 2003; Bevins et al. 1996).

In carnivores, B. suis biovar 4 can cause systemic infections but usually without
major lesions. Lymphadenitis and splenomegaly are the only signs occasion-
ally found in natural infections of arctic and red foxes (Pinigin et al. 1970; Morton
1989), and in experimental infections in wolves and red foxes (Neiland and Miller
1981; Morton 1989). Reproductive failure in carnivores is probable but has not been
yet demonstrated (Morton 1989).

Some endemic rodents from the Arctic and subarctic, including the northern
flying squirrel (Glaucomys sabrinus), Arctic ground squirrel (Urocitellus parryii;
former Citellus and Spermophilus genus), northern red-backed vole (Clethrionomys
rutilus), taiga vole (Microtus xanthognathus), Scandinavian lemming (Lemmus
lemmus), and Siberian lemming (L. sibiricus), and snowshoe hare, have been
experimentally infected with intraperitoneal inoculations of B. suis biovar 4 (Miller
and Neiland 1980). No marked pathology was found for most of the species, but the
bacteria was recovered from the spleens, livers, and other organs to the end of the
studies (2–5 months). Collared lemmings from North America (Dicrostonyx spp.),
however, were especially sensitive to B. suis biovar 4. Disease was established with
intraperitoneal inoculation with as few as 2 cfu, and all challenged animals died from
14 to 126 days p.i. with enlarged spleen, epididymitis, suppurative metritis, and
abscesses in the livers, kidneys, and abdominal cavity (Miller and Neiland 1980).
Russian reports also described the susceptibility of field voles (Microtus arvalis) to
Brucella with as few as 50 cfu, reviewed in Miller and Neiland (1980).

2.3 Ecology and Transmission of B. suis biovar 4

Terrestrial brucellae is typically maintained enzootically in one or a few primary
hosts, but spillover and cases of brucellosis may happen in other susceptible species.
The functional role of the different hosts in Brucella ecology does not only depend
on their susceptibility or capacity to excrete Brucella (intrinsic traits) but also on
patterns of aggregation and effective contacts for transmission within and between
populations (Cross et al. 2010). For example, B. suis biovar 4 is maintained in
northern regions by reindeer and migratory tundra caribou, but exposure
also happens in mountain ecotype herds from Alaska that are in contact with tundra
caribou (Zarnke 2000).

Transmission routes of brucellae in domestic ruminants include horizontal
(around abortion, stillbirth, and parturition events), congenital (transplacental),
pseudo-vertical (milk or feces in neonates), and less likely venereal transmission
(Aparicio 2013). Brucella suis biovar 4 in Rangifer is probably transmitted similarly
to other classical Brucella, mainly through horizontal transmission (Cheville et al.
1998). Aborted fetuses and placental membranes/fluids in parturition contain high
numbers of bacteria that contaminate the environment or can directly infect other
animals that sniff or lick the remains (Maichak et al. 2009). Brucella spp. is also
excreted in lower amounts through urine and feces (Bicknell and Bell 1979; Cheville
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et al. 1998). Horizontal transmission of B. suis biovar 4 has been demonstrated under
controlled conditions among reindeer and from reindeer to cattle (Rausch and
Huntley 1978; Forbes and Tessaro 1993). Classical Brucella do not multiply outside
the host and are susceptible to UV radiation but may persist for years in frozen
aborted material or for months in moist conditions at 10–15 �C (Crawford et al.
1990; Aune et al. 2012). The transplacental transmission is well-known for classical
brucellae and occurs for B. suis biovar 4, from which some calves may be seronega-
tive (Wilesmith 1978; Dieterich et al. 1987; Bercovich et al. 1990). If Brucella
colonize the mammary gland and the supramammary lymph nodes, it can be
excreted in milk intermittently and infect neonates (Forbes and Tessaro 1993). In
Alaska, B. suis biovar 4 was detected in a mediastinal lymph node of a calf of
approximately 4 days of age (Beckmen, unpublished results). The venereal route is
also likely, as brucellae can be found in the urogenital tract and semen of bulls, and
reindeer females are susceptible to B. suis biovar 4 infection via the genital tract
(Rausch and Huntley 1978). This venereal route, even at low frequencies, can have
important consequences in free-ranging wildlife (Lambert et al. 2020).

Brucellae can be vectored by arthropod insects until approximately 72 h after
feeding on contaminated blood or tissues (Cheville et al. 1989), and experimental
evidence suggests that it may also be transmitted by ticks (Pinigin and Zabrodin
1970; Rementsova 1987). Brucella suis biovar 4 has been isolated from larvae,
pupae, and adults of the Rangifer warble fly (Hypoderma tarandi) from Brucella-
infected reindeer, and its persistence in pupae has been documented for up to
6–8 weeks (Nilssen 2006), yet the significance of these findings remain unknown.

It is not known how B. suis biovar 4 is maintained in migratory tundra caribou,
but it is commonly detected at low seroprevalence (2–5%) in some herds (Broughton
et al. 1970; Zarnke 2000; Carlsson et al. 2019). The prevalence of brucellosis may
fluctuate within herds, and higher seroprevalences have been reported in caribou on
Baffin Island (15–43%, 1983–1986) (Ferguson 1997), Southampton Island (59%,
2011) (Campbell 2013), and the Dolphin and Union caribou herd (14%, 2015–2019)
from Canada (Carlsson et al. 2019; Aguilar and Kutz 2020) and in the Western
Arctic herd (12–30%, 1962–1965; 8%, 1975–2000) from Alaska (Neiland et al.
1968; Zarnke 2000). However, sampling biases (e.g., captured vs. harvested) and
differences in diagnostic tests mean that seroprevalence across herds and time are not
always comparable. The age of animals is an important factor to consider in
serosurveys as younger animals (calves or yearlings) are generally seronegative
(Neiland et al. 1968; Ferguson 1997; Carlsson et al. 2019; Aguilar and Kutz
2020). Factors influencing the dynamics of B. suis biovar 4 in caribou are unknown,
but existing data demonstrating high and maintained prevalence during population
declines suggest that that transmission is not entirely density-dependent (Campbell
2013).

In muskoxen or moose, the exposure to Brucella is generally absent or low
(Bourque and Higgins 1984; Tessaro et al. 1984; Gunn et al. 1991). However,
sporadic cases of brucellosis have been reported in these species in areas where
the disease is prevalent in tundra caribou or reindeer, suggesting that are spillover
hosts for B. suis biovar 4 (Tomaselli et al. 2016; Afema et al. 2017). Higher exposure
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was also reported in muskoxen and moose from the eastern North Slope (Alaska)
(Edmonds et al. 1999; Nymo et al. 2016b; Afema et al. 2017), and muskoxen from
Victoria island (Canada) (Tomaselli et al. 2019). The continued and increasing
detection of B. suis biovar 4 in muskoxen from Victoria island suggests that it
may be contributing to its maintenance in that region.

Northern rodents or hares can also be infected and excrete Brucella in urine and
feces and may occasionally play a role in the spread (Miller and Neiland 1980).
Brucella can persist for months in rodent species without marked pathology (Miller
and Neiland 1980; Noi et al. 2009) and has survived for nearly 2 years in Eurasian
ground squirrels (Spermophilus spp.) (Rementsova 1987). Northern rodents or hares
may get infected on calving grounds of caribou and reindeer (Morton 1986), but their
role in the ecology of this disease in the Arctic is unknown.

Carnivores are exposed to Brucella through infected prey species, and in an
experimental setting, feeding of food contaminated with B. suis biovar 4 resulted
in infection of bears, red foxes, wolves, and dogs (Neiland and Miller 1981; Morton
1986), and in farmed arctic foxes (Pinigin et al. 1970). Indeed, the exposure of arctic
and red foxes, wolves, and grizzly bears spatially overlaps with the presence of
brucellosis in caribou and reindeer (Pinigin et al. 1970; Morton 1986; Zarnke et al.
2006), as does seroprevalence in dogs fed with barren-ground caribou remains
(Neiland 1970, 1975). In a study from Alaska, B. suis biovar 4 was isolated from
3 out of 34 red foxes and 1 out of 4 arctic foxes that were captured in a calving
ground of a brucellosis-infected reindeer herd (Morton 1989). Serosurveys also
indicate that grizzly bears have higher frequency of exposure to Brucella than
wolves in Alaska (Neiland 1975; Zarnke et al. 2006; Godfroid et al. 2016), possibly
linked to the bears’ higher density and opportunistic feeding behavior on caribou
calving grounds (Adams et al. 1995).

Brucella suis biovar 4 has been intermittently isolated from the urine, saliva, and
milk from experimentally infected dogs and wolves, from the urine of experimen-
tally infected black bears and a red fox (Neiland and Miller 1981; Morton 1989), and
the feces from experimentally infected red foxes (Morton 1986). Horizontal trans-
mission was confirmed experimentally in red foxes (Morton 1989) and may also
occur among carnivores naturally. Experimental infections in red foxes and wolves
failed to conclusively demonstrate vertical transmission or reproductive failure, but
B. suis biovar 4 was recovered experimentally from stillborn, neonates, and pups
(Neiland and Miller 1981, Morton 1989). Spill-back of Brucella from carnivores to
primary hosts can happen (Davis et al. 1988), and was confirmed, under controlled
conditions, from B. suis biovar 4 infected red foxes to reindeer (Morton 1986, 1989),
although the significance of this for the epidemiology in Rangifer is unknown.

In Russia, natural foci of brucellosis among wild reindeer or other wildlife are
believed to be of great importance to maintain brucellosis in the northern regions.
Brucellosis is more often registered in semidomesticated reindeer on territories of
tundra and taiga zones where the five major wild reindeer herds migrate (northern
Krasnoyarsk Krai, Republic of Sakha or Yakutia and Chukotka Autonomous
Okrug). Factors that help to maintain the circulation of B. suis biovar 4 in
semidomesticated reindeer include late detection and elimination, movement of
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animals between herds, and interactions with wild reindeer (Vinokurov et al. 2019).
Wild and domestic carnivores are also believed to contribute to the spread of
brucellosis (Vinokurov et al. 2019).

2.4 Impact on Animal Populations

Brucellosis is considered primarily a reproductive disease that can affect the produc-
tivity of Rangifer populations by reproductive failure. Brucella suis biovar 4 affects
the reproduction of Rangifer through infertility, fetal loss, abortion, stillbirths, and
neonate-reduced survival, yet the overall impact to recruitment for a given exposure
rate remains unknown. Such effects are better known for other Brucella spp. in
livestock or other wildlife populations where brucellosis is also maintained
enzootically (Cotterill et al. 2018). Brucella suis biovar 4 can also cause severe
pathology in some animals, which has been more or less frequently reported in free-
ranging populations of caribou or muskoxen (Forbes 1991; Ferguson 1997;
Tomaselli et al. 2019). These findings raise the question of whether rangiferine
brucellosis may also affect survival, such as in chronic infections when body
condition is compromised and articular or systemic pathology may be involved
(Neiland et al. 1968; Gates et al. 1984). Considering these severe effects, caribou
performance during migration or predator escape, and resilience under unfavorable
environmental conditions or other stressors, may be affected. Post-rut mortality
associated with a chronic infection (antibodies detected for more than 7 months)
was reported in a reindeer bull in captivity (Rausch and Huntley 1978).

High exposure to B. suis biovar 4 has been documented during some caribou herd
declines (Ferguson 1997; Aguilar and Kutz 2020). A remarkable case is caribou
from Southampton Island, in which B. suis biovar 4 was first detected in 2000. Its
spread within the population (from 2% to 59% seroprevalence, 2000–2011) was
associated with a reduction of pregnancy rates (from 93% to 37%, 2001–2011) and
herd size (from 30,381 to 7286, 1997–2013) (Campbell 2013). Increased seropreva-
lence of Brucella in muskoxen, together with other pathogens and trace mineral
imbalances, has also been reported in declining muskox populations (Afema et al.
2017; Tomaselli et al. 2019). Further research is needed to understand better the full
array of population consequences of rangiferine brucellosis and its potential role as a
contributing factor in population declines.

2.5 Management and Control

The control of infectious diseases in wildlife is challenging, requires complex
logistical efforts, and is, in general, unfeasible. However, brucellosis control
programs have been implemented in semidomesticated reindeer from Russia and
the introduced herds in North America. The management in reindeer generally
consists of early detection of disease, vaccination, and test and cull of positive
animals (Dieterich 1981).
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The commercially available vaccines B. melitensis strain H-38 and B. abortus
strain 19 are not protective against the reproductive disease caused by B. suis biovar
4 (Dieterich et al. 1980; Dieterich and Morton 1987), and B. abortus strain 19 is
potentially pathogenic for reindeer (Dieterich and Morton 1987). In controlled
conditions, the killed B. abortus strain 45/20 yielded increased resistance to
B. suis biovar 4 in reindeer and prevented reproductive losses (Dieterich et al.
1981). A heat-killed B. suis biovar 4 vaccine developed by Dieterich et al. in
1985–1986 was successful in controlled and field conditions. Bacteremia and the
spread to different tissues, including detection in vaginal swabs, were significantly
reduced, and antibodies were confirmed for up to 43 months (Dieterich et al. 1987).
In reindeer herds, this vaccination reduced brucellosis lesions, and the exposure in
sentinel animals from one monitored herd decreased from 30% to less than 5%
(Dieterich pers. comm., Bevins 1993). Another heat-killed Brucella suis biovar
3 vaccine also has protective effects against the infection and reproductive failure,
and it is distinguishable by serology from natural infections (Bevins 1993).

Since the 1980s, brucellosis control and monitoring studies have been
implemented by the Reindeer Research Program of the University of Alaska
Fairbanks for semidomesticated reindeer herds from the Seward Peninsula in north-
western Alaska. These reindeer move freely on unfenced ranges up to 4000 km2 and
are managed in June by foot and helicopter for ear tagging of fawns, vaccination,
castration, and selection of animals for slaughter. Vaccination against brucellosis
with the heat-killed B. suis biovar 4 vaccine was more intensively done in 1990s
(Dieterich et al. 1987), but its use declined in the following decades and was changed
to a commercial vaccine developed and provided by a private company around
2012–2013 (Dieterich and Finstad pers. comm.). However, vaccination rates are
declining due to logistical constrains and reduced economic viability of reindeer
herding in Alaska (Finstad pers. comm.).

In Russia, a set of organizational, economic, and preventive measures are being
implemented to control brucellosis, including mass vaccination of healthy animals
and culling of diseased animals. Semidomesticated reindeer have been vaccinated
with the B. abortus strain 82, and in the Republic of Sakha (Yakutia), with the non-
abortogenic B. abortus s75/79-AB vaccine (Vinokurov et al. 2019). According to
Russian specialists, the low efficiency of control programs is due to the lack of
compliance of reindeer herders with sanitary rules for the movement of animals
(Gordienko et al. 2015; Vinokurov et al. 2019). Regardless, control strategies in
semidomesticated reindeer succeeded at a regional level, and morbidity rates were
directly dependent on the implementation of measures. Morbidity in reindeer herds
from Yamalo-Nenets, Chukotka Autonomous Okrug, Taymyr Peninsula, and
Republic of Sakha (Yakutia) was reduced from up to 50% in the 1950s to
0.1–10% in the 2000s. Since 2009, these measures have most effectively been
implemented in herding farms from the Republic of Sakha (Yakutia), where
rangiferine brucellosis was declared absent in 2019.
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3 Brucellosis in Marine Ecosystems

Brucella were initially isolated from marine ecosystems in 1994 from a harbor seal
(Phoca vitulina), a harbor porpoise (Phocoena phocoena), and a common dolphin
(Delphinus delphis) in Scotland (Ross et al. 1994), and from a captive bottlenose
dolphin (Tursiops truncatus) in the USA (Ewalt et al. 1994). These findings changed
the historical paradigm of brucellosis as a disease exclusively affecting terrestrial
hosts and expanded the knowledge on the complexity of Brucella spp. ecology. In
2007, Foster and colleagues formally described two novel species for Brucella;
B. ceti, and B. pinnipedialis, with cetaceans and seals as their natural hosts, respec-
tively (Foster et al. 2007). Marine mammal brucellae have since been serologically
indicated and isolated from multiple species of marine mammals from various
locations around the world, including in the Arctic and subarctic regions (Table 3).

3.1 Brucella Species and Hosts

Brucella ceti has been isolated from dolphins, porpoises, whales (odontocetes and
mysticetes), and sea lions (Table 3). Genotyping of B. ceti isolates with MLSA
identify two major distinct clades, one group more commonly associated with
dolphins, and less extensively with beaked whales, and another one associated
with harbor porpoises (Whatmore et al. 2016, 2017). Isolates from the B. ceti
genotype ST27 form a distinct and separate group and are of particular interest
because all naturally acquired human brucellosis associated with marine
environments belongs to this genotype (Whatmore et al. 2008). ST27 has also
been detected in bottlenose dolphins (Mackie et al. 2020; Ueno et al. 2020), a
dwarf sperm whale (Kogia sima) (Suárez-Esquivel et al. 2019), minke whales
(Balaenoptera acutorostrata) (Ohishi et al. 2004), California sea lions (Zalophus
californianus) (Whatmore et al. 2017), and Steller sea lions (Eumetopias jubatus)
(Esquible et al. 2019).

Brucella pinnipedialis has been isolated from true seals, eared seals, sea otters
(Enhydra lutris), and beluga whales (Delphinapterus leucas) (Table 3). In MLSA,
most B. pinnipedialis strains fell into the same cluster of STs, including strains from
true seals, eared seals, and sea otters, but B. pinnipedialis from hooded and harp seals
fell into a separate cluster in multiple studies (Nymo et al. 2011; Whatmore et al.
2017). Brucella pinnipedialis isolated from beluga whales represented a number of
distinct STs (Whatmore et al. 2017).

Other Brucella: The host range of aquatic Brucella has also been extended to
include ectotherms with the isolation of novel brucellae from frogs (Eisenberg et al.
2012; Fischer et al. 2012). The first report of a natural Brucella infection in a
saltwater fish was described when a novel and atypical Brucella strain was isolated
from a wild-caught bluespotted ribbontail ray (Taeniura lymma) (Eisenberg et al.
2017). Smooth Brucella antibodies have been detected in polar bears (Ursus
maritimus) (Tryland et al. 2001), although it is not clear if polar bears are exposed
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Table 3 Non-exhaustive list of Brucella spp. isolation and detection of antibodies in marine
mammals that are present in Arctic and subarctic waters. Additional references exist for several
of the mentioned species

Species scientific
name

Detection methods Brucella
species ReferencesAntibodiesa Agentb

Atlantic walrus
Odobenus
r. rosmarus

iELISA Scotter et al.
(2019)

Baltic ringed seal
Pusa hispida
botanica

cELISA, RBT Sonne et al.
(2018)

Bearded seal
Erignathus
barbatus

iELISA BA B. pinnipedialis Foster et al.
(2018)

Grey seal
Halichoerus
grypus

cELISA BA,
PCR

B. pinnipedialis Hirvela-Koski
et al. (2017),
Sauvé et al.
(2020)

Harbor seal Phoca
vitulina

iELISA BA B. pinnipedialis Foster et al.
(2002), Nymo
et al. (2018)

Harp seal
Pagophilus
groenlandicus

Anticomplement
ELISA, CFT, iELISA,
RBT, SAT,
SAT-EDTA

BA Brucella spp. Tryland et al.
(1999), Forbes
et al. (2000)

Hooded seal
Cystophora
cristata

Anticomplement
ELISA, CFT, iELISA,
RBT, SAT,
SAT-EDTA

BA B. pinnipedialis Tryland et al.
(1999), Nymo
et al. (2013b)

Northern fur seals
Callorhinus
ursinus

BMAT PCR B. pinnipedialis Duncan et al.
(2014)

Ribbon seals
Histriophoca
fasciata

iELISA, RBT Nymo et al.
(2018)

Ringed seal Phoca
hispida

iELISA, RBT BA Brucella spp. Forbes et al.
(2000), Nymo
et al. (2018)

Steller Sea lion
Eumetopias
jubatus

iELISA, RBT PCR Brucella spp.
B. ceti (ST27)

Nymo et al.
(2018), Esquible
et al. (2019)

Spotted seal Phoca
largha

iELISA, RBT Nymo et al.
(2018)

Western Pacific
harbor seals Phoca
vitulina stejnegeri

iELISA Abe et al. (2017)

Atlantic white-
sided dolphin
Lagenorhynchus
acutus

BA B. ceti Foster et al.
(2002)

(continued)
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Table 3 (continued)

Species scientific
name

Detection methods Brucella
species ReferencesAntibodiesa Agentb

Beluga
Delphinapterus
leucas

iELISA BA,
PCR

B. pinnipedialis Whatmore et al.
(2017), Ohishi
et al. (2018)

Fin whale
Balaenoptera
physalus

Anticomplement
ELISA, CFT, iELISA,
RBT, SAT,
SAT-EDTA

Tryland et al.
(1999)

Harbor porpoise
Phocoena
phocoena

cELISA, FPA, iELISA BA B. ceti Foster et al.
(2002),
Neimanis et al.
(2008)

Killer whale
Orcinus orca

PCR Brucella spp. Raverty et al.
(2002)

Long-finned pilot
whale
Globicephala
melas

BA B. ceti Foster et al.
(2015)

Minke whale
Balaenoptera
acutorostrata

Anticomplement
ELISA, CFT, iELISA,
RBT, SAT,
SAT-EDTA

BA Brucella spp. Tryland et al.
(1999)

Narwhale
Monodon
monoceros

cELISA Nielsen et al.
(2001)

Sowerby’s beaked
whale Mesoplodon
bidens

BA B. ceti Foster et al.
(2015)

Striped dolphins
Stenella
coeruleoalba

cELISA BA,
PCR

Brucella spp. Gonzalez et al.
(2002)

White-beaked
dolphin
Lagenorhynchus
albirostris

BA B. ceti Foster et al.
(2002)

European otter
Lutra lutra

BA Brucella spp. Foster et al.
(1996)

Asian sea otter
Enhydra lutris
lutris

PCR B. abortus,
B. melitensis,
B. pinnipedialis

Burgess et al.
(2017)

Polar bear Ursus
maritimus

iELISA, RBT, SAT,
SAT-EDTA

Tryland et al.
(2001)

aAbbreviations used: BMAT Brucella microagglutination test, cELISA competitive enzyme-linked
immunosorbent assay, CFT complement fixation test, FPA fluorescence polarization assay, iELISA
indirect enzyme-linked immunosorbent assay, RBT rose Bengal test, SAT standard agglutination
test, SAT-EDTAWright’s slow agglutination test with ethylenediaminetetraacetic acid disodium salt
dehydrate
bAbbreviations used: BA bacteriology isolation, PCR polymerase chain reaction
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from Brucella-infected seals, other sources, or harbor different Brucella species
(O’Hara et al. 2010).

3.2 Pathology of B. ceti and B. pinnipedialis

In many cases, Brucella spp. have been isolated from stranded marine mammals in
poor health or already dead (Davison et al. 2011). It is thus sometimes difficult to
determine what clinical signs and pathological lesions are primarily related to
Brucella infection (González-Barrientos et al. 2010). Although some findings may
be related to the primary disease, others may be due to underlying or secondary
factors, such as persistent organic pollutants or trauma associated with the stranding
(Davison et al. 2009, 2011; Oliveira et al. 2011). Often other bacteria, fungi, or
viruses are detected in the lesions in coinfection with Brucella, and detailed investi-
gation is required to understand primary and opportunistic roles (González-
Barrientos et al. 2010; Guzman-Verri et al. 2012; West et al. 2015).

The isolation of Brucella ceti from the central nervous system, associated with
neurological symptoms, is common, often found in stranded striped dolphins
(Stenella coeruleoalba). Pathological changes include spinal discospondylitis, men-
ingeal hyperemia, cerebral edema, meningoencephalitis, meningitis, choroiditis,
altered cerebrospinal fluid, and remodeling of the occipital condyles (Nymo et al.
2011; Guzman-Verri et al. 2012). Among the most common clinical signs observed
in relation to this pathology are opisthotonus, tremors, seizures, disorientation, and a
general inability to maintain buoyancy (Guzman-Verri et al. 2012). Neurological
pathology may increase the risk of stranding (Pintore et al. 2018) and thus possibly
be overrepresented in known brucellosis cases from marine mammals.
Neurobrucellosis is not a common feature in bovine, caprine, ovine, swine, or canine
hosts (Radostits et al. 2000; Wanke 2004), but it is more common in untreated
human brucellosis (Maji et al. 2020). Neurobrucellosis was also observed in the
three human cases from which the ST27 marine mammal brucellae was isolated and
raises the question whether these strains also have special tropisms to neurological
tissues (Sohn et al. 2003; McDonald et al. 2006). Osteolytic lesions were associated
with Brucella infection in a wild southern sea otter (Enhydra lutris nereis) (Miller
et al. 2017).

Brucella ceti has been isolated from aborted fetuses and reproductive organs in
bottlenose dolphins with placentitis (Miller et al. 1999). Isolation has also been
successful from the reproductive organs, milk, and fetus of stranded striped dolphins
(Hernandez-Mora et al. 2008), as well as from the uterus and a dead fetus of a
stranded striped dolphin with placentitis (González-Barrientos et al. 2010). In utero
transmission with associated pathology in mother and calf was reported in sperm
whale (Physeter macrocephalus) (West et al. 2015) and endangered Hector’s
dolphins (Cephalorhynchus hectori) (Buckle et al. 2017). Immunohistochemical
investigations revealed B. ceti in a genital ulcer, uterus, mammary gland, and milk
from a stranded harbor porpoise with endometritis and signs of recent pregnancy
(Jauniaux et al. 2010). Further, B. ceti was isolated in association with mastitis and
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endometritis in cetaceans (Foster et al. 2002), and from a testicular abscess (Dagleish
et al. 2008). Suppurative granulomatous lesions were found in both female and male
reproductive organs in seropositive baleen whales (Mysticeti) (Ohishi et al. 2003),
and B. ceti was isolated from a large abscess in a common minke whale (Davison
et al. 2017).

Brucella pinnipedialis has been isolated from a variety of organs in numerous
apparently healthy true seals (family Phocidae), and the infection does not seem to
cause pathology in these species (Nymo et al. 2011). In eared seals (family
Otariidae), however, signs of disease are reported. Inflammation and multifocal
acute necrosis in placentas of California sea lion were identified in two out of four
positive B. pinnipedialis cases (Sidor et al. 2008; Goldstein et al. 2009). Brucella
pinnipedialis was detected by PCR in six Northern fur seal (Callorhinus ursinus)
placentas, of which one had severe placentitis (Duncan et al. 2014). Although the
low number of isolates or PCR-positive cases obtained from eared seals limits our
knowledge on Brucella pathology in this group of hosts, it is worth noticing that the
few cases reported were often associated with pathological findings in the reproduc-
tive organs (Goldstein et al. 2009; Duncan et al. 2014).

3.3 Ecology and Transmission

In some cetaceans, there is considerable support for vertical transmission of Brucella
(Guzman-Verri et al. 2012). Transplacental transmission was demonstrated in
California sea lions when brucellae strains belonging to the zoonotic ST27 were
detected by PCR in three placentas and multiple fetal tissues in parallel (Sidor et al.
2008). Similarly, Brucella spp. was detected by PCR in lung samples from three
aborted and premature-born Steller sea lions (Esquible et al. 2019). Furthermore,
B. pinnipedialis was detected by PCR in Northern fur seal placentas, in some cases
associated with inflammation (Duncan et al. 2014). Therefore, it seems that vertical
transmission may be taking place in certain eared seal species. An extension of the
vertical transmission may be horizontal transmission through infected aborted
tissues (Ewalt et al. 1994), since several cetacean species are known to assist births
and be in close contact with the newborn calf and the placental tissues of other
individuals (Béland et al. 1990). Close contact between individuals may be another
possibility of Brucella transmission, for example, during mating or maternal feeding
(Jauniaux et al. 2010). Terrestrial brucellae of unknown origin have been detected by
PCR in blood and milk from two apparently healthy wild California sea lions, and
marine mammal brucellae were detected in blood and milk from one California sea
lion (Avalos-Tellez et al. 2014).

Reproductive pathology or vertical transmission of B. pinnipedialis has not yet
been described in true seals (Nymo et al. 2011). The limited number of serologically
and bacteriologically positive true seals, specifically at reproductive age (Lambourn
et al. 2013; Nymo et al. 2013b, 2018), further suggests that maternal transmission is
unlikely. The mean probability of being seropositive increased from pups to
juveniles, suggesting that exposure to B. pinnipedialis is primarily during the
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postweaning period and during the first few years of life, thus not being transmitted
in utero or to neonates. Furthermore, when females reach sexual maturity, they
are generally seronegative. Although the underlying reason for this pattern is
unknown, it might be related to changes in the diet. Stable isotopes and mercury
biomarkers have indicated that in general, adult harbor, ringed, ribbon, and spotted
seals feed at a higher trophic level than pups (Dehn et al. 2006; Bertolino et al. 2009).
Hence, there may be a general shift in diet composition toward higher trophic levels
with increasing age, which coincides with the age of seroconversion of juveniles
(Lambourn et al. 2013; Nymo et al. 2013b, 2018). This hypothesis implies that
possible reservoirs of B. pinnipedialismay be more represented in one or more lower
trophic level of their prey species.

Brucella ceti and B. pinnipedialis have also been isolated in nematode lungworms
(Pseudalius inflexus and Parafilaroides), from cetacean (Dawson et al. 2008) and
pinniped lungs (Rhyan et al. 2018) and in seal liver flukes (Pseudamphistomum
truncatum) (Hirvela-Koski et al. 2017). These findings suggest that parasites could
be an important host of B. pinnipedialis and that possible transmission pathways in
marine mammals may occur through parasitic cycles (Rhyan et al. 2018).

Experimental infections in Atlantic cod suggest that this species could act as
asymptomatic carriers of B. pinnipedialis (Nymo et al. 2016c; Larsen et al. 2018). In
other systems, naturally occurring Brucella spp. infections in wild fish were
reported. These include the isolation of B. melitensis biovar 3 from skin swabs of
the freshwater Nile catfish (Clarias gariepinus) (El-Tras et al. 2010), and a
novel Brucella sp. in a wild-caught saltwater bluespotted ribbontail ray (Eisenberg
et al. 2017). Brucellawas also retrieved from internal organs after a challenge of Nile
catfish with B. melitensis biovar 3 (Salem and Mohsen 1997). Despite these experi-
mental and field findings, the role of fish in the ecology of Brucella in aquatic
environments is still not clear.

3.4 Impact on Marine Mammal Populations

It is highly likely that B. ceti has some effect on cetacean populations as numerous
cases of reproductive pathology have been reported in association with infection,
including abortions (Guzman-Verri et al. 2012). The effects of reproductive losses
may be magnified in cetacean hosts that already have low reproductive rates;
however, the impact of Brucella on Arctic cetacean population dynamics is difficult
to assess, and it is currently unknown.

Considering the reports of B. pinnipedialis pathology in eared seals (Goldstein
et al. 2009; Duncan et al. 2014), morbidity and/or mortality in these species in the
Arctic due to infection is possible. Taking into account the lack of impact on harbor
seal populations (Nymo et al. 2018), the age-dependent serological patterns, the lack
of Brucella-associated pathology in true seals (Nymo et al. 2013b), and the lack of
multiplication in established in vitro (Larsen et al. 2013a, b, 2016) and in vivo
models (Nymo et al. 2014, 2016a), B. pinnipedialis may not be causing any signifi-
cant morbidity or mortality in true seals.
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4 Brucellosis in People

4.1 Importance and Burdens in the Arctic

Terrestrial and marine mammals have historically played, and continue to play, an
important role for Indigenous peoples around the Arctic with respect to food
security, income, and continuance of cultural traditions. Brucellosis is an important
zoonosis that both pose a real threat to peoples’ health as well as threatening peoples’
confidence in country foods. The main etiological agents for brucellosis in people
from the most northern regions are B. suis biovar 4, associated primarily with
caribou and reindeer and, to a lesser extent, B. abortus in bison in North America
and B. melitensis associated with livestock in Russian regions. However, people
from the Arctic and subarctic may also be exposed to brucellae through muskoxen,
moose, other spillover hosts or marine mammals (Tables 2 and 3) (Tessaro et al.
1990; Forbes 1991; Tomaselli et al. 2019).

Brucella suis biovar 4 has been identified in people of the Arctic since the 60s
(Pinigin 1959; Huntley et al. 1963); however, brucellosis was recognized decades
before. In Alaska, between 1939 and 1961, 53 cases of brucellosis in people were
reported (Huntley et al. 1963), with a subsequent average detection of 1 case every
2 years between 1958 and 2010 (State of Alaska Section of Epidemiology 2011). In
the 50s and 60s in the Central Arctic of Canada, antibodies against Brucella spp.
were detected in people (Greenberg et al. 1958; Corrigan et al. 1962; Davies and
Hanson 1965), and brucellosis was also diagnosed in seven Inuit people from 1953
to 1961 (Toshach 1963). An average of one case of B. suis biovar 4 per year was
reported between 1982 and 1990 in Canada. However, these numbers came from
sporadic sampling and are not necessarily representative of the disease incidence
(Forbes 1991). In Russia, human brucellosis is mainly associated with reindeer
herding in the Arctic and with livestock in the more southern regions. In the period
2009–2018, 3832 new cases of brucellosis were reported in people from the Russian
federation, with a decreasing trend during that period. The annual incidence per
100,000 inhabitants was 0.27, and among children under 17, it was 0.13.

All human brucellosis with a marine origin has been related so far to the ST27 and
the consumption or contact with raw fish and shellfish at temperate latitudes (Sohn
et al. 2003; McDonald et al. 2006). To date, no marine mammal-associated cases
have been reported in the Arctic peer-reviewed literature. Although ST27 has only
been isolated in southern distributions, its detection in Steller sea lions and minke
whales suggests that northern people can potentially be exposed to this zoonotic
genotype (Ohishi et al. 2004; Esquible et al. 2019).

4.2 Risks and Route of Transmission

Brucellosis in people is closely linked to contact with infected animals or their food
products; horizontal transmission between humans is rare (Meltzer et al. 2010).
People can get brucellosis by consuming unpasteurized dairy products, eating
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uncooked infected tissues, bone marrow or blood, by contacting with the organism
through their mucous membranes or skin abrasions (e.g., from an abscess or
amniotic fluids), or perhaps through aerosols from abortions or opened lesions. In
the Arctic, there is an increased risk of infection among Indigenous people that
harvest caribou, and among reindeer herders, veterinary specialists and food
processing workers. Exposure to infected reindeer and caribou is the most common
risk (Forbes 1991; State of Alaska Section of Epidemiology 2011). The consumption
of raw bone marrow or other raw and dry tissues from harvested animals is a
common practice amongst Indigenous people and has directly been associated
with brucellosis (Chan et al. 1989; Kanji and Saxinger 2018). Studies from the
1960s in Alaska showed a higher exposure to Brucella spp. in communities from the
North Slope where barren-ground caribou was an important component of the local
diet, with a detection of antibodies in approximately 5–20%, and as high as 30%, of
the people (Huntley et al. 1963; Brody et al. 1966). Historical surveys from Russia
also reported that about 23% of people from areas where reindeer are abundant had
antibodies against Brucella. However, the source and route of transmission of
brucellosis in Russia in general remain mostly unrecognized (65% of the cases),
with 25% of the cases associated with contacts with infected animals, 7% associated
with the consumption of Brucella-contaminated products, and 3% with a mixed
route of transmission. While dogs may become infected with brucellae if they are fed
with contaminated meat or carcass remains (Neiland 1970, 1975), there is no
evidence of dog-to-human transmission in Arctic regions.

4.3 Signs, Diagnosis, and Treatment

In people, the clinical signs of infection depend on the stage of the disease, the
organs involved, and the species of Brucella (Franco et al. 2007). The disease is
often systemic with a tendency to become a chronic granulomatous disease that can
affect almost any organ system (Matas and Corrigan 1953; Huntley et al. 1963). For
Brucella species in general, the onset of the disease can be sudden or more insidious,
with an incubation period that is typically about 2–4 weeks but that can range from
5 days to several months. Intermittent fever is the most common feature of brucello-
sis, followed by chills, sweats, lack of energy, joint and back pain, headache, loss of
appetite, and epididymo-orchitis (Corbel et al. 2006). The disease can progress to
severe complications, such as endocarditis or neurological brucellosis (Dean et al.
2012a). On physical examination, the most common findings are hepatomegaly and
splenomegaly. Signs reported in people infected with Brucella can include fevers
and chills, anorexia, malaise, abdominal pain, back pain, splenomegaly, hepatomeg-
aly, arthralgia, myalgia, endocarditis, orchitis, and skin rashes, among others (Dean
et al. 2012a; Kanji and Saxinger 2018). Brucellae can be isolated from the blood,
bone marrow, or affected tissues (Franco et al. 2007); however, culture sensitivity
from the blood may particularly be low in chronic cases (Franco et al. 2007; Kanji
and Saxinger 2018). Diagnosis of brucellosis is informed by clinical signs and
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history (such as exposure to infected wildlife) as well as by serology and Brucella
detection or isolation (Kanji and Saxinger 2018).

Treatment requires long-term antibiotic therapy including doxycycline and
aminoglycosides. It can be costly, and initial treatment failure and relapse may
occur, although complete resolution of infection is possible (Pappas et al. 2005;
Kanji and Saxinger 2018). There is no licensed vaccine for humans (Lalsiamthara
and Lee 2017).

4.4 Prevention

Guidelines to harvesters to prevent infection include discarding diseased parts of the
animal without contaminating the meat, and thoroughly cooking any suspect meat as
Brucella can survive freezing, smoking, or drying (Corbel et al. 2006). Extreme care
is needed when handling any suspected brucellosis case (including fetal membranes
and abortions) by thoroughly washing hands, knives, or any other tool after butch-
ering. Through traditional knowledge passed down over generations, Indigenous
peoples have learned a variety of practices that optimize food safety. This starts with
identification of “healthy” animals to harvest and includes external and internal
examinations of the harvested animal to determine condition and presence of
abnormalities, and then specific butchering, meat preparation, and storage practices
to ensure food safety. In regions where there is a long history of brucellosis in
wildlife, this knowledge and practices, supplemented by public health messaging,
include how to recognize animals with Brucella and precautions necessary in
butchering and preparation of meat and cleaning of tools and selves to prevent
infection. However, brucellosis is not present uniformly across species or geographic
regions of the Arctic, where it can emerge or reemerge (Tomaselli et al. 2019).
Therefore, knowledge of how the disease may present in wildlife, and knowledge of
how to prevent zoonotic transmission, may be lacking, and human health may be
more at risk.
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Anthrax in the North

Karsten Hueffer, Svetlana Dresvyanikova, and Irina Egorova

1 Introduction

Anthrax is caused by the Gram-positive aerobic bacterial pathogen Bacillus
anthracis, which causes a systemic infection in animals, including people. It is one
of the oldest diseases of livestock that poses a significant threat to people. The two
fathers of modern microbiology, Louis Pasteur (Pasteur 1881) and Robert Koch
(Koch 1876), focused much of their work on this organism. Ruminants such as
reindeer and cattle are extremely susceptible, while horses, pigs, and humans are
moderately susceptible to the bacterium. Carnivores are relatively resistant (Quinn
et al. 2011). It has been one of the pathogens of interest for bioweapon development
in the twentieth century and in 2001 gained infamy through the anthrax-laced letters
that were sent to politicians and media outlets in the USA after the terror attacks of
9/11. This act of bioterrorism caused a renewed interest in both the scientific
community and public health and biodefense agencies in anthrax research, preven-
tion, and the distribution of the bacterium in the environment.

Like other members of the genus Bacillus, the causative agent of anthrax is an
aerobic bacterium that requires oxygen in its environment to thrive and divide
(Quinn et al. 2011; WHO 2008). Such an oxygen-rich, or aerobic, environment is
provided by an infected host through breathing and oxygen transport via blood
vessels throughout the body. After an animal is infected, the bacterium spreads
through the body and produces several toxins. These toxins lead to the disruption of
endothelial cells in the blood vessels’ linings and result in leakage of fluid, including
blood from small vessels. The toxins that cause the major clinical signs are also the
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target of effective vaccines that have been used successfully to protect animals at
risk. The toxin-induced fluid loss throughout the body ultimately leads to
hemorrhaging, shock, and ultimately death of infected animal in many cases
(Quinn et al. 2011; WHO 2008).

The widespread leakage of fluid, including blood, leads to widespread bleeding
and frothing from body openings. This bleeding immediately prior to death can lead
to the spread of the bacterium in the environment around a sick, dying, or dead
animal infected with anthrax.

When an animal dies and oxygen concentrations in the body drop, many
biological processes at the cell level continue after death and utilize the remaining
oxygen in the carcass. Bacillus anthracis does not thrive in this oxygen-deprived, or
anaerobic, environment. In order to survive, it forms endospores that are metaboli-
cally inactive, and therefore, they do not need oxygen to survive. These spores can
survive in the soil for decades or longer, depending on the conditions. Especially
permafrost has been suggested as a potential substrate for long-term survival of
spores. In addition, these spores are generally not susceptible to antibiotics and are
hard to kill using many common disinfectants. When these spores are ingested,
inhaled, or otherwise introduced into a new host animal, they germinate and start
dividing to start a new infection cycle in the newly infected animal. In this infection
and transmission cycle, the spore phase is crucial in the long-term survival of the
bacterium in a local associated with anthrax (Quinn et al. 2011; WHO 2008).
However, insect transmission has also been described both experimentally and
through epidemiological investigations (WHO 2008).

Disposal methods of carcasses are important in the long-term maintenance of the
infectious agent and therefore are key in the control of anthrax in livestock. Burials
of carcasses prevent immediate infection of new hosts, but especially shallow burial
leads to long-term contamination of the ground and can serve as a focal point for new
infections decades after the carcass was buried. Current standards of carcass disposal
include burning of unopened carcasses to destroy spores and prevent the spread of
the infectious agent. Other prophylactic measures include vaccination of animals
with purified parts of the anthrax toxin or killed bacteria and avoidance of possibly
contaminated areas (Quinn et al. 2011).

2 History of Anthrax in the North

Anthrax has been described in the Yamal regions since at least the nineteenth century
(Nansen 2011). It has been widely described throughout Siberia since the 1920s and
was likely present for long times before that time but was not described in the
western scientific literature. In North America, it has had a more limited distribution,
especially in the North. Reports of anthrax in Northern Canada (latitude >60�N)
focus on wood bison. A search in the infectious disease reporting service Promed
(http://www.promedmail.org) using “anthrax” and “Canada” as keywords results in
125 hits, the majority focusing on Northwest Territories wood bison outbreaks with
some cases in Western provinces of Alberta, Saskatchewan, Manitoba and British
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Columbia. The cases in the Northwest Territory occurred at its Southern border.
Prior to 1960, however, the majority of cases in Canada occurred in Eastern Canada
(Ontario and Quebec) where cases used to be associated with tanneries before public
health measures stopped the spread through infected hides (Moynihan 1963).

Anthrax has not been reported in Alaska. Searches on Pubmed and Promed with
the search terms “anthrax” and “Alaska” result in zero relevant hits. No records exist
in the Office of the State Veterinarian on anthrax in Alaska (R. Gerlach, personal
communication).

Anthrax activity in Scandinavia is also low with only one case reported in
Norway in Promed, which was a human case associated with intravenous drug
use. A search in Pubmed using “anthrax” and “Norway” or “Finland” as search
terms does not result in any relevant articles describing anthrax outbreaks in Norway
or Finland. Two small outbreaks on the same farm are reported in Promed from
Finland. In Sweden, 13 Promed reports discussing 4 small outbreaks are listed.
Sweden’s National Veterinary Institute reported 15 animal deaths due to anthrax
(3 moose, 9 cows, sheep, horse) in 2016 in Omberg, a region with a history of animal
anthrax outbreaks (Bröjer et al. 2016). Historically anthrax was widespread in
Sweden but after 1957 has been rare (Elvander et al. 2017; Lewerin et al. 2010).
This recent event in Omberg demonstrates the capacity for anthrax spores to persist
in the environment for years and to cause outbreaks widely spaced in time. A recent
modeling study also identified anthrax cases as reported to the World Organization
for Animal Health (OIE) and Promed mainly in southern areas of the circumpolar
North with the exception of the outbreak on the Yamal Peninsula discussed in detail
below (Walsh et al. 2018).

The first mention of anthrax in Russia in the literature dates back to the eighteenth
century, and the disease was described in detail in Western Siberia. Since 1760 there
is information about large anthrax outbreaks in tundra regions of the current
Yamalsky district of the Yamalo-Nenets Autonomous District (Popova and
Kulichenko 2017). The ecology and epidemiological situation of anthrax in the
Russian Federation is characterized by sporadic cases among animals and people,
and the Arctic region is one of the regions with sporadic outbreaks. A literal
translation of the Russian name of the disease as “Siberian ulcer” indicates the
historical territorial connection between the disease and Siberia. Not only in Siberia
but also in the subarctic and arctic regions of Russia in general, anthrax is considered
endemic.

This endemic status of anthrax in the Russian Arctic depends on the large number
of soil foci (livestock burials, biothermal pits (beccari pits), and other burial sites for
animals that previously died of anthrax) and “dead fields” that do not have clear focal
boundaries of burial sites or places where the disease was previously reported. They
occurred during outbreaks when reindeer herders, with a lack of means and methods
to control it, left the dead and infected animals and when the remaining reindeer
migrated away until the outbreak stopped. Therefore, a large number of dead
unburied animals remained along the way of reindeer herders’ migration paths,
forming these so-called “dead fields.” These regional areas present a high risk of
infecting animals and humans to this day. In the territory of the Arkhangelsk region
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and the Komi Republic in Northwestern Russia, more than 100 of these dead fields
have been described, more than 60 dead fields are known in Yamal, about 4 in
Taymyr, and more than 200 in Yakutia.

During the late nineteenth to early twentieth centuries, mass anthrax outbreaks
occurred in most northern areas of the Russian European North and Siberia. During
the period from 1896 to 1917 in the Bolshozemelskaya and Malozemelskaya tundra,
more than one million reindeer died during the anthrax outbreaks. Sometimes,
reindeer herders and their families got infected and died at the same time as the
reindeer (Popova and Kulichenko 2017; Egorov et al. 2002; Layshev and Zelensky
2003; Cherkasskiy 2002; Cherkasskiy 2003). The last major outbreak of the twenti-
eth century was reported in 1941, involving 6700 reindeer in Antipoyutinskaya
tundra and on the Tazovsky Peninsula of Maly (Cherkasskiy 2003).

As a result of vaccination in the twentieth century, the epizootic situation in this
region has significantly improved. In 2016, according to the data of the Regional
Veterinary Service in the Yamalo-Nenets Autonomous District, 39 affected foci
(“dead fields”) were registered on an area of over 2 million hectares (Ministry of
Agriculture 1976; Department of Natural Resource Regulation 2015).

The last cases of anthrax in the Republic of Sakha (Yakutia) in livestock and
wildlife were reported from 1986 to 1993. Horses, pigs, moose, reindeer, and bears
were involved in the epizootic process. The most massive outbreak was observed in
1986, when 432 animals died of anthrax.

New outbreaks of anthrax after several decades of few infections are due to
discontinued vaccination of reindeer herds. For example, in 2016, in the Yamalo-
Nenets Autonomous District, after being free from anthrax for 75 years, an anthrax
outbreak involving 2349 reindeer was reported (see also discussion below).

On the territory of the Taymyr Peninsula, the first outbreak of anthrax was
officially reported in 1899, and the last case of anthrax in Taymyr occurred in
1977 at the Pelyatkinskoye field. The outbreak (86 animals died) occurred among
domesticated reindeer that had not been vaccinated against anthrax. The route of
summer grazing areas was through pastures, where the remains of reindeer carcasses
that died of anthrax in 1931 were partially preserved. At present, according to official
data, there are 39 registered places with anthrax outbreaks in the Taymyr Autono-
mous District. Active work on natural gas production and associated soil
disturbances on the Taymyr Peninsula increases the risks of anthrax infection in
both people and animals (Layshev and Zabrodin 2012). The largest population of
wild reindeer in Eurasia in Taymyr, reaching 10,000 animals, is in a risk zone of
anthrax. This population migrates northward in the spring and southward over
1500 km in autumn posing a significant threat of dispersal of the pathogen.

A common feature of anthrax outbreaks in livestock and wildlife in 1986 in the
Republic of Sakha (Yakutia), on the population of reindeer in 1977 on the Taymyr
Peninsula, and in 2016 in the Yamalo-Nenets Autonomous District was abnormally
high summer temperatures, which caused the thawing of perennial cryolitozone to a
depth of more than 40 cm and the involvement of dogs in the epizootic process that
was confirmed by the isolation of Bacillus anthracis. Likely dogs got infected while
eating meat from infected animals.
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In the Kamchatka region and the Komi Republic, anthrax was reported once in
1974 and 1993, respectively (Dugarzhapova et al. 2017). On the territory of Khanty-
Mansi Autonomous Okrug, the infection was detected twice—in 1925 and 1944. In
the territory of the Arkhangelsk region, anthrax was reported before the Second
World War and also in 1981 and 1984.

Over the past 20 years, the epidemiological situation for anthrax in the Russian
Federation has been characterized as concerning; however, the morbidity rate
decreased in recent years. In 2001–2010, 326 cases of animal anthrax and
104 human cases were reported. Compared to the previous decade, the morbidity
rate of animals decreased by more than threefold (Federal Service 2008).

Between 2009 and 2018, anthrax infection of people was reported in six federal
districts. Twenty-three human anthrax outbreaks were detected, resulting in
90 human cases, three of which were lethal. During an outbreak of anthrax in the
Yamalo-Nenets Autonomous District in the year 2016, contact with infected and
dead animals resulted in 36 human infections with one lethal case (Popova and
Kulichenko 2017). Compared to the previous 10-year period (1999–2008), the
number of cases decreased by 1.6-fold. Since the 2016 anthrax outbreak on the
Yamal Peninsula, this disease has not been reported in the arctic regions, but the risk
remains high (Figs. 1 and 2).

In summary, it is clear that distribution of anthrax in the North is largely limited to
the Eurasian continent, and the association with northern permafrost-rich regions
seems to be limited largely to Russia where anthrax is widespread, both historically
and in contemporary times. In Fenno-Scandinavia and North America, anthrax has

Fig. 1 Reindeer that died during anthrax outbreak on the Yamal Peninsula. The bleeding of
moribund animals contaminates the soil around carcasses that can initiate outbreaks many years
later. Photo Yuri Selyaninov
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been described in more southern regions that are not associated with permafrost.
This lack of reports of anthrax in many areas in the far north outside of Russia could
be due to either lack of occurrence or lack of detection and description in the
scientific literature. The generally acidic soil overlaying permafrost could limit the
survival of spores (WHO 2008; Quinn et al. 2011; Walker et al. 2009). In many
northern regions, systematic surveillance for the disease, including anthrax, is still
limited due to high cost and logistical constrains such as low population density and
a harsh environment (Hueffer et al. 2013).

3 Explaining the 2016 Yamal Outbreak

The anthrax outbreak on the Yamal Peninsula in 2016 after decades without reported
anthrax cases in this northern region created significant interest in the scientific
community and public media. In the popular press, the theory of anthrax released
from thawing permafrost and infecting animals and people was most often discussed
as a reason for the reemergence of this zoonotic disease. The climate change related
to thawing permafrost releasing old and dangerous pathogens aligns well with a
storyline that creates readership and fits with the concerns of climate change–

Fig. 2 A group of reindeer and a herding dog that died of anthrax during the 2016 outbreak on the
Yamal Peninsula. These images show some of the scale of an anthrax outbreak in herding
communities. Photo Yuri Selyaninov
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induced negative changes; however, alternative explanations have been put forward
as well (Hueffer et al. 2020).

Permafrost is ground with a temperature below 0�C for at least 2 consecutive
years (French 2013b). Above the permanently frozen permafrost, an active layer
freezes and thaws annually. The upper layer of the permafrost is sometimes referred
to as the transient layer, which thaws and freezes on a decadal or century timescale,
while the “true” permafrost is frozen for millennia or even hundreds of thousands of
years. Seasonal warming can reach to different depths, depending on local
conditions, but most often occurs in the top 20 m of the soil. Regular freezing and
thawing generally occurs only in the upper 1–2 m (French 2013b). Temperatures
must be very high and heat conductivity must also be high in the ground for a single
warm year to affect the true permafrost below the transient layer. The seasonal heat
generally does not reach significantly below the normal level of the active layer.
Even projected long-term changes in temperature regime are not predicted to alter
the characterization of the soil underlaying the Yamal Peninsula as continuous
permafrost until about 2100 (French 2013a).

In addition, anthrax should be a relatively new phenomenon if it was solely the
result of thawing permafrost as a result of anthropogenic climate change because
anthropogenic climate change is a relatively new environmental change that is largely
confined to the second half of the twentieth century and beyond. However,
descriptions regarding an anthrax-like disease exist from the nineteenth century and
possibly even earlier. One example of such early mention of anthrax in the Yamal
region comes from Nansen’s report on his first voyage on the Fram. Nansen writes
about a disease that was known to the indigenous reindeer herders to affect reindeer
that travel in an area previously affected by an outbreak such as dead fields discussed
above. Nansen suggests this disease to likely be anthrax (Nansen 2011). Anthrax is
also called Yamal disease (Gainer 2016) or Siberian plague or ulcer (Arkhangelskaya
2016) in Russia, suggesting a long-standing connection between anthrax and Siberia
and the Yamal region in particular that predates recent anthropogenic climate change.

As mentioned above, discontinuation of vaccination has been put forth as an
alternative explanation (Arkhangelskaya 2016) together with an increasing number
of reindeer (Bogdanov and Golovatin 2017). In 2007 routine vaccination of reindeer
was discontinued on the Yamal Peninsula, which was considered free of anthrax at
that time. This discontinuation of vaccination created a naïve population through
natural population turnover and can aid the spread of an infectious agent.

Large increases in reindeer numbers on the Yamal Peninsula have been proposed
as another alternative explanation for the Yamal outbreak. In many diseases, certain
density of host animals is necessary to sustain long-term maintenance of an infec-
tious agent over time to ensure sufficient numbers of susceptible animals are
available as potential hosts (Anderson and May 1978). In addition to the density-
dependent disease spread, overpopulation could contribute to increased disease
through stress, resulting in increased susceptibility to infection (Gainer 2016). On
the Yamal Peninsula, the number of reindeer has increased from about 75,000 in
1950 to over 250,000 in 2010 (Bogdanov and Golovatin 2017). High population
densities of reindeer can also exacerbate outbreaks through increased grazing that
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causes soil disruption and reduces the thermal protection of permafrost and increases
erosion, which in turn can lead to the release of spores from the soil (Bogdanov and
Golovatin 2017).

4 Summary

The ecology of anthrax in the circumpolar North is complex, differs by specific
region, and likely is not primarily driven by the presence of anthrax spores in
permafrost but is limited to processes above the true permafrost layers. A recent
study predicted an increase in anthrax suitability of Northern regions based on a
warming climate (Walsh et al. 2018); however, for anthrax as well as for many
infectious diseases, the consequences of a warming climate are complex and not well
understood (Hueffer et al. 2011). Predictions of future dynamics of specific diseases
in the far North in the face of a warming planet should be treated with caution, given
the lack of data and solid understanding of disease dynamics in this rapidly changing
environment. While extended periods of thawing in the active layer are more likely
to make contaminated soil and carcasses available for longer and different times of
the year, the role of true permafrost in lower layers is less clear. These changes in the
active layer, together with increased reindeer numbers and discontinued vaccination,
more likely contributed to the 2016 outbreak on the Yamal and the potential for other
resurgence of this important zoonotic disease (Hueffer et al. 2020). Taken together
the information presented in this chapter suggests that anthrax is of concern mainly
in the Eurasian and southern part of the circumpolar North with the North American
High North generally not affected by this disease. However, information might be
limited based on sparse population and limited livestock industry outside of tradi-
tional reindeer herding areas in Fenno-Scandinavia and Northern Russia.
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Cystic and Alveolar Echinococcosis Caused
by Echinococcus canadensis
and E. multilocularis in the Arctic

Temitope U. Kolapo, Antti Oksanen, Rebecca Davidson,
and Emily J. Jenkins

1 Introduction

Echinococcus is the genus name given to a group of cestode parasites belonging to
the Taeniidae family. Before the nineteenth century, over 85 Latin names had been
published for this genus based on the host origin and morphological appearance of
its larval stage, or metacestode (Abuladze 1964). The name Echinococcus was
eventually established in 1801 by Karl Asmund Rudolphi (1771–1832). Important
species which are generally well recognised include E. multilocularis, E. granulosus
species complex (which includes E. granulosus sensu stricto, E. equinus, E. ortleppi
and E. canadensis), E. oligarthra, E. vogeli and E. shiquicus, which is a newly
described species from China (Boufana et al. 2013).

In this chapter, the Arctic includes arctic regions of Alaska in the United States,
Canada, the Kingdom of Denmark (Greenland and the Faroe Islands), Finland,
Iceland, Norway (including the Svalbard archipelago), Russia and Sweden (Arctic
Council 2021). In the Arctic, E. multilocularis and cervid genotypes of the E.
granulosus complex (now known as E. canadensis) have established sylvatic cycles
in wildlife, leading to public and animal health consequences as well as economic
implications. Globally, these two species of the parasite were ranked the second and
third most important food-borne parasites according to FAO/WHO (FAO/WHO
2014). Considerations for this ranking included public health importance, global
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distribution, potential for increases in disease rates, trade impacts and socioeconomic
effects of infection.

Definitive hosts of E. multilocularis are wild and domestic canids which harbour
the adult worms in their intestines and are almost invariably asymptomatic. These
adult worms shed eggs along with feces. These eggs are environmentally resistant
and immediately infective for intermediate hosts, who inadvertently consume eggs
when grazing or drinking. In these intermediate hosts, the larval stage, called
metacestode, of E. multilocularis initially establishes in the liver and is referred to
as an alveolar hydatid cyst, or alveolar echinococcosis (AE). AE is often debilitating
in its intermediate hosts and case lethality can reach up to 100% when left untreated
(Ammann and Eckert 1996; Eckert 1998). The natural intermediate hosts are
rodents, while accidental intermediate hosts like humans, non-human primates,
pigs and dogs have been recorded (Deplazes and Eckert 2001). Affected humans
and dogs often require radical surgical resection and drug treatment which might
even be lifelong for a good prognosis. This often leads to a financial burden and
reduced quality of life (Torgerson et al. 2010; Torgerson and MacPherson 2011).

Echinococcus canadensis is the primary member of the E. granulosus complex
established in the Arctic (Rausch 2003). While E. granulosus sensu stricto may have
been present in sheep in some regions of the Palearctic, it has subsequently been
eradicated, for example, in Iceland. Historically a reindeer/dog cycle of what would
now be called E. canadensis was found across the Nordkalotten region (Cap of the
North) encompassing Nordland and Troms and Finnmark counties (Norway),
Norrbotten (Sweden), Lappi (Finland) and Murmansk Oblast (Russia). Wild and
domestic canids serve as definitive hosts for E. canadensis, for which they are almost
invariably subclinically affected while contaminating the environment with eggs
immediately infective to the intermediate hosts. The larval stage, or metacestode, of
the parasite is referred to as cystic hydatid, or cystic echinococcosis (CE), and affects
a wide range of intermediate hosts, primarily cervids for E. canadensis. In the Arctic,
caribou/reindeer (Rangifer tarandus) and elk/moose (Alces alces) are the major
intermediate hosts (Rausch 2003). Humans can also serve as accidental or aberrant
intermediate hosts, as is the case with AE. Infected intermediate hosts develop fluid-
filled, discrete cysts primarily in the lungs, as well as in the liver and other organs.
These space-occupying lesions can affect the health of the animal and economic
value in terms of carcass rejection; however, more commonly, only the affected
organs (lungs, liver) are discarded, which if consumed by domestic dogs or wild
canids may perpetuate the life cycle. Humans with CE caused by E. canadensis often
remain asymptomatic unless complications such as cystic rupture occur (Ammann
and Eckert 1996), making it a milder infection compared to CE caused by
E. granulosus sensu stricto and AE caused by E. multilocularis.

In the Arctic, prevalence of Echinococcus infection remains high in wildlife,
while prevalence of AE and CE in humans may be trending downward, at least in
some regions (Jenkins et al. 2013). Despite opportunities from improved diagnosis
through modern medical imaging, emerging and re-emerging human cases of AE
and CE may be missed in arctic regions due to the lack of access to medical imaging,
the subclinical nature of the disease (CE), prolonged latency and the lack of index of
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suspicion in health care personnel trained in developed countries. In some regions,
introduction of strains of E. multilocularis with more zoonotic potential may be
driving emergence of human AE (Houston et al. 2021). While dogs are no longer a
primary means of transportation in the North American Arctic, dogs remain very
popular companion animals, are often free-roaming and fed harvested wildlife. They
are subclinically affected as definitive hosts, and there is limited veterinary infra-
structure in many rural and remote communities to detect and prophylactically treat
intestinal worm infections in them (Hotez 2010). The implication of this is that dogs
may continue to serve as a source of human exposure to CE and AE in the Arctic. As
well, as is increasingly recognised, dogs also serve as aberrant intermediate hosts for
AE, especially for European-type strains in North America (Deplazes et al. 2017).
As these parasites are well established in wildlife reservoirs, the interface between
people and wildlife continues to shift as wildlife venture into human living areas and
humans encroach into the wild for various activities such as deforestation and the
Arctic continues to warm at an unprecedented rate. Management of Echinococcus
spp. requires a One Health approach to minimise the impact on public and animal
health in the Arctic.

1.1 Biology and Basic Life Cycle of Echinococcus spp.

These endoparasitic flatworms belong to the class Cestoda. They are considered true
tapeworms of unusually small size, with the entire adult cestode only 2–10 mm long
and composed of five or less segments (proglottids) (Thompson 2017). Like other
tapeworms, they are dorsoventrally flattened, with adults having a characteristic
elongated body known as strobila, demarcated by externally visible segmentation
into proglottids, which are in various stages of development from immature to
mature to gravid as one moves from anterior to posterior. They have a specialised
anterior organ of attachment referred to as the scolex. Like most taenids, the scolex
has four muscular suckers and a rostellum armed with hooks. A narrow ‘neck’
separates the scolex from the strobila. The sexually mature adult is a hermaphrodite
and the larval metacestode stages proliferate asexually. This asexual reproduction in
the intermediate host results in numerous protoscoleces within a cyst, and each
protoscolex has the potential of becoming an adult cestode (Thompson 2017). The
cycle becomes complete when intermediate hosts are preyed upon by definitive hosts
or have access to infected organs of the definitive host, thus ingesting the cyst
containing the protoscoleces which evert, attach to the intestinal epithelium and
begin to bud off proglottids. The pre-patent period (time between ingestion of
metacestodes and shedding of eggs in feces) is thought to be approximately
4 weeks for E. multilocularis and 6 weeks for E. canadensis (Thompson and Eckert
1983; Thompson 2017).

In CE, thousands of protoscoleces (each an immature, inverted scolex) bud off the
germinal membrane and float freely (sometimes clumping together to form hydatid
sand) in a fluid-filled, discrete, thick-walled cyst which may grow to over 10 cm in
diameter. In AE, the germinal membrane forms multi-chambered cysts (hence

Cystic and Alveolar Echinococcosis Caused by Echinococcus. . . 281



multilocular) which resemble a cluster of grapes, containing thousands of
protoscoleces floating freely in fluid. In aberrant (dead-end) intermediate hosts, the
germinal membrane may proliferate, without forming discrete cysts or
protoscoleces.

2 Life Cycle and Hosts in the Arctic

In the Arctic, Echinococcus spp. circulate between carnivore definitive hosts (usu-
ally canids, potentially felids for E. multilocularis) which harbour the adult
tapeworms in the small intestine and the intermediate hosts, usually cervids (for
E. canadensis) or rodents (for E. multilocularis) who serve as prey of the definitive
hosts, with the asexually reproducing metacestode stage in their viscera (Eckert and
Deplazes 2004). Humans are dead-end intermediate hosts who do not play a role in
the life cycle propagation but can be significantly clinically affected by the zoonotic
disease (CE and AE). Furthermore, in recent times, dogs, which are usually defini-
tive hosts, have been diagnosed with the metacestode stage of the parasite, serving as
intermediate hosts—sometimes with what appears to be viable protoscoleces (Frey
et al. 2017; Skelding et al. 2014; Jenkins et al. 2012).

2.1 Echinococcus multilocularis

In North America, the northern tundra zone (NTZ) of Alaska and Canada and the
north central region (NCR), including four Canadian provinces and 13 US states
(Massolo et al. 2014; Deplazes et al. 2017), arctic and red foxes (Vulpes lagopus and
Vulpes vulpes), coyotes (Canis latrans) and wolves (C. lupus) are primary definitive
hosts of E. multilocularis in the sylvatic cycle (Liccioli et al. 2014; Schurer et al.
2014) (Fig. 1). In northern Europe, arctic and red fox are the primary hosts, with
wolves and raccoon dogs (Nyctereutes procyonoides) serving as secondary defini-
tive hosts in regions where fox serve as primary definitive hosts (EFSA and
Zancanaro 2021). Domestic dogs also serve as definitive hosts, and historically,
sled dogs served as bridging hosts between sylvatic cycles and people; prevalence
was 5–13% in sled dogs in a hyperendemic region on St. Lawrence Island, Alaska
(reviewed in Jenkins et al. 2013). Although prevalence is generally thought to be
much lower in pet dogs in contemporary times in North America, studies using
highly sensitive molecular methods are now able to detect DNA of E. multilocularis
in dogs, even in urban regions of North America. The increasing proximity of
wildlife to urban settlements might be a factor in the transmission to domestic
dogs (Massolo et al. 2014). Domestic and wild felids (such as Canadian lynx,
Lynx canadensis) are potential definitive hosts, but the adult cestodes may not
fully develop or reproduce to their maximum potential as compared to canids.

Major intermediate hosts in arctic regions of North America are northern
red-backed vole (Myodes, previously Clethrionomys, rutilus), tundra vole (Microtus
oeconomus) and, to a lesser degree, brown lemming (Lemmus trimucronatus)
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(Jenkins et al. 2013), whereas in central North America, the primary intermediate
hosts are meadow vole (Microtus pennsylvanicus), southern red-backed vole
(Myodes gapperi) and deer mouse (Peromyscus maniculatus). Multiple species of
shrews, ground squirrels and muskrat (Ondatra zibethicus) are also reported as
occasional intermediate hosts in North America. Prevailing intermediate host and
transmission potential depends on the overall prey–predator association within the
community and ecology of the habitat (Liccioli et al. 2014).

In Russia, red fox and wolves are the definitive hosts and various species of
arvicoline rodents (Microtus gregalis,M. oeconomus andMyodes rufocanus) are the
major intermediate hosts (Konyaev et al. 2013). In Sweden and the Norwegian
archipelago of Svalbard, red and arctic foxes are considered definitive hosts, while
rodents such as voles (European water vole Arvicola amphibius, field vole Microtus
agrestis and sibling voleMicrotus levis) are the intermediate hosts (Wahlström et al.
2015; Knapp et al. 2012; Stien et al. 2010). In Sweden, a national screening in
2012–2014 found 3 positive foxes out of 2779, as well as the detection of the
metacestode in intermediate hosts, field and water voles (Axén et al. 2019). Intro-
duction of sibling vole (Microtus epiroticus and M. levis) into the archipelago of
Svalbard appears to have recently enabled the life cycle in this region (Henttonen
et al. 2001). Finland and mainland Norway are considered free of Echinococcus
multilocularis infection; in Norway to date, over 6500 red foxes and 18 wolves
tested since 2020 have all been negative for E. multilocularis (Wahlström et al. 2015;

Fig. 1 Life cycle of Echinococcus multilocularis. Canid definitive hosts include foxes (Vulpes
vulpes or Vulpes lagopus), coyotes (Canis latrans), wolves (Canis lupus) and dogs (Canis
lupus familiaris), while rodent intermediate hosts include voles, lemmings, shrews and muskrats.
AE, alveolar echinococcosis, or alveolar hydatid. Photo Credit (for infective egg): Brent Wagner
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Hamnes et al. 2020; EFSA and Zancanaro 2021). Aberrant intermediate hosts
include dogs, pigs, horses, non-human primates and people.

2.2 Echinococcus canadensis

In North America, wolves, coyotes and domestic dogs are considered the major
definitive hosts for E. canadensis, although there are occasional reports of similar
findings in arctic and red foxes (Vulpes lagopus and Vulpes vulpes) (Fig. 2). Elk
(wapiti, Cervus canadensis), moose, caribou and deer (Odocoileus spp.) are the
known intermediate hosts (Rausch 2003); however, the parasite has also been
reported in muskoxen (Ovibos moschatus) (Schurer et al. 2013). In Russia, wolves
are the major definitive hosts, while moose and reindeer have been identified as
sylvatic intermediate hosts; reports in sheep likely reflect E. granulosus sensu stricto
(G1–3) since E. canadensis does not establish well in domestic livestock (Sweatman
and Williams 1963; Konyaev et al. 2013). In Fennoscandia countries, wolves were
considered the only definitive hosts until recently when DNA of E. granulosus sensu
lato was detected in feces of domestic dogs (Hämäläinen et al. 2015); moose and
reindeer are known intermediate hosts (Lavikainen et al. 2006). Echinococcus
canadensis was last detected in moose and reindeer in northern Sweden in the late
1990s and in reindeer in Norway in 1990 and 2003 and is present at a low prevalence

Fig. 2 Life cycle of Echinococcus canadensis (cervid genotypes G8 and G10 of E. granulosus
species complex). Canid definitive hosts include wolves (Canis lupus), coyotes (Canis latrans) and
dogs, while cervid intermediate hosts include moose (Alces alces), caribou/reindeer (Rangifer
tarandus) and elk (wapiti, Cervus canadensis). CE, cystic echinococcosis, or cystic hydatid.
Photo Credit (for infective egg): Brent Wagner
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in wildlife (wolves, moose and reindeer) in Finland (Jørgensen et al. 2016; Axén
et al. 2019). Iceland and Greenland are considered free of the infection.

2.3 Genetic Diversity Within Echinococcus spp.

This genus has several species, naming of which remains controversial and is based
on morphological differences of the adult worms, geographical distribution, host
preferences and, increasingly, molecular differences (Romig et al. 2015). Four
undisputed species were recognised by the beginning of 1980—E. granulosus,
E. multilocularis, E. oligarthra and E. vogeli (Kumaratilake et al. 1986).
Recognising diversity within E. granulosus, attempts were made at creating various
subspecies, hence the use of ‘strain’ to describe variants which differ in terms of
epidemiological significance (Thompson and McManus 2001) and based initially on
non-genetic characters like host spectrum, geography and morphology. However, by
the early 1990s, gene sequence data became important in species definition. This
brought up the ‘genotype’ nomenclature, which is sometimes used interchangeably
with ‘strain’. The outcome of molecular studies on nuclear and mitochondrial loci
within the E. granulosus complex has led to the taxonomic revisions of the
E. granulosus sensu lato to E. granulosus sensu stricto and at least four other species
(Romig et al. 2015). Currently, ten species and strains/genotypes are recognised (not
without controversy) and they include E. granulosus sensu stricto (G1–G3),
E. equinus (G4), E. ortleppi (G5), E. canadensis (G8, G10), E. intermedius (G6,
G7), E. felidis (Lion strain), E. multilocularis, E. shiquicus, E. vogeli and
E. oligarthra (Thompson 2017, 2020; Romig et al. 2017). In the Arctic, only
genotypes G6, G8 and G10 have been identified so far: G8 and G10 in North
America (Schurer et al. 2018), G6 in Russia and G10 in Sweden and Finland
(Deplazes et al. 2017).

2.4 Genetic Diversity in E. multilocularis

There is a much less genetic diversity within E. multilocularis, generally recognised
as haplotypes based on mitochondrial loci (Nakao et al. 2009) or microsatellites
(Knapp et al. 2012). Initially only 2 haplotypes (M1 and M2) were described based
on single mitochondrial loci (Okamoto et al. 1995; Rinder et al. 1997; Haag et al.
1997). Using three mtDNA loci, 18 haplotypes from 76 isolates from different parts
of the world were described (Nakao et al. 2009), including European haplotypes
(E1–E5), Asian haplotypes (A1–A9), North American haplotypes (N1 and N2) and
O1 from an inner Mongolian isolate.

In addition to the N1 (Alaska isolates) and N2 (Indiana and South Dakota
isolates) haplotypes which are localised in North America, European haplotypes of
the parasite, especially E3 and E4, have been consistently isolated in wild canids
(Gesy et al. 2013), in dogs as intermediate hosts (Zajac et al. 2020; Skelding et al.
2014) and in humans (Massolo et al. 2019; Schurer et al. 2021) in North America. In

Cystic and Alveolar Echinococcosis Caused by Echinococcus. . . 285



Scandinavian countries of Denmark and Sweden, isolates from wild canids were
consistent with previously identified European haplotypes (Knapp et al. 2019).
Further diversity linked to biogeographic differences will likely be recognised as
we move to full genome approaches, but for now only a single species of
E. multilocularis is recognised across its circumpolar distribution, albeit with poten-
tial differences among haplotypes in zoonotic potential, host specificity and patho-
genicity which require further investigation. With the knowledge of genetic
diversity, diagnostic tools can be better tailored towards identification of the correct
species of interest, by the development of relevant markers. Thus, clinical
interventions and management can be more direct and public health measures can
be specific. From the taxonomic point of view, future evolutionary changes, genetic
differentiation and speciation can also be predicted through the knowledge of genetic
diversity (Thompson and Lymbery 1995).

3 Epidemiology

3.1 Veterinary and Public Health Significance of Alveolar
Echinococcosis (AE)

Alveolar echinococcosis (AE) occurs in both normal and aberrant intermediate hosts
of the parasite, the latter including humans and dogs. AE in humans is a life-
threatening debilitating condition whose importance is reflected by WHO’s ranking
as the third most important food-borne parasite in terms of global impact
(FAO/WHO 2014). Clinical disease in humans takes between 5 and 15 years to
develop, often mimicking a neoplasia on initial clinical presentation and medical
imaging. Similar to neoplasia, the germinal membrane has the ability to metastasize
to other organs of the body, often becoming debilitating, especially in immunocom-
promised patients, if not detected and treated aggressively (Kern et al. 2004;
Houston et al. 2021). Infection can occur in phases with an asymptomatic initial
phase leading to a spontaneous recovery or abortive phase, or a progressive infection
where liver function becomes greatly impaired (Eckert and Deplazes 2004). The
progressive phase is characterised by hepatomegaly, abdominal pain, jaundice, fever
anaemia and weight loss, leading to portal hypertension in the advanced phase of the
infection. The initiation of parasitostatic chemotherapy can bring about the stable
phase of infection where parasite proliferation is inhibited (Brunetti et al. 2010).

Dogs are considered natural definitive hosts for Echinococcus multilocularis;
however, over the last few decades, dogs in Europe and North America have been
increasingly recognised as intermediate hosts capable of developing AE (Frey et al.
2017; Skelding et al. 2014). Considering that the development of AE infection in
dogs is rapid compared to humans, with symptoms expressed as early as a year (Frey
et al. 2017), it can easily be fatal if detected in the late stages of disease (Fig. 3).
Symptoms are usually nonspecific; thus, infection can be misdiagnosed or diagnosed
late, leading to a poor prognosis and expensive treatment (Corsini et al. 2015). Dogs
become infected through coprophagy of infected wild canid feces or their own feces
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when infected by the adult cestodes, or possibly through auto infection internally
through reflux of immediately infective eggs from the intestine into the stomach or
bile ducts (Haller et al. 1998; Staebler et al. 2006). AE in animals and humans is
nationally notifiable in Sweden but not in Finland and Norway. In North America, it
is not nationally notifiable but required by the public health authorities of Alaska
USA, Northwest Territories and recently Ontario in Canada.

3.2 Veterinary and Public Health Significance of Cystic
Echinococcosis (CE)

In the Arctic, cystic echinococcosis (CE) is caused by the larval stage of
E. canadensis in cervid intermediate hosts (Fig. 4) as well as accidental hosts like
humans. In cervids, infection is largely asymptomatic and often goes unnoticed;
however, high intensities of cysts in the lungs may reduce respiratory fitness and
render cervids more likely to be preyed on by chase predators such as wolves (Joly

Fig. 3 Alveolar echinococcosis in the liver of a dog, which may appear as multiple grape-like
clusters of fluid-filled cysts or mimic an invasive neoplasm without discrete cyst formation. Photo
Credit: Audrey Tataryn

Cystic and Alveolar Echinococcosis Caused by Echinococcus. . . 287



and Messier 2004). In wild or captive cervids harvested as food animals, cysts may
raise aesthetic concerns leading to carcass condemnation with the exception of
Finland where only affected organs are condemned. Furthermore, affected organs
should not be fed to dogs or left for scavenging by wild canids so as not to continue
perpetuating the life cycle (Rausch 2003; Eckert and Deplazes 2004). Cysts of
E. canadensis are more often found in the lungs (which is unusual for other members
of the E. granulosus species complex), followed by the liver and other organs
including the heart, spleen, kidneys, skin, muscles, brain, bones and abdominal
cavity. Infection which occurs directly from ingestion of eggs is referred to as
primary CE, while secondary CE results from spontaneous cyst rupture or trauma-
induced rupture with the release of protoscoleces within the abdominal cavity
(Ammann and Eckert 1996). Infected people are initially asymptomatic and may
remain so for years, with progression to symptomatic disease dependent on cyst size,
number and location as well as immune status of the affected individual (Eckert and
Deplazes 2004). Fatality is relatively rare but can occur quickly due to cyst rupture
leading to anaphylaxis and/or seeding of protoscoleces throughout the peritoneal
cavity. In most of northern Europe and North America, human CE is sporadic;
endemically acquired CE is most likely caused by E. canadensis, which is relatively
benign compared to foreign acquired cases of E. granulosus s.s. Dogs do not serve as

Fig. 4 Cystic echinococcosis in the lungs of a moose (Alces alces), cut open and showing the
discrete cyst filled with fluid and hydatid sand (multiple protoscoleces) typical of the metacestode of
E. canadensis. Ruler in cm. Photo Credit: David McRuer
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intermediate hosts for CE, and as definitive hosts, they are almost invariably
asymptomatic even with heavy infection intensities; however, treatment and control
in dogs is of importance because of the zoonotic risk. CE in human is notifiable to the
public health authorities in Alaska and Fennoscandia countries (where cases in
animals are notifiable as well) at a national level but not in Russia and Canada
(except the Northwest Territories).

3.3 Diagnosis

Diagnosis of echinococcosis in humans is based on imaging (ultrasonography,
computed tomography, x-ray examinations) and immunodiagnostic tests such as
ELISA which detect serum antibodies to Echinococcus spp., ideally followed by
confirmatory immunoblotting, which is more specific (Müller et al. 2007). Due to
unresolved issues of specificity and sensitivity with serological assays, polymerase
chain reaction (PCR) can be used to check for the presence of protoscoleces, either
on material sampled by fine needle aspiration of hydatid cysts guided by ultrasonog-
raphy or on cysts removed at surgery, as a confirmatory diagnosis (Schurer et al.
2021).

4 Source and Modes of Transmission in the North

4.1 Food- and Waterborne Transmission

Echinococcus infection occurs following oral ingestion of infective stages, for both
definitive and intermediate hosts. Definitive hosts become infected when they ingest
metacestodes in organs from infected intermediate hosts. Various cycles of host–
prey interaction enable the transmission and perpetuation of E. canadensis in the
North: the synanthropic cycle involving domesticated definitive and intermediate
hosts (dogs and semi-domesticated reindeer), semi-synanthropic cycle involving
domestic definitive hosts and wild intermediate hosts (dogs and wild cervids) and
a purely sylvatic cycle involving wild definitive and intermediate hosts (wild canid
and wild cervid). Furthermore, for E. canadensis, dogs may scavenge or be fed
organs (including the lungs and liver) of wild cervids harvested by hunters in the
north, a situation which in turn perpetuates human exposure (Rausch 2003). Inter-
mediate hosts, including humans, become infected when they ingest eggs which are
passed along with feces of infected definitive hosts; eggs are immediately infective
and can survive for long periods of time (months to years) even under arctic
conditions. Eggs in the environment can contaminate vegetables and fruits leading
to infection when consumed unwashed (Kern et al. 2004). In the environment, eggs
can easily be dispersed by rain or run-off water, which creates a possibility of
contaminating potable water sources resulting in waterborne transmission of infec-
tion when such water is consumed without boiling or filtration (Yamamoto et al.
2001; Davidson et al. 2016). Eggs of arctic species of Echinococcus are not reliably
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inactivated by routine disinfectants, fixatives (ethanol or formalin) or freezing at
�20 �C or warmer; inactivation requires heating to temperatures greater than 60 �C
for 5 min, desiccation, freezing at �70 �C for 96 h or �80 �C for 48 h or application
of strong bleach or glutaraldehyde solutions after cleaning to remove excess organic
material (WHO/OIE 2001). Infection in small children has also been linked to
ingestion of contaminated sand or soil in playgrounds frequented by wild and
domestic canids (Eckert and Deplazes 2004). Eggs of Echinococcus can adhere to
hair of dogs either directly from their own feces (if they have a patent infection with
the adult cestode) or by rolling in grass or sand containing eggs from dogs or wild
canids, thereby serving as a potential source of infection for people who pet these
dogs without washing their hands before eating.

4.2 Prevention and Control

Surveillance programs for E. multilocularis in northern Europe monitor the preva-
lence of infection in wild canids (historically through recovery of adult cestodes
from intestines of harvested carcasses, more recently through coproPCR methods) to
enhance decision and policy making towards control and prevention in humans and
dogs and to demonstrate country freedom status (EFSA and Zancanaro 2021). Such
surveillance has detected an emergence of E. multilocularis in new regions of
Europe and an increased prevalence in wild canids in endemic regions, possibly in
response to increased wild canid abundance due to rabies control and decreased
hunting pressure. There is often little formal surveillance in countries considered
endemic for E. multilocularis (such as Canada). Surveillance for E. canadensis could
capitalise on inspection of organs of semi-domesticated reindeer harvested for
commercial purposes in Fennoscandia (Kautto et al. 2017) and captive cervids in
game farms in North America, although the North American cervid farming industry
has been severely affected by chronic wasting disease (CWD). Harvest of wild
cervids in Fennoscandia and North America does not occur in regulated abattoirs,
and thus formal surveillance mechanisms have not been established (Axén et al.
2019). In addition, echinococcosis in animals (especially wildlife) is not always a
reportable animal disease across the global Arctic, although human cases are often
notifiable to public health. Recent advances in non-invasive fecal testing using
sensitive molecular techniques could make routine surveillance for both species of
Echinococcus in wild canids and domestic dogs much more feasible (compared to
adult cestode recovery, which is fatal for the host; arecoline purging, which has been
used in domestic dogs but can have variable results and sensitivities <80%; and
detection of eggs in feces, which has low sensitivity, 20–30%) (WHO/OIE 2001;
Kolapo et al. 2021). Investment in surveillance could allow countries to demonstrate
freedom status, prevent introduction of foreign strains and species of Echinococcus
and identify focal hotspots of increased risk of human and canine transmission, even
in endemic countries.

Control of Echinococcus spp. transmission in wildlife hosts is usually an expen-
sive adventure which mostly cannot be sustained. Efforts to treat wild canids with
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praziquantel baits have short-term efficacy, high risk of consumption by non-target
wildlife and significant expense (Hegglin et al. 2003). Culls of wild canids and
rodents may be unacceptable, ineffective and even counterproductive, creating
empty niches which will be invaded by younger, more marginal hosts that may
incur higher infection rates (Comte et al. 2017). The best target for minimising the
public health risks associated with Echinococcus relies on veterinary interventions—
hence the need for a One Health approach. Owners of pet dogs should avoid walking
them off leash to control indiscriminate defecation and prevent coprophagy and
ensure regular deworming with an effective cestocide (monthly for dogs at high risk
of consuming wild rodents and within 6 weeks of access to cervid carcasses)
(Gottstein et al. 2015). As many dogs in northern communities are free-roaming,
control programs should include measures to reduce stray dogs, promote routine
deworming of community and owned dogs and prevent dogs from eating offal of
harvested cervids (for example, by burying or burning carcasses and/or fencing
landfill sites), similar to the holistic approach used in the 1950s with great success
to reduce E. canadensis in reindeer in northern Norway. Control of E. multilocularis
is more difficult, as the parasite transmits primarily among wildlife, and it is difficult
to prevent dogs from hunting or scavenging wild rodents. Animal control and
veterinary infrastructure remain logistical, economic and cultural challenges in
many rural and remote communities in the Arctic. However, investment is important
to benefit both animal and human health through education, regulation of dog
importation and wildlife translocation (including mandatory testing and/or treat-
ment) and enhanced capacity for surveillance in the Arctic.

5 Future Trends and Challenges

Prompt recognition and diagnosis of both AE and CE in people and dogs remain a
challenge in the Arctic. Signs and symptoms are usually not specific, and imaging
(if available) results are often mistaken for neoplasia, especially by medical and
veterinary clinicians unfamiliar with these relatively rare infections. As well, it is
difficult to correctly diagnose walled off or aborted human infections. Delayed
diagnosis is strongly linked to poor prognosis, especially for AE, resulting in
additional financial and health burdens for the public health system and affected
individuals. Given the recent establishment of European strains of E. multilocularis
with a greater zoonotic potential in North America, establishment of
E. multilocularis in regions previously considered free (Svalbard) and challenges
with poor sensitivity and specificity of serological tests, optimisation of non-invasive
diagnostic tools along with increased awareness campaigns within the public and
among clinicians is critically needed. Problems of sensitivity and specificity, such as
the inability to distinguish between early stages of CE and AE, or eggs of
E. canadensis, E. multilocularis and Taenia spp., are especially important in arctic
regions where co-infection is a possibility (Schurer et al. 2014) and can be addressed
by increasing utility of molecular diagnostic tools (e.g. PCR). The development of
vaccines against AE in dogs and people and against CE in semi-domesticated
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reindeer could be considered, similar to those developed for CE caused by
E. granulosus s.s. in sheep in some countries (Gauci et al. 2005; Wang et al.
2016); however, vaccination of wild rodents and cervids is not highly feasible.

The understanding of the ecology and interplay of wildlife, domestic and human
hosts for transmission of Echinococcus spp. remains a challenge due to the com-
plexity of habitat, climate, vegetation and anthropogenic issues, especially in
the Arctic, which is experiencing climate change at much higher rates than the rest
of the globe. Rapid climate change may enhance survival and distribution of eggs in
the environment (for example, through increased run-off), alter the ecology and
distribution of hosts and alter the interface of humans, wildlife and domestic animals,
especially if livestock production becomes more feasible in northern regions. With
lifting of climate barriers and increased pressure for resource extraction and
shipping, monitoring and proactive management are needed to prevent introduction
and movement of introduced hosts and species of Echinococcus within the Arctic.
Detection in wild hosts is often research driven and cited as evidence of emergence
(Bessonov 1998; Henttonen et al. 2001; Gesy et al. 2013, 2014; Gesy and Jenkins
2015); however, strategic surveillance programs incorporating a centralised data
reporting system across different stakeholders, including indigenous peoples, are
still lacking. This will be highly beneficial for ensuring informed policy making and
establishing culturally appropriate and sustainable control and prevention measures.
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Toxoplasmosis in Northern Regions

Émilie Bouchard, Pikka Jokelainen, Rajnish Sharma, Heather Fenton,
and Emily J. Jenkins

1 Introduction

Toxoplasma gondii, one of the most successful parasites in the world, is capable of
infecting nearly all warm-blooded animals, including over 350 mammalian and
avian species (Tenter et al. 2000; Lindsay and Dubey 2007; Dubey 2010). It is
estimated that a third of the world human population has been exposed to and may be
chronically infected with T. gondii (Tenter et al. 2000). Toxoplasma gondii is ranked
in the second highest category of biological agents that could cause serious
epidemics in both human and animal populations (Gajadhar and Allen 2004) and
the fourth most important food-borne parasite globally after Taenia solium, Echino-
coccus granulosus, and E. multilocularis (FAO and WHO 2014). Toxoplasma
gondii can cause disease, toxoplasmosis, in both humans and animals. Economic
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losses due to abortions that the parasite causes in domestic animals can be substantial
(Dubey 2009a). While the infection may cause only mild symptoms and clinical
signs, it can also cause severe, even life-threatening manifestations, especially in
immunocompromised people and developing fetuses (Desmonts and Couvreur
1974; Montoya and Liesenfeld 2004; Dubey 2010). Therefore, T. gondii has both
public health and veterinary importance, and a One Health approach is needed in risk
mitigation.

Toxoplasma gondii successfully transmits worldwide, including cold climates
and northern latitudes (defined here as the Arctic and sub-Arctic regions), where it
survives inside its hosts as tissue cysts and in the environment as sporulated oocysts
(Dubey 2010). Serological studies in animals and humans in the northern hemi-
sphere have revealed an increasing exposure to the parasite along a north-to-south
gradient (Messier et al. 2009; Jokelainen et al. 2010; Malmsten et al. 2011; Suvisaari
et al. 2017). As the world changes, the ecology of many diseases is expected to shift
(Patz et al. 2000; Deksne et al. 2020). With changing ecological factors and
expansion of the geographical range of parasitic diseases due to natural and
man-made causes, exposure rates to T. gondii in the circumpolar North are likely
to increase (Pilfold et al. 2021).

2 Life Cycle and Transmission

The life cycle of T. gondii is divided into two phases: a sexual phase that occurs
naturally only within felids (Martorelli Di Genova et al. 2019) and an asexual phase
that can occur within all warm-blooded animals acting as intermediate hosts (Cleary
et al. 2002). To the best of our current knowledge, only felids act as definitive hosts
(Dubey et al. 2004). The three infective stages of T. gondii are as follows: (1) a
rapidly dividing, invasive tachyzoite systemically distributed in hosts, including
across the placenta, in the acute phase of the infection; (2) a slowly dividing
bradyzoite forming tissue cysts, especially within muscle and nervous tissue
(Fig. 1); and (3) an environmental stage, the sporozoite, which develops in the
environment inside an oocyst produced by sexual reproduction in the intestinal
epithelium of the definitive host (Robert-Gangneux and Darde 2012). Tachyzoites
and bradyzoites result from asexual reproduction in all hosts, while oocysts are the
result of sexual reproduction and are naturally produced in the intestinal epithelium
of the definitive hosts only (Dubey 2010). If infected, over the course of few weeks, a
cat may shed millions of unsporulated oocysts in feces into the environment, and the
shedding of oocysts can occur more than once in the lifetime of the cat following
re-infection (Dubey 1995; Zulpo et al. 2018). The unsporulated oocysts sporulate
and become infective within 1–5 days, faster in humid conditions and warmer
temperature (Dubey et al. 1970). Three major routes of transmission are fecal–oral
transmission (environmental route, through soil, fresh produce, or water
contaminated with oocysts), transmission by carnivorism (through raw/undercooked
meat or other tissues containing bradyzoites), and transplacental transmission
(through tachyzoites via vertical route) (Dubey 2009b). The consequences of
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transplacental transmission for the fetus are usually more severe if infection occurs in
early pregnancy and may lead to stillbirth or severe neurological complications.
Most human infections are acquired later in life, via the environmental or the meat-
borne routes (Tenter et al. 2000). The relative importance of these two transmission
routes is largely unknown.

Herbivores acquire T. gondii infection typically by ingesting oocysts from the
environment, while carnivores and omnivores can become infected either by
ingesting oocysts from the environment or by ingesting tissue cysts containing
bradyzoites in the tissues of infected animals. Once introduced into a food web,
T. gondii can be maintained by hosts ingesting tissue cysts from infected hosts, via
carnivorism, cannibalism, and scavenging (Dubey 2010; Wilson et al. 2020). In
addition to humans, vertical transmission has also been reported in several domestic
and free-ranging animal hosts (Calero-Bernal et al. 2013; Vargas-Villavicencio et al.
2016; Verma et al. 2016) and could play a role in transmission in a population (Hide
et al. 2009). The importance of the vertical transmission route in the Arctic and
sub-Arctic ecosystems remains to be better elucidated.

In the North, environmental contamination with T. gondii oocysts could occur in
boreal and sub-Arctic regions where domestic cats and free-ranging wild felids are
present (Simon et al. 2013a). However, free-ranging wild and domestic felids are
largely absent above the treeline (Baker et al. 2018), which makes the transmission
of T. gondii enigmatic in this environment. Migratory hosts, such as Arctic nesting
birds, ungulates, and marine mammals can become infected through consumption of
oocysts in sub-Arctic environments (Elmore et al. 2014). In Arctic regions, resident
carnivores and humans could become infected through consumption of tissue cysts
in migratory animals (Fig. 2) (Bachand et al. 2019).

Fig. 1 Toxoplasma gondii
tissue cyst in the brain of an
experimentally infected
reindeer (Rangifer tarandus),
visualized on compound
microscopy (60�).
(Reproduced from Bouchard
et al. 2017)
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Food-borne transmission is likely a significant route of T. gondii infection among
northern peoples, given their close contact with the land and wildlife and particularly
due to dietary preferences for raw, fermented, or dried meat (Messier et al. 2009;
Jenkins et al. 2013). Around the world, cultural habits affect the acquisition of
T. gondii via ingestion of tissue cysts in undercooked meat (Hill and Dubey 2002).
In the North, seal, ptarmigan, and caribou are often consumed without cooking
(Mcdonald et al. 1990). Consumption of marine mammals and seafood has been
found to be a risk factor for T. gondii seropositivity in epidemiological studies in the
Canadian North (Goyette et al. 2014). Filter-feeding invertebrates and fish may filter
and concentrate the oocysts from the marine environment (Massie et al. 2010).
Moreover, skinning of animals for fur has been identified as a risk factor for
T. gondii seropositivity (Mcdonald et al. 1990). An epidemiological investigation
of an outbreak of toxoplasmosis in Nunavik, northern Québec (Canada), identified
skinning of animals and consumption of raw caribou as potential risk factors
(Mcdonald et al. 1990). In response to this outbreak, guidelines and a screening
program to prevent T. gondii infection in pregnant women were developed in the
region (Lavoie et al. 2008). Outbreaks of acute toxoplasmosis are rare in North
America, but both food- and waterborne outbreaks have been reported, and
outbreaks might occur more often in the future (Aramini et al. 1999; Gaulin et al.

Fig. 2 Potential routes of transmission of Toxoplasma gondii in the North, with focus on free-
ranging hosts and the shared environment
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2020). According to the Nunavik Inuit Health Survey in 2004, frequent cleaning of
water reservoirs and consuming untreated surface water are risk factors for T. gondii
seropositivity in northern Canada (Martin et al. 2007; Messier et al. 2007). Overall,
the relative contributions of the different transmission routes, including food-borne
and waterborne routes, are still unknown, and source attribution is challenging for
this ubiquitous parasite (Koutsoumanis et al. 2018).

3 Genetic Diversity

Toxoplasma gondii is a single species of the genus Toxoplasma, with multiple
genotypes (Galal et al. 2019). Studies in wildlife have demonstrated a wide host
and geographic range as well as wider than previously known genetic diversity of
T. gondii (Grigg and Sundar 2009; Wendte et al. 2011; Shwab et al. 2014).
Knowledge of genotypes and strains circulating in a particular geographical region
is important to better understand the epidemiology, population structure, and phy-
logeny. In laboratory mice, virulence varies greatly depending on the strain of the
parasite (Saeij et al. 2005; Dubremetz and Lebrun 2012). Disease-producing strains
have also been found in sylvatic cycles, with parasite genotype associated with
disease severity (Boothroyd and Grigg 2002). Highly virulent strains can potentially
pose a threat to wildlife health and a higher risk of severe toxoplasmosis if transmit-
ted to humans (Gerhold et al. 2017). Several methods are used to identify T. gondii
genotypes, including multilocus polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP), microsatellite analysis, and multilocus sequence
typing (Su et al. 2006).

A limited number of studies have identified genotypes of T. gondii in the
circumpolar regions. In North American wildlife, type 12 strains dominate, followed
by strains of types II and III. In Alaska (USA), type II and atypical genotypes were
described in red fox (Vulpes vulpes) and black bear (Ursus americanus) (Dubey et al.
2010, 2011). In northern Québec (Canada), type II was described in Canada geese
(Branta canadensis), lesser snow geese (Chen caerulescens), and black bear (Dubey
et al. 2008; Bachand et al. 2019). Type II was also described in beluga
(Delphinapterus leucas) from the St. Lawrence Estuary in Québec (Canada) (Iqbal
et al. 2018). Two new atypical genotypes of T. gondii have been detected (but not
fully described) in beluga in the Eastern Beaufort Sea (Haman et al. 2013).

In Finland, type II strains have caused mortality in wildlife (Jokelainen et al.
2011; Jokelainen and Nylund 2012), as well as in domestic hosts (Jokelainen et al.
2012). In Denmark, type II was detected in a captive harbor porpoise (Phocoena
phocoena) (Herder et al. 2015). In clinical samples from humans in Denmark, type II
was predominant, while a substantial proportion of other genotypes were also
described (Jokelainen et al. 2018). In Norway, type II and III and atypical genotypes
have been described in wildlife from the high Arctic archipelago of Svalbard
(Prestrud et al. 2008a, b).

Type II T. gondii strains, which are common in Europe, appear widespread in
wildlife in the circumpolar region, which may reflect spillover from domestic cycles
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to wildlife as well as transport from sub-Arctic regions via migratory birds or in
freshwater runoff. However, other genotypes are also circulating in northern
latitudes and some may reflect a more localized circulation in wild felids and their
prey. The genotyping data from some Arctic regions are sparse and scattered—in
particular, no genotype information is available from Russia. Further studies are
required to understand the molecular epidemiology and biological significance of
genetic diversity of this zoonotic parasite in the Arctic and connected ecosystems.

4 Hosts

4.1 Toxoplasma gondii and Toxoplasmosis in Humans

Human toxoplasmosis is generally thought to be underreported due to lacking or
limited formal surveillance, and underdiagnosed due to often mild or nonspecific
symptoms (Barry et al. 2013). Toxoplasmosis can be life-threatening, in particular in
immunocompromised individuals, and is a leading food-borne cause of hospitaliza-
tion and death even in developed countries (Montoya and Liesenfeld 2004; Scallan
et al. 2011). Congenital infection can cause devastating manifestations, ranging from
ocular disease to severe hydrocephalus (Desmonts and Couvreur 1974; Hill and
Dubey 2002), and there may be sequelae later in life (Wilson et al. 1980). More
recently, T. gondii infection has been found to be associated with schizophrenia and
other psychiatric and mental health issues (Yolken and Torrey 2008; Weiss and
Dubey 2009).

Toxoplasma gondii infection has been named as the most important parasitic
infection in the North American Arctic in terms of public health impact (Hotez
2010). Cultural practices such as food preparation and dietary traditions further
influence the risk of acquiring the infection in northern regions (Jenkins et al.
2013). For instance, T. gondii seroprevalence in Inuit communities in Nunavik in
2004 was approximately 60%, which is significantly higher than the North American
average of 10–20% and twice the global average of approximately 30% (Tenter et al.
2000; Robert-Gangneux and Darde 2012; Jones et al. 2018; Molan et al. 2019).
Higher seroprevalences in Inuit than in Cree in shared communities in northern
Québec have been reported, possibly due to Inuit preferences for uncooked meat
since other risk factors such as water sources were considered shared (Sampasa-
Kanyinga et al. 2012). A lower seroprevalence of 8% was found in other Inuit
regions, such as the Inuvialuit Settlement Region (NT), 11% in Nunatsiavut (NL),
and 32% in Nunavut (NU) (Goyette et al. 2014), which could reflect variation in
dietary preferences (harvested wildlife vs. store bought, raw vs. cooked,
terrestrial vs. marine wildlife) and differences in environmental transmission across
the Canadian Arctic. In Alaska, a serosurvey in the 1960s and 1970s showed that
16% of Alaska Natives had antibodies to T. gondii, very similar to the North
American average (Peterson et al. 1974); a more recent study showed substantially
lower seroprevalence in Alaskans (3% of 887) (Miernyk et al. 2019), similar to
declining trends observed in the contiguous USA. In Finland, the seroprevalence
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was lower in the north (11%) than in other parts of the country (18–23%) (Suvisaari
et al. 2017). A similar gradient was reported in Nunavik, Canada (Messier et al.
2009) and also in pregnant women from Sweden (Ljungström et al. 1995). Toxo-
plasma gondii seroprevalence may be higher in more southern communities due to
higher levels of environmental contamination with oocysts, increased survival and
development rate of oocysts at warmer temperatures, and/or higher prevalence in
animal hosts locally raised or hunted for consumption.

4.2 Toxoplasma gondii and Toxoplasmosis in Wildlife

In the circumpolar Arctic, a substantial proportion of terrestrial and marine
mammals, as well as some avian species, have antibodies to T. gondii, with
seroprevalences ranging from 10 to 60% in carnivores and 1 to 40% in herbivores
(Jenkins et al. 2013). In Alaska, antibodies against T. gondii have been detected in a
wide variety of species, including lynx (Felis lynx), black bears, grizzly bears (Ursus
arctos horribilis), wolves (Canis lupus), and herbivores (Zarnke et al. 1997, 2000,
2001). Seropositivity in polar bears (Ursus maritimus) has been documented in
Eastern Greenland, Russia, Alaska, Canada, and Norway (Rah et al. 2005; Oksanen
et al. 2009), with a seroprevalence as high as 70% in western Hudson Bay, Canada
(Pilfold et al. 2021). Antibodies have also been detected in Antarctic pinnipeds,
demonstrating how well-established T. gondii is in marine ecosystems (Rengifo-
Herrera et al. 2012). In Alaska, among marine mammals, antibodies have been
detected in walrus (Odobenus rosmarus), Steller sea lions (Eumetopias jubatus),
harbor seal (Phoca vitulina), ringed seal (Pusa hispida), spotted seal (Phoca largha),
and bearded seal (Erignathus barbatus) (Dubey et al. 2003). In the high Arctic of
Svalbard, ringed seals and bearded seals showed high seroprevalence of 19% and
67%, respectively (Jensen et al. 2010); however, another study did not detect any
seropositive pinnipeds and whales from the North Atlantic (Oksanen et al. 1998). It
should be emphasized that serology results of marine mammals may need to be
interpreted with some caution.

Transmission of oocysts via freshwater runoff could contribute to the contamina-
tion of marine ecosystems and has been viewed as the most likely route of infection
in sea otters off the coast of California (Conrad et al. 2005). As well, oocysts may
travel via ocean currents from southern latitudes and infect northern marine wildlife.

It has also been suggested that T. gondiimay enter the terrestrial Arctic ecosystem
of northern Norway via migratory birds (Sandström et al. 2013), since no wild or
domestic felids are present and an estimated 7% of barnacle geese (Branta leucopsis)
on Svalbard are exposed to the parasite (Prestrud et al. 2007). Similarly, seropreva-
lence was 11% in migratory geese (primarily Branta canadensis) in Nunavik,
eastern Canadian Arctic (Bachand et al. 2019), and over 30% in Ross’s geese
(Anser rossii) and lesser snow geese in Nunavut, central Canadian Arctic (Elmore
et al. 2014). As sentinel host species (i.e., indicators of the presence of a pathogen
within an ecosystem), high seroprevalence for antibodies to T. gondii was observed
in wolverines (Gulo gulo) from the Northwest Territories (62%) in the western
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Canadian Arctic (Sharma et al. 2019b) and in Arctic foxes (Vulpes lagopus) from
Nunavut (39–64%), Nunavik (41%), and Norway (43%) (Prestrud et al. 2007;
Elmore et al. 2016; Bachand et al. 2018, 2019).

While prevalence is generally higher in carnivores than herbivores, muskoxen
(Ovibos moschatus) and mainland caribou (Rangifer tarandus groenlandicus) in the
Northwest Territories and Nunavut, Canada, had an overall seroprevalence of 6.4%
and 37%, respectively (Kutz et al. 2000, 2001). There are several reported seroprev-
alence estimates for moose (Alces alces): 15% in Canada/Nova Scotia (Siepierski
et al. 1990), 1–23% in USA/Alaska (Kocan et al. 1986; Zarnke et al. 2000), 10% in
USA/Minnesota (Verma et al. 2016), 20% in Sweden (Malmsten et al. 2011), 13% in
Norway (Vikoren et al. 2004), and 10% in Finland (Jokelainen et al. 2010).
Antibodies for T. gondii have also been reported in caribou in Alaska (USA) and
northern Québec (Canada) (Mcdonald et al. 1990; Zarnke et al. 2000) and reindeer in
Fennoscandia (Oksanen et al. 1997).

Experimental infection with oocysts delivered by intraruminal inoculation in
reindeer led to fatal enteritis (Oksanen et al. 1996), while exposure to oocysts
delivered by stomach tube led to largely subclinical infection with minor behavioral
and respiratory changes (Bouchard et al. 2017). The dose of oocysts given, strain
virulence, and host age could also explain the differences in pathology observed. No
report of clinical toxoplasmosis has been described in naturally infected reindeer or
caribou in the wild. However, encephalitis and placentitis associated with T. gondii
was diagnosed in a full-term, stillborn reindeer fetus from the Houston Zoo, Texas
(Dubey et al. 2002).

Although clinical disease associated with T. gondii is rarely reported in free-
ranging wildlife, acute disseminated toxoplasmosis in Arctic foxes has been reported
in Svalbard (Sorensen et al. 2005). Susceptibility to severe toxoplasmosis has been
reported in Australian marsupials, Hawaiian birds, European brown hare (Lepus
europaeus), and Eurasian red squirrels (Sciurus vulgaris) (Sedlak et al. 2000;
Parameswaran et al. 2009; Jokelainen et al. 2011; Jokelainen and Nylund 2012;
Work et al. 2016). Reasons for this remain largely unknown but may involve
genetics, immune response, and a lack of coevolution with domestic cats (Ketz-
Riley et al. 2003; Maubon et al. 2008; Shwab et al. 2018; Shapiro et al. 2019b).

Little is known about the population-level impact of T. gondii on free-ranging
wildlife in the circumpolar Arctic; however, T. gondii is known to have an impact on
free-ranging wildlife populations in Australia and the Pacific Northwest and can
cause abortion and congenital disease in domestic livestock. Since T. gondii is
capable of negatively affecting the reproductive success, it is considered to be of
greater concern in declining populations, such as caribou and reindeer herds world-
wide (Vors and Boyce 2009; Festa-Bianchet et al. 2011). Parasitic diseases have
been identified as a threat within recovery strategies and management plans for
different herds in Canada (Environment Canada 2012). For conservation as well as
food safety, it is crucial to monitor the distribution and prevalence of T. gondii in
Arctic wildlife.

Monitoring requires effective diagnostics. Toxoplasma gondii has developmental
stages that live in tissues, and definitive diagnosis requires invasive biopsy or
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postmortem techniques. Therefore, antemortem diagnosis frequently relies on col-
lection of blood and serological techniques to determine host response to exposure.
Serology is suitable for screening to obtain population-level estimates of exposure to
T. gondii, but definitive diagnosis of clinical toxoplasmosis should not rely on a
single serological test but ideally look at rising titers, IgM and IgG levels, and the
clinical picture (Li et al. 2016). Postmortem diagnosis can involve detection of
antibodies in the heart’s blood, chest fluid, or filter paper (i.e., fluid dried on filter
paper strips) or direct detection methods: polymerase chain reaction (PCR) on
tissues, histological demonstration of the parasite and/or antigens via immunohis-
tochemistry, or isolation of the organism itself using mouse bioassay or cell cultures
(Dubey 2010). Serological studies, especially in wildlife for which these tests are
rarely optimized or validated (by comparing with reference tests, such as in Sharma
et al. 2019a), are inherently limited; even a positive result indicates a life-time
exposure, not necessarily a recent infection. False-positive results in sera from
marine mammals, which often are rich in lipids, have been reported (Blanchet
et al. 2014). Cross-reaction with other coccidian species might also occur with
serological methods (Dubey and Lindsay 1996). Ideally, using a combination of
serological and molecular methods can provide complementary information; serol-
ogy overestimates the levels of active infection, while molecular methods frequently
underestimate true infection status. This information is vital to develop a balanced
approach to risks to human and animal health posed by this zoonotic parasite in the
Arctic ecosystem.

4.3 Toxoplasma gondii in the Environment

Toxoplasma gondii is widely prevalent around the world, in part, due to the survival
of sporulated oocysts in the environment (Dubey et al. 1998), broad intermediate
host range, and multiple methods of transmission. This environmental reservoir of
oocysts constitutes a considerable source of T. gondii infection, especially for
herbivores (Dubey 2010). Herbivores can therefore be used as sentinels or indicators
of environmental contamination with oocysts of T. gondii, and seroepidemiological
studies can be helpful in detecting geographical patterns (Elmore et al. 2015). For
example, similar to humans, there is an increasing north-to-south gradient in
T. gondii seroprevalence in moose in Finland and Sweden, indicating a higher
environmental oocyst contamination in the southern parts of these countries
(Jokelainen et al. 2010; Malmsten et al. 2011).

Sporulated oocysts of T. gondii can survive for months in the soil in moist
conditions (Frenkel et al. 1975; Lindsay and Dubey 2009). Environmental contami-
nation with infective sporulated oocysts from felid feces has been determined to be
the source of large waterborne outbreaks of toxoplasmosis in the Panama Canal and
in southwestern Canada (Benenson et al. 1982; Bowie et al. 1997). Fewer oocysts
survive in the soil under dry conditions (Lelu et al. 2012). In northern climates, snow
cover likely increases oocyst survival as it reduces exposure to UV sunlight,
insulates against extreme temperature, and maintains high humidity levels (Simon
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et al. 2013b). Oocysts can be transported from terrestrial to aquatic environments via
snowmelt and runoff and thereby be disseminated in fresh- or seawater (Simon et al.
2013b). The circumpolar North is undergoing rapid warming, with a projected
temperature increase of 4 to 7 �C over the next 100 years (Acia 2004). As a result,
warmer and wetter conditions could affect the transmission of T. gondii in animals
and people through enhanced survival and transport of oocysts from water sources
flowing from south to north, as well as northward movement of felid definitive hosts.
Although currently not common, domestic cats are present in some northern regions
(Baker et al. 2018) and could play a role in environmental contamination, especially
if immigration of people and their pet cats to the North increases along with resource
extraction (such as oil, gas, and minerals) and employment opportunities due to
shipping in the increasingly open waters of the Arctic.

5 Management

To minimize the risk of human exposure to T. gondii, recommendations include
cooking meat, washing fruits and vegetables prior to consumption, washing kitchen
utensils thoroughly with soap and water, and washing hands after contact with soil,
carcasses, raw meat, and cat litter. Freezing meat for at least 3 days at �12 �C
(or colder) may kill the parasite and could be considered as an additional step to other
processing, such as drying or fermenting (Djurkovik-Djakovik and Milenkovic
2000). However, T. gondii survived in reindeer meat for up to 28 days at �11 to
�56 �C (Kolychev 1969); more work is needed to determine if genotypes of
T. gondii present in the Arctic have a higher freeze tolerance than genotypes present
in more temperate regions, as what has been observed in other food-borne parasites
in the genus Trichinella (Pozio 2016). Wearing gloves and thorough cleaning and
disinfection of traps, knives, and other tools utilized in dressing, skinning, and
processing hides and furs from animals that may harbor T. gondii are also
recommended (Hueffer et al. 2013). To decrease risk of transmission, carcasses
should be disposed of in a way that scavengers have no access to them, by burning or
scavenger-proof fencing at landfills, which can be challenging in remote
communities and when many animal carcasses are processed. Lynx may be a
potential source of oocysts, although there are as yet no reports of oocyst shedding
by Eurasian or North American lynx (Ryser-Degiorgis et al. 2006; Jokelainen et al.
2013; Simon et al. 2013a). A potential source of infection for people is drinking
contaminated surface water or eating unwashed produce in areas that could be
contaminated with sporulated oocysts from older feces or carcasses of felids. Litter
boxes of domestic cats should be cleaned daily, because oocysts require 1–5 days to
become infective, and litter should be disposed of in a way that would not contami-
nate watersheds. Mature cats not fed with raw meat in their diet and with no access to
the outdoors are considered low risk for shedding oocysts of T. gondii (Jokelainen
et al. 2012; Must et al. 2017; Shapiro et al. 2019a).

Some of these recommendations may not be achievable or culturally appropriate
in remote areas of the circumpolar North, and some cultural traditions—such as
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consumption of dry or fermented meat and drinking untreated water—may be
potential risks. Other challenges include the microscopic size of the parasite, often
the subclinical nature of the infection, lack of formal screening of harvested wildlife
for T. gondii, and, potentially, lack of awareness of risks posed by undercooked meat
and organs from harvested wildlife (Fig. 3). These can be addressed through
developing northern capacity for veterinary public health measures. There is a
need for more public education, particularly among high-risk populations such as
pregnant women and immunocompromised individuals in Arctic regions. Targeting
outreach efforts first to at-risk groups (e.g., pregnant women, immunocompromised)
may more effectively mitigate risk while respecting traditional practices (DHSS
2005). Conversely, risk communication should not deter the general population
from consuming harvested wildlife, which are highly nutritious sources of food
and contribute to the cultural well-being of northern communities (Pufall et al. 2011;
FAO 2013). Any specific public health recommendations for hunters, trappers,
gatherers, and food preparers should be done in consultation and coordination with
local and traditional knowledge holders and should respect the traditional cultural
practices. Developing a better understanding of the impact of zoonotic diseases on
Indigenous health would assist in determining the need for community-based moni-
toring programs and public health recommendations.

Fig. 3 Caribou meat in a community freezer in Nunavik, Canada
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6 Future Challenges

Despite the absence of definitive hosts, T. gondii can thrive even in remote Arctic
regions (Reiling and Dixon 2019). While felines play a crucial role in the ecology of
T. gondii, the parasite can persist in their absence and be transported with wildlife
and water even into the farthest reaches of the circumpolar North. Climate change is
leading to more frequent and extreme rainfall events, which, in turn, can lead to
increased risk for freshwater contamination with T. gondii via runoff (Charron et al.
2004). The North is undergoing rapid climate change and anthropogenic disturbance
(Acia 2004), making it vulnerable to emergence of infectious diseases at the interface
between people and wildlife. Wildlife are an inherent part of the Arctic and a cultural
and socioeconomic cornerstone for northern peoples. Ongoing monitoring, particu-
larly if there is a community interest, would assist in better understanding the
ecology of the pathogen and methods to mitigate risks to both animals and people.
While T. gondii is rarely mentioned specifically in species at risk recovery strategies
and management plans, parasites and disease have been listed as threats to a number
of species. As access to medical and veterinary care can be limited in remote regions,
monitoring for pathogens of public health significance is challenging. More infor-
mation is needed to better understand the ecology, epidemiology, and impact of
T. gondii in Arctic regions, in order to put into practice culturally appropriate and
effective measures to protect human, animal, and ecosystem health—One Health.
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Trichinella spp. in the North

Rajnish Sharma, Edoardo Pozio, Émilie Bouchard,
and Emily J. Jenkins

1 Introduction

Trichinellosis (formerly known as trichiniasis or trichinosis), an important
foodborne human disease worldwide, is caused by the zoonotic nematodes of the
Trichinella genus (Gottstein et al. 2009). Species of Trichinella do not only have an
impact on public health but also on the global meat trade (Pozio 2015). Among the
24 most significant global foodborne parasites listed by the World Health Organiza-
tion/United Nations Food and Agriculture Organization, Trichinella spiralis ranked
first and seventh based on global trade and public health significance, respectively
(FAO/WHO 2014). Every year, 1 billion USD are spent on the prevention of swine
and human infections caused by these nematodes, especially on health regulatory
activities in the USA and European Union (Murrell and Pozio 2000; Kapel 2005).
More than 65,000 human cases of trichinellosis and 42 deaths from 41 countries
were reported during 1986–2009 (Murrell and Pozio 2011). The global disability-
adjusted life years due to trichinellosis were 76 per billion persons per year
(Devleesschauwer et al. 2015). Trichinella spp. are also an important foodborne
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parasite in the Arctic, as several outbreaks of human trichinellosis have been
reported and almost all were linked to consumption of game meat.

2 History and Taxonomy

The genus Trichinella belongs to phylum Nematoda, class Enoplea, order
Trichocephalida, and family Trichinellidae. Trichinella spp. were first discovered
by James Paget in an Italian man who died of pulmonary tuberculosis in the UK;
however, this nematode was first described and named Trichina spiralis by Richard
Owen in 1835 (Owen 1835). The life cycle of the parasite was described by Rudolf
Virchow in 1859 (Virchow 1859). Trichinella was considered monospecific until
1972. In the last 50 years, 12 more taxa have been discovered, recently reviewed in
Pozio (2020) (Fig. 1). Currently, there are 13 taxa of Trichinella, classified as
encapsulated or non-encapsulated based on the presence or absence of a collagen
layer surrounding the first-stage larva (L1) in the striated muscle cell. The
encapsulated group infectious only for mammals includes seven named species:
T. spiralis (genotype T1), T. nativa (T2), T. britovi (T3), T. murrelli (T5), T. nelsoni
(T7), T. patagoniensis (T12), and T. chanchalensis (T13). It also includes three
genotypes: Trichinella T6, Trichinella T8, and Trichinella T9. The
non-encapsulated group includes three species: T. pseudospiralis (T4), T. papuae
(T10), and T. zimbabwensis (T11) (Pozio and Zarlenga 2013; Sharma et al. 2020). In
this group, T. pseudospiralis infects mammals and birds, whereas T. papuae and
T. zimbabwensis can infect mammals and reptiles (Fig. 1).

Fig. 1 Features of species/genotypes of Trichinella (based on data from Pozio and Murrell 2006;
Pozio and Zarlenga 2013; Sharma et al. 2020; Tada et al. 2018)
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3 Host Range

Trichinella persists in sylvatic life cycles involving omnivorous and carnivorous
vertebrates (mammals, birds, and reptiles). When humans fail in the management
and biosecurity of domestic animals, Trichinella spp. (especially T. spiralis) infec-
tion may transmit from the sylvatic environment to the domestic one (spillover),
sometimes through synanthropic animals (i.e., rats). The domestic cycle involves
mainly pigs and secondarily other domestic animals such as dogs, cats, and horses.
In addition, some species can spill back from domestic animals to wildlife (Pozio
and Murrell 2006; Oksanen et al. 2018). Domestic life cycles persist when pigs are
fed uncooked pork or game scraps, and free-ranging and backyard pigs can feed on
carcasses or meat scraps (Pozio 2014). Trichinella spiralis is mainly adapted to
domestic and wild swine, where it must be distinguished from T. britovi in wild boar.
As well, T. spiralis has been reported in other domestic animals (dogs, cats, and
horses) and wild carnivores. Trichinella nativa and Trichinella T6 (the most com-
mon taxa in the Arctic and subarctic regions) have been detected in the range of wild
carnivores, including American mink (Neovison vison), Arctic fox (Vulpes lagopus),
Asian badger (Meles leucurus), badger (Meles meles), beaver (Castor fiber), black
bears (Ursus americanus, Ursus thibetanus), brown bear (Ursus arctos), beluga
(Delphinapterus leucas), brown rat (Rattus norvegicus), coyote (Canis latrans), dog
(Canis familiaris), golden jackal (Canis aureus), grizzly bear (Ursus arctos), least
weasel (Mustela nivalis), lynx (Lynx canadensis and Lynx lynx), marten (Martes
americana), minks (Mustela lutreola), mountain lion (Puma concolor), otters (Lutra
lutra), pine martens (Martes martes), polar bear (Ursus maritimus), raccoon dogs
(Nyctereutes procyonoides), red fox (Vulpes vulpes), sea lion (Eumetopias jubatus),
Siberian weasels (Mustela sibirica), skunk (Mephitis mephitis), seal (different spe-
cies), snowshoe hare (Lepus americanus), stone martens (Martes foina), tiger
(Panthera tigris), white-breasted hedgehog (Erinaceus roumanicus), wolf (Canis
lupus), wolverine (Gulo gulo), and walrus (Odobenus rosmarus).

4 Biology and Life Cycle

Trichinella spp. have a unique life cycle, as larvae establish in the muscle cells and
all stages (larval and adult) of the parasite occur in the same host (Pozio 2007a). In
Fig. 2, (1) animals become infected after consuming flesh containing L1 of
Trichinella. (2) In the stomach, larvae are released by the action of gastric acid
and enzymes (3) and pass into the small intestine. (4) Larvae enter the epithelial wall
and undergo four moults before developing into dioecious adult nematodes in
2 days. (5) Adults mate in the intestine, and females release newborn larvae around
6–7 days after infection. (6) Newborn larvae penetrate the sub-mucosa and reach the
striated muscle via lymphatic and then blood vessels. (7) Larvae enter the muscle
cells and (8) induce the development of a collagen layer to create the nurse cell–larva
complex in taxa of the encapsulated clade. (9) In the nurse cell, a larva increases up
to 600 times in volume without moulting, becomes infective within 21–30 days, and
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can remain viable for years (Bruschi and Dupouy-Camet 2014; Bruschi and Murrell
2002): up to 20 years in polar bears and 40 years in humans (Fröscher et al. 1988;
Kumar et al. 1990). The infectious dose for people is not known; however, Dupouy-
Camet and Bruschi (2007) estimated approximately 100 to 300 larvae of T. spiralis.
First-stage larvae of all encapsulated taxa of Trichinella are coiled in a characteristic
spiral fashion (Fig. 3). Females of T. spiralis are from 1/3 to two times longer than

Fig. 2 Life cycle of Trichinella spp. and sources of infection to humans in the Arctic

Fig. 3 Tightly coiled larvae of Trichinella spp. recovered from digestion of the tongue of a
wolverine (Gulo gulo)
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males; males measure between 1.4 and 1.6 mm long (Roberts and John 2005).
Trichinella taxa are indistinguishable morphologically and can only be differentiated
by biochemical or molecular analyses (Pozio 2007a). Freeze resistance is an impor-
tant Arctic adaptation, that is, Trichinella nativa, Trichinella T6, and T.
chanchalensis in sylvatic carnivorous mammals, T. spiralis in horses only and T.
britovi in wild boar and carnivores (Fig. 1). Freeze tolerance can place consumers at
risk if they rely on freezing of meat for inactivation of larvae of Trichinella spp.

5 Epidemiology

5.1 Transmission

Animals acquire the infection by the consumption of flesh of other infected animals,
through scavenging, predation, and/or cannibalism. Sylvatic life cycle plays a
pivotal role in northern environment, where domestic animal hosts (pigs) are rare.
People become infected after consuming raw or undercooked meat of infected
animals. Most of the human cases occurring globally are due to pork consumption
(Murrell and Pozio 2011). In Arctic regions, outbreaks of human trichinellosis are
usually linked to consumption of game meat, often walrus, black bear, and polar bear
(Fig. 2). Walrus meat is considered as the most common cause of trichinellosis in the
Arctic.

5.2 Prevalence and Distribution

Trichinella sp. infection has been reported in animals in all continents except
Antarctica (Pozio 2007b). The prevalence and distribution of Trichinella in the
Arctic and subarctic regions is reported below.

5.2.1 Nearctic Region
The Arctic and subarctic areas of the Nearctic region include northern Canada,
Alaska (USA), and Greenland. The five taxa, namely, T. spiralis, T. nativa,
T. pseudospiralis, T. chanchalensis, and Trichinella T6, have been documented in
animals (Gajadhar and Forbes 2010; Jenkins et al. 2013; Sharma et al. 2020). Of
these, T. nativa and Trichinella T6 are the most common, with T6 more commonly
detected in the western Canadian Arctic and T2 in the eastern Canadian Arctic.

Alaska
In Alaska, Trichinella sp. infection was detected in Arctic fox, black bear, coyote,
dog, ermine, grizzly bear, least weasel, lynx, polar bear, red fox, wolf, wolverine,
beluga whale, snowshoe hare, seals, and walrus (Jenkins et al. 2013; Seymour et al.
2014). The prevalence varied between <1 and 93%. Less than 1% prevalence was
observed in seals (n ¼ 310), ground squirrel (Citellus undulatus) (n ¼ 129), and
muskrat (Ondatra zibethicus) (n¼ 113) (Rausch et al. 1956). The highest prevalence
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was reported in dogs (93%, n ¼ 41) (Rausch et al. 1956). Until 2000, no reports
identified the taxon of Trichinella. Of 57 wolves, 16 (28%) were positive for
Trichinella spp., and the predominant species was T. nativa (69%) followed by
Trichinella T6 (31%) (La Rosa et al. 2003). Trichinella nativa was also documented
in Arctic fox (originated from Barrow and Prudhoe Bay, Alaska), polar bear
(Barrow, Alaska), and ringed seal (Barrow, Alaska) (Seymour et al. 2014). In a
recent survey, antibodies to Trichinella were not detected in any of the 155 brown
bears from Alaska (Ramey et al. 2019).

Wild game is the major, if not only, source of infection for people in Alaska.
Since 1975, 94% (227/241) of human trichinellosis infections were linked to con-
sumption of wild game (Springer et al. 2017). Of these 227 cases, 100 and 99 infected
people had consumed meat of walrus and bear, respectively. Twenty-four patients
ate both walrus and seal, whereas four consumed both bear and seal. However, a
decline in walrus-associated trichinellosis has been reported; average annual cases
decreased from 6.3 (1975–1992) to 0.5 (1993–2017) (Springer et al. 2017).

Northern Canada
Northern Canada comprises the three northern territories (Yukon, Northwest
Territories, and Nunavut) and regions north of the southern limit of discontinuous
permafrost in the following provinces: Alberta, British Columbia, Labrador,
Manitoba, Ontario, Québec (Nunavik and the James Bay region), and Saskatchewan
(Jenkins et al. 2013). In northern Canada, the prevalence of Trichinella sp. infection
varied from 1 to 78% in several species of carnivore mammals (Gajadhar and Forbes
2010; Jenkins et al. 2013; Sharma et al. 2021). All six species of Trichinella reported
from the Nearctic region have been detected in wildlife in northern Canada
(Gajadhar and Forbes 2010; Jenkins et al. 2013; Sharma et al. 2020). Trichinella
nativa and Trichinella T6 are the most common species in the Arctic and subarctic
regions of Canada.

In the Yukon (a territory bordered with Alaska), the prevalence of Trichinella
spp. (taxa not identified) based on larval recovery ranged from 11 to 78% in Arctic
fox, grizzly bear, wolf, and wolverine (Choquette et al. 1969; Gajadhar and Forbes
2010; Sharma et al. 2018). The predominant species of Trichinella identified in
wolverine in the Yukon was Trichinella T6, followed by T. nativa and
T. chanchalensis (Sharma et al. 2020, 2021). Nine polar bears tested seropositive
by ELISA (Rah et al. 2005).

In the Northwest Territories, the prevalence based on larval recovery varied from
3 to 77% in Arctic fox, black bear, grizzly bear, polar bear, red fox, wolf, and
wolverine (Larter et al. 2011; reviewed in Jenkins et al. 2013; Gajadhar and Forbes
2010). Both T. nativa and Trichinella T6 were documented in black bear, grizzly
bear, and wolverine (Gajadhar and Forbes 2010; Larter et al. 2011; Sharma et al.
2018, 2021). Trichinella chanchalensis, a recently discovered species, has been
detected in wolverine, but none in other carnivores, from the Yukon and Northwest
Territories (Sharma et al. 2020, 2021).

In Nunavut, the prevalence of Trichinella spp. ranged from 3 to 43% in Arctic
foxes, grizzly bear, lynx, marten, and polar bear (reviewed in Jenkins et al. 2013;
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Gajadhar and Forbes 2010). Trichinella nativa was common in polar bear, wolf, and
walrus, whereas Trichinella T6 was detected only in lynx (Gajadhar and Forbes
2010).

In Québec, Trichinella spp. were documented in black bear, dog, polar bear, red
fox, wolf, and walrus (Gajadhar and Forbes 2010; reviewed in Jenkins et al. 2013;
Bachand et al. 2018), and the prevalence varied from 7 to 66%. Trichinella nativa
was identified in black bear, red fox, and polar bear (Gajadhar and Forbes 2010;
Bachand et al. 2018).

In Newfoundland and Labrador, Trichinella spp. were documented in black bear,
polar bear, wolf, and walrus (Butler and Khan 1992; Smith and Snowdon 1988;
Thorshaug and Rosted 1956); there is a single report from black bear (Butler and
Khan 1992), whereas the prevalence in other host species varied from 4% to 59%
(Smith and Snowdon 1988; Thorshaug and Rosted 1956). Species of Trichinella was
not identified in wild animals from this region, as no investigations were carried out
in the last 30 years.

In Alberta, British Columbia, Manitoba, and Saskatchewan, the prevalence of
1–33% was reported in black bear, grizzly bear, lynx, marten, polar bear, red fox,
skunk, wolf, and wolverine (Gajadhar and Forbes 2010; Jenkins et al. 2013).
Trichinella nativa and Trichinella T6 were detected in a North American cougar
(Puma concolor couguar) and a grizzly bear of British Columbia, respectively, and
T. nativa in black bears of British Columbia and Saskatchewan (Gajadhar and
Forbes 2010; Jenkins et al. 2013).

In parts of Alaska and northern Canada, T. nativa and Trichinella T6 may occur in
sympatry in wolves and wolverines (La Rosa et al. 2003; Reichard et al. 2008).
Recently, sympatry among T. chanchalensis, T. nativa, and Trichinella T6 was
reported in wolverines from the Yukon and Northwest Territories (Sharma et al.
2020).

Trichinella spiralis and T. pseudospiralis are rarely reported in the Canadian
North. Trichinella spiralis has been eradicated from commercial confinement-raised
pigs in Canada and is rarely reported in backyard pigs (Appleyard and Gajadhar
2000; Appleyard et al. 2002; Gajadhar et al. 1997; Gajadhar and Forbes 2010;
Newman 2014). Wild animals are also considered free of T. spiralis; however,
infection has been seen in red foxes and coyotes from Prince Edward Island
(Appleyard et al. 1998). In Canadian Arctic and subarctic regions, T. spiralis had
never been reported until recent detection in a wolverine harvested from the
Klondike region of the Yukon, near the border of Alaska (Sharma et al. 2019).
Only two cases of T. pseudospiralis have been reported in Canadian wildlife. The
first case was reported from a mountain lion (Puma concolor) from Vancouver
Island in the southwestern region of the country (Gajadhar and Forbes 2010). The
second case, and the only case of T. pseudospiralis reported in subarctic Canada,
was from a wolverine harvested in the Northwest Territories (Sharma et al. 2019).
This was the northernmost observation of T. pseudospiralis from North America.

Human cases and outbreaks of trichinellosis were historically common in North-
ern Canada, almost all associated with the consumption of wild game (walrus or
black bear) (MacLean et al. 1989). Traditional methods of walrus preparation
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(fermentation, freezing, and drying) are not sufficient to inactivate Trichinella larvae
(Proulx et al. 2002), whereas Inuit usually thoroughly cook bear meat (Forbes et al.
2003). In Canada, one of the largest outbreaks of trichinellosis occurred in Salluit,
Québec, Canada; after consuming walrus meat, 42 of 68 individuals became infected
(MacLean et al. 1992). Cases and outbreaks associated with walrus consumption
continue to occur in Nunavut and Nunavik and elsewhere in Canada. In northern
Saskatchewan, the attack rate was 39.7% (31/78) in people consuming bear meat
infected by T. nativa (Schellenberg et al. 2003). A recent outbreak involving
10 persons occurred after consuming jerky (dried meat) prepared from black bear
meat in northern Ontario (Dalcin et al. 2017).

Serosurveys conducted in communities from Nunatsiavut, Nunavik (Québec),
and Inuvialuit regions (Northwest Territories) reported low seroprevalence of
antibodies to Trichinella spp. (<1%) (Egeland and Committee 2010; Egeland and
Inuvialuit Settlement Region Steering Committee 2010; Messier et al. 2012). In
James Bay (Québec), none of the 267 individuals tested were seropositive (Sampasa-
Kanyinga et al. 2012). However, in an extensive survey conducted in 36 Inuit
communities (involving 2212 individuals) across the Inuvialuit Settlement Region
(ISR), Nunavut, and Nunatsiavut, the overall seroprevalence was 18.6%, with the
highest seroprevalence in Nunavut (24%) followed by Nunatsiavut (11%) and
Inuvialuit regions (7.5%) (Goyette et al. 2014). Age (over the age of 50 years),
education level, and consumption of marine mammals and seafood (consisting
primarily of Arctic char, as well as other fish and clams) were associated with
Trichinella seropositivity (Goyette et al. 2014). A higher seroprevalence (16%)
was also observed in a Dene population in northern Saskatchewan (Schurer et al.
2013).

Greenland
In Greenland, Trichinella infection was detected in Arctic fox, dog, polar bear, wolf,
seals, and walrus, with prevalence ranging from 2 to 76% (Jenkins et al. 2013). The
prevalence was 10–15 times higher in polar bear than walrus, and Trichinella nativa
is the only species reported in the region (La Rosa and Pozio 1990; Kapel 1997). A
survey in an eastern Greenlandic hunting community showed a prevalence of 3%
(Møller et al. 2010). Prevalence was higher in persons aged >60 years than in
<40 years (12% vs. 1.4%), which could be attributed to a shift from traditional to
western diets. Age, hunting, and consumption of polar bear meat were associated
risk factors (Møller et al. 2010).

5.2.2 Arctic and Subarctic in the Palearctic Region
The Arctic (largely defined by tundra) and subarctic (largely defined by taiga)
Palearctic ranges from the North Atlantic Ocean to the Pacific Ocean over
11 countries, namely, Iceland, Norway, Sweden, Finland, Estonia, Latvia, Lithuania,
Belarus, the Russian Federation, Kazakhstan, and Mongolia. During the Pliocene
(from 5332 to 2588 million years ago), these areas were affected by a progressive
cooling that culminated with the glaciations in the Quaternary era.
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Cooling during this period is selected for the development of physiological
mechanisms to survive freezing, that is, the longer the survival of larvae of
Trichinella spp. in host carcasses, the higher the probability to be ingested by a
new host, especially in regions with low density of carnivores. This selective
pressure favored the speciation of freeze-tolerant T. nativa and its separation from
the more temperate species, such as T. britovi (Korhonen et al. 2016; Pozio 2016a).

In the Northern Palearctic region, T. nativa is thought to be the predominant
species circulating among wild animals, even if in-depth molecular investigations on
Trichinella isolates from the great North of the Palearctic region are lacking.
Therefore, it cannot be excluded that there is a circulation of other taxa as observed
in the Arctic areas of the Nearctic region. The southern distribution boundary has
been tentatively identified between the isotherms �5 �C and �4 �C in January
(Shaikenov and Boev 1983; Shaikenov 1992; Pozio et al. 1998). The second species
circulating in subarctic regions of the Palearctic is T. britovi, which is sympatric with
T. nativa between the isotherms �4 �C and �6 �C, and there are many reports of
mixed infections in the same host from Estonia, Finland, Lithuania, Latvia, and
Sweden.

Less commonly, two other species, T. spiralis and T. pseudospiralis, have been
documented in the northern areas of the Palearctic region (Pozio 2016b; Oksanen
et al. 2018).

Iceland
In Iceland, Trichinella sp. has never been documented in humans or in endemic
domestic or wild animals, despite the presence of suitable wildlife hosts such as
Arctic fox and American mink (Skírnisson et al. 2003, 2010); all horses and pigs
intended for human consumption are tested, but wildlife species are not routinely
monitored. Periodically, polar bears arrive when pack ice is stranded ashore or
comes into close proximity of the northern or northwestern coasts; however,
according to Icelandic law, soon after their arrival, the bears must be shot and burned
to prevent scavenging by terrestrial carnivores. Over the centuries, more than
500 polar bears have been recorded, 50 in the past 100 years. Many were killed,
although in some cases they returned to the ice and disappeared (Haraldsson and
Hersteinsson 2004). In 2008, a polar bear that had swum to Iceland was found to
have been infected with T. nativa (Skírnisson et al. 2010). Due to global warming
and the consequent reduction of the Arctic pack ice, a decrease in polar bears
swimming to Iceland may result in reduced risk of T. nativa introduction.

Norway
Trichinella nativa is the prevalent species among red foxes (5% prevalence) and
minks (11% prevalence) of mainland Norway. T. britovi has been also documented
in a red fox in the southern region of mainland Norway (Davidson et al. 2006). Anti-
Trichinella sp. antibodies were detected in 7.3% (24/328) of red fox in mainland
Norway (Davidson et al. 2009). Infections have also been documented in dogs and
cats. An important T. nativa focus is present in the Svalbard archipelago (Kapel et al.
1999), where anti-Trichinella antibodies were detected in 78% of polar bears
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(Asbakk et al. 2010). No human cases have been documented in Norway since 1940
(Pozio 2007b).

Sweden
In Sweden, T. nativa is the predominant species (97/185, 52%), detected in 10 brown
bears, 2 raccoon dogs, 55 lynxes, 8 red foxes, 16 wolves, and 5 wolverines across the
whole country. Less frequently, T. britovi (61/185, 33%) has been reported in
20 lynxes, 10 red foxes, 16 wild boars, 13 wolves, and 2 wolverines of central-
southern counties (Pozio et al. 2004; International Trichinella Reference Center
2019). Finally, T. pseudospiralis (21/185, 11%) has been reported in 1 lynx and
20 wild boars of central-southern counties (Pozio et al. 2004; International
Trichinella Reference Center 2019), and T. spiralis (9/185, 5%) has been
documented in 5 red foxes (one co-infected with T. nativa), 2 domestic pigs, and
2 wild boars in the south of the country. In the past 40 years, among the approxi-
mately 3.5–4 million pigs slaughtered per year, the number of infected pigs progres-
sively reduced from 67 in 1980–1989, eight in 1990–1999, and no cases since 2000
(Pozio et al. 2004). Ten outbreaks of trichinellosis, involving a total of 504 persons,
were reported between 1917 and 1969, and a few sporadic cases were also reported
until 1978. The source of infection was pork from backyard pigs and, in one
outbreak, a hunted wild boar (Pozio et al. 2004). In 2013, a probable case of
trichinellosis caused by wild boar meat consumption was documented (https://
www.folkhalsomyndigheten.se/folkhalsorapportering-statistik/statistik-a-o/
sjukdomsstatistik/trikinos-/?p¼16732).

Finland
Trichinella spp. are common in suitable wildlife hosts in Finland. The predominant
species is T. nativa (89.2%), followed by T. britovi (9.5%), T. pseudospiralis (1.8%),
and T. spiralis (1.7%) detected as single or double infections (Oivanen et al. 2002;
Airas et al. 2010; Oksanen et al. 2018). T. nativa is the most prevalent species in the
whole country, and the other three species circulate only in the southern part of the
country. The highest prevalence has been detected in lynx (45.5%–47.8%), followed
by raccoon dogs (28.1%–33.2%), red foxes (18.7%–25.3%), wolves (34.1%–

39.2%), pine martens (9.3%–11.6%), badgers (7.5%), brown bears (5.6%–6.1%),
and otters 2.0%–3.2%) (Airas et al. 2010; Oksanen et al. 2018). The prevalence of
T. spiralis in Finnish pigs has been decreasing, with the last cases detected in 2004
(Oivanen and Oksanen 2009). Trichinella sp. has been reported in hunted wild boar
sporadically in Finland (Oivanen et al. 2002; European Food Safety Authority
2019). In spite of the presence of domestic foci, human trichinellosis is rare in
Finland, with a total of eight cases reported prior to 1977 (Oivanen and Oksanen
2009).

Estonia
In Estonia, T. britovi is the most common species (159/226, 70%) among susceptible
wildlife (brown bear, raccoon dog, lynx, red fox, wild boar, and wolf), followed by
T. nativa (83/226, 37%) detected in the previous reported host species as well as a
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pine marten and a badger (International Trichinella Reference Center 2019; Järvis
et al. 2001). Mixed infections with T. britovi and T. nativa have been detected in
about 8% of infected wildlife. T. spiralis (14/226, 6%) has been detected in lynx,
wild boar, a domestic pig, brown rats, and farmed fur animals (International
Trichinella Reference Center 2019; Järvis et al. 2001), as well as T. pseudospiralis
(2/226, 0.9%) in two wild boars (International Trichinella Reference Center 2019).
The prevalence of Trichinella spp. was 42%–57.5% in raccoon dogs, 40%–69.0% in
red foxes, 50% in lynxes, and 30.4% in pine martens (Kärssin et al. 2017;
Malakauskas et al. 2007). Seroprevalence was 17% in hunted wild boars (Kärssin
et al. 2016), while earlier studies based on larval detection reported a prevalence of
0.3% (Malakauskas et al. 2007). In the twentieth century, human trichinellosis
associated with consumption of game meat has been reported in Estonia almost
every year (Järvis et al. 2001). In the last decade, human infections were documented
sporadically, with the last outbreak involving two persons in 2015 (EFSA 2016).

Latvia
In Latvia, T. britovi is the most prevalent species (421/439, 96%) among susceptible
wildlife, that is, lynx, raccoon dog, wolf, red fox, wild boar, pine marten, beaver, and
golden jackal. Trichinella nativa (17/439, 3.9%) has been detected in red foxes, wild
boar, wolves, and a lynx. Trichinella spiralis has been detected in four domestic pigs
and a wild boar and in five red foxes as single or mixed infections with T. britovi
(Malakauskas et al. 2007; International Trichinella Reference Center 2019).
According to Malakauskas et al. (2007), the prevalence of Trichinella sp. infection
among 1955 tested wild animals was 28.9% in red foxes, 17% in raccoon dogs,
28.6% in pine martens, 88.9% in lynx, and 1.3% in wild boar. In a more recent study,
which screened 1286 wild animals, the prevalence of Trichinella spp. was 56.2% in
pine martens, 45.8% in stone martens, 100% in wolves, 37.3% in raccoon dogs,
50.6% in red foxes, and 100% in lynxes (Deksne et al. 2016). In the period
2002–2018, 283 cases of trichinellosis in humans were documented in Latvia,
with a sharply decreasing trend in the last years (European Food Safety Authority
2007, 2014, 2019). The main source of infection was meat from hunted wild boar.

Lithuania
In Lithuania, T. britovi is the most prevalent species (279/388, 71.9%) among
susceptible wildlife (red fox, raccoon dog, pine marten, and wild boar); T. spiralis
was detected mainly in wild boar and domestic pigs but also in foxes and raccoon
dogs (99/388, 25.5%); T. nativa was detected in red foxes, raccoon dogs, and wild
boar (9/388, 2.3%); and T. pseudospiralis has been reported in a red fox (1/388,
0.2%) (Malakauskas et al. 2007; ITRC 2019). The prevalence of Trichinella
sp. infection was 40% in red foxes, 40% in pine martens, 32.5% in raccoon dogs,
and 0.51% in wild boars (Malakauskas et al. 2007). In the period 2002–2018,
331 human cases of trichinellosis were documented in Lithuania, with a sharply
decreasing trend in the last years (European Food Safety Authority 2007, 2014,
2019). The main source of infection was meat from hunted wild boar.
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Belarus
There is very little information on Trichinella spp. in animals and humans of
Belarus, most dating back to the twentieth century. Both T. spiralis and T. britovi
have been reported in domestic pigs (Shaikenov and Boev 1983). Between 1980 and
1989, the prevalence of human trichinellosis was 0.55 per 100,000 inhabitants
(Skripova and Kovchur 1994).

Russian Federation
The Russian Federation has the largest surface area in the Palearctic (and, indeed, the
world); however, the number of contemporary investigations into the epidemiology
of Trichinella spp. in animals and humans is limited. The most common Trichinella
species circulating among wildlife is T. nativa. Out of 46 regions (oblasts) of
European Russia, epidemiological information on Trichinella spp. is available for
9 (19.5%) oblasts. In the Voronezh and Lipetsk oblasts, T. nativa has been detected
in 28% of wolves and 28% of red foxes, with prevalence as high as 54% in foxes
from protected ecosystems, for example, the Voronezh Reserve (Romashov et al.
2018a, b). In the Kirov oblast, T. nativa has been detected in 3% (4/134) of American
minks (Мaslennikova et al. 2017). In the Kursk oblast, T. nativa has been detected in
American minks (36.6%), red foxes (34.9%), domestic dogs (4%), and a northern
white-breasted hedgehog (Vagin and Malisheva 2010; Vagin et al. 2016).
Trichinella nativa and T. spiralis were found in wildlife of the Ryazanskaya oblast.
Trichinella spiralis was isolated from a badger, raccoon dog, and foxes of the
Nizhegorodskaya and Ryazanskaya oblasts (Konyaev et al. 2012). In the Tver and
Smolensk oblasts, the highest prevalence (97.5%) was found among wolves,
followed by the red foxes (48.3%), the raccoon dogs (20.0%), and mustelids
(12.5%). Trichinella nativa was the most common species detected (98%), whereas
T. britovi was only detected in one wolf and one domestic dog (Pozio et al. 2001). In
the Vologda oblast, T. nativa has been detected in badgers (20%), brown bears (34%
%), pine martens (14.3%), raccoon dogs (33%), red foxes (43.2%), tigers (100%),
wolves (58.8%), sables (2.1%), and Siberian weasels (5.2%) (Glushnev et al. 2012;
Gorodovich and Gorodovich 2010). Mixed infections of T. nativa and
T. pseudospiralis have been reported in a wild boar, a red fox, and a raccoon dog
(Gorodovich and Gorodovich 2010). In central Siberia and the Russian Far East,
Trichinella spp. have been investigated only in Altai Krai, the Altai Republic,
Yakutia, the Amur region, and the Chukotka peninsula. T. nativa has been detected
in foxes, wolves, brown and black bears, and Asian badger of Yakutia, Altai Krai,
and the Altai Republic (Konyaev et al. 2012). For the first time, T. pseudospiralis has
been detected in a polar bear of Yakutia (Kokolova 2017). In the Amur region from
2011 to 2016, T. nativa has been detected in badgers, brown bears, lynx, red foxes,
and Siberian weasels (Solovyeva et al. 2017).

In the Amur oblast, T. nativa has been detected in lynx, red foxes, Siberian
weasels, and raccoon dogs (Guba 2010a, b, c). In Chukotka, T. nativa has been
detected in a polar bear, wolverine, Arctic fox, and a sled dog, T. spiralis in a
domestic cat, T. pseudospiralis in a ringed seal (Pusa hispida) and in a domestic pig,
and mixed infections of T. spiralis and T. nativa in an arctic fox and a northern sea
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lion (Goździk et al. 2017). In the Russian Federation, the incidence of human
trichinellosis was 0.12 per 100,000 inhabitants in 2010 and 0.06 per 100,000
inhabitants in 2011 (Anonymous 2012).

6 Clinical Manifestations of Infection with Trichinella

6.1 In Animals

Clinical manifestations due to Trichinella spp. in naturally infected, free-ranging
Arctic and subarctic wildlife are unknown; however, clinical signs were seen in grey
seals (Halichoerus grypus) and raccoon dogs experimentally infected with T. nativa
(Kapel et al. 2003; Nareaho et al. 2000). Experimentally infected seals showed
anorexia 17 days post infection and then resumed eating (Kapel et al. 2003).
Experimentally infected raccoon dogs showed anorexia, diarrhea, weight loss, and
mild anemia (Nareaho et al. 2000).

6.2 In Humans

The incubation period can last between 7 and 30 days depending on the species of
Trichinella, number of larvae, and host factors (age, sex, and immune status) (Pozio
and Bruschi 2018). Seroconversion occurs between 12 (in severe or moderate cases)
and 60 (in mild or asymptomatic cases) days post infection (Pozio and Bruschi
2018). Clinical signs and symptoms of trichinellosis are non-specific and can be
confused with many other diseases (Kociȩcka 2000). Acute infection has two
phases: intestinal (enteral) and muscular (parenteral). In the initial intestinal stage,
symptoms may include abdominal pain, diarrhea (commonly), malaise, anorexia,
nausea, and vomiting, which is difficult to distinguish from other causes of
foodborne illness or viral infection. In the parenteral phase associated with larval
establishment, fever, facial edema (classically, periorbital), and myalgia may occur.
In addition, anorexia, headache, conjunctivitis, and urticaria may also be present
(Kociȩcka 2000). Rarely, infection may lead to complications like myocarditis,
pneumonitis, and ultimately death if not diagnosed rapidly and treated appropriately
(Bruschi and Murrell 2002), often quite difficult in remote northern regions.

7 Diagnosis and Detection

7.1 In Animals

In animals, detection of Trichinella can be direct or indirect. Direct detection
methods are important for safe consumption of domestic pigs or wild game and to
determine wild animal reservoirs and indicators of a two-way transmission between
wild and domestic animals (Gottstein et al. 2009). The double separatory digestion

Trichinella spp. in the North 327



method is a highly sensitive and widely accepted gold standard method to detect and
recover larvae of Trichinella spp. (ISO 2015; European Commission 2015; Rossi
et al. 2017), and this has been deployed in laboratories in northern Canada (Proulx
et al. 2002). Sensitivity is higher with large sample volumes (at least 10 g), especially
at low larval burdens (e.g., < 1 larva per gram) (Gamble et al. 2000). Predilection
sites for Trichinella sp. larvae depend on host and parasite species (Kapel et al. 2005;
Serrano et al. 1999). Usually, tongue, diaphragm and masseter muscles act as
predilection sites for Trichinella spiralis in pigs (Sus scrofa) and horses (Equus
caballus) (Kapel et al. 2005). Sampling sites in wild animals include the forearm,
diaphragm, and tongue in wild boar; the diaphragm, masseter, and tongue in bear;
the tongue, diaphragm, flippers, and masseter in walrus and seal; the diaphragm,
forearm, and tongue in fox; the diaphragm, forearm, and tongue in raccoon dog; and
the tongue and diaphragm in wolverine (Gamble et al. 2000; Kapel 2000; Kapel et al.
2005; Sharma et al. 2018, reviewed in Gottstein et al. 2009).

As larvae are morphologically similar, molecular methods are needed to deter-
mine species/genotypes of Trichinella circulating in domestic and wild animals
(Gottstein et al. 2009). Multiplex PCR is an inexpensive, rapid, and sensitive method
of identification of species/genotype of Trichinella (Zarlenga et al. 1999). Recently,
T. chanchalensis, a newly recognized species, had been misdiagnosed as T. nativa
using multiplex PCR, which showed similar band patterns for both T. chanchalensis
and T. nativa. Therefore, it is recommended to sequence PCR amplicons or conduct
an inexpensive and rapid PCR-RFLP to differentiate between T. nativa and
T. chanchalensis (Sharma et al. 2020). This finding also calls into question previous
identifications of T. nativa across the circumpolar region.

Serology, an indirect method that detects antibodies, is used for epidemiological
investigations in animals and is not recommended by the International Commission
on Trichinellosis (ICT) for meat inspection as it does not necessarily indicate active
infection (Gottstein et al. 2009; Gamble et al. 2000; Bruschi et al. 2019). On the
other hand, antibody detection may have a higher sensitivity in early infection before
larvae are sufficiently developed to be detected by digestion and microscopy (OIE
2004). ELISA on serum, plasma, or meat juice/tissue fluid is the most commonly
used serological method, often using the excretory/secretory (E/S) antigens.

7.2 In Humans

Sporadic human infections can be difficult to diagnose (Bruschi and Murrell 2002)
and rely on both clinical (symptoms and dietary history) and laboratory diagnosis.
Clinical manifestations (diarrhea, fever, muscle pain, facial edema, periorbital
edema), exposure to raw/undercooked meat, and eosinophilia suggest further inves-
tigation (serology or biopsy) for trichinellosis (Kociȩcka 2000). Seroconversion
generally occurs between the third and fifth week after infection, but in mild/
asymptomatic infections, seroconversion can occur up to 60 days post infection,
and antibodies persist for a year or more (Bruschi et al. 2019). Several serological
methods were used in the past (e.g., indirect immunofluorescence, indirect
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hemagglutination, latex agglutination). Today, the most widely used screening test is
an enzyme-linked immunosorbent assay (ELISA) followed by Western blot as a
confirmatory test (Gómez-Morales et al. 2012; Bruschi et al. 2019). Recently, a
serological method to distinguish infections caused by encapsulated and
non-encapsulated taxa has been developed (Gómez-Morales et al. 2018). For muscle
biopsy, samples are obtained from the deltoid muscle and then processed for
trichinoscopy, histopathology, or muscle digestion. Although invasive, muscle
biopsy is useful to stage infection, determine pathology, and identify species/geno-
type (Bandi et al. 1995).

8 Prevention and Control

Although numbers of human cases have been continuously declining, Trichinella
spp. are widely established in northern wildlife, and human trichinellosis is still a
food safety issue in the Arctic and subarctic regions, often with large outbreaks
associated with communal food sharing. A “One Health” approach is required to
prevent and control Trichinella in the Arctic and subarctic regions (Fig. 4).

8.1 Harvest Practices

In wild animals, eradication is not feasible, but the larval burden of Trichinella can
be reduced by preventing scavenging of carcasses of hunted and trapped wild
carnivores, not using carcasses of potential wildlife hosts as bait (Pozio et al.
2001), and cooking meat thoroughly before feeding to dogs.

8.2 Wildlife Surveillance

Monitoring of reservoir/sentinel wildlife hosts (generally high-trophic-level
carnivores and scavengers such as foxes, raccoon dogs, wolves, jackals, and
wolverines) provides information on the circulation of Trichinella in harvested
wildlife and domestic animal hosts. Regular monitoring of wildlife indicator hosts
would be especially helpful in areas currently considered free of Trichinella spp.
(e.g., Iceland) and in regions where domestic pigs are supposed to be free of
infection (e.g., Canada) to determine the potential of spillover from wildlife to
backyard/outdoor swine production systems and spillback from livestock to wildlife.
Hunting dogs can also act as sentinels for monitoring infections with Trichinella spp.
in wildlife (Gómez-Morales et al. 2016). The selection of indicator host species
depends on factors such as host distribution, life span, availability, and position in
food chain.

Trichinella spp. in the North 329



8.3 Meat Inspection

Consumption of harvested wildlife is integral to many Arctic communities, often
shared among members of the communities and consumed raw or frozen; therefore,
inspection of Trichinella susceptible animals before their consumption or distribu-
tion to the community members should be considered. In 1992, a program known as
the Nunavik Trichinellosis Prevention Program (NTPP) was started in Québec,
Canada, involving multiple stakeholders (Larrat et al. 2012). Samples (walrus
tongue) are transported to a northern laboratory, tested using the digestion method,
and results are available within 24 h, ideally before distribution or consumption. This
program has resulted in the decline in human outbreaks and has now been deployed
elsewhere in the Canadian North. In Greenland, meat inspection of walrus and polar
bear is mandatory before consumption. Testing of harvested wildlife for Trichinella
sp. infections should be considered to protect health of Arctic indigenous
populations, but also in other countries, due to the illegal introduction of meat of
bears hunted in the Arctic and consumed by foreign hunters on their return (Rostami
et al. 2017).

8.4 Culinary Practices

Proper cooking of game meat can prevent human infections but is not always
culturally acceptable. Smoking, curing, drying, fermenting, and microwave cooking
are not considered as safe for killing Trichinella sp. larvae (Gamble et al. 2000,
2007; Noeckler et al. 2019). Freezing of meat can inactivate/kill larvae of some
species/genotypes of Trichinella (Pozio et al. 2006) but not the most common taxa in
wildlife in the Arctic and subarctic regions (T. nativa, Trichinella T6,
T. chanchalensis, and T. britovi). Therefore, an increased northern capacity to test
wildlife before consumption and cooking untested or known positive meat to an
internal temperature of 71 �C for 1 min are recommended.

8.5 Awareness

Engaging community members, hunters, trappers, and consumers is key to
preventing trichinellosis. In addition to good hygiene (washing hands after
handling/processing carcasses and before consumption), more work is needed to
determine and share traditional knowledge about targeted wildlife (species, age, and
season) and harvest practices (not consuming raw meat of some wildlife species) that
can decrease transmission of Trichinella spp. in the circumpolar North.
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8.6 Medical Facilities

Health facilities (medical and veterinary) are not available or limited in remote areas
in the Arctic. A decreased access to such facilities delays outbreak investigations and
rapid diagnosis and treatment of human cases. Financial assistance and infrastructure
development is only one component of building northern capacity, as well as
technological advances that enable carcass-side testing and training of northerners
to conduct surveillance in wildlife, domestic animals, and people.

8.7 Reporting System

Trichinella sp. is a reportable infection in susceptible livestock in Canada and the
USA, but not in wildlife. This seriously disadvantages the understanding of
trichinellosis in northern regions. In the European Union, domestic (pigs and horses)
and wild (wild boar, bears, etc.) Trichinella-susceptible animals intended for human
consumption must be tested by digestion; furthermore, the prevalence of Trichinella
sp. infection in wild susceptible animals must be monitored in EU countries
(European Commission 2015). From a One Health perspective, an exchange of
information between animal and human health agencies regarding disease reporting
and outbreak investigations is needed, as well as close communication among
circumpolar countries, many of whom share connected wildlife populations (such
as polar bears, fox, migratory birds, and marine mammals) that reservoir species of
Trichinella.
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Cryptosporidiosis and Giardiosis
in the Arctic: Increasing Threats
in a Warmer World?

Lucy J. Robertson and John J. Debenham

1 Introduction

Cryptosporidiosis and giardiosis are protozoan diseases, usually gastrointestinal,
with diarrhoea as a common clinical sign. The parasites responsible, Cryptosporid-
ium spp. and Giardia duodenalis, have direct faecal-oral lifecycles, often via
contaminated water or food. The transmission stages, which are infectious upon
excretion, can be shed in high quantities and are very robust. These are both
characteristics that facilitate transmission via environmental contamination.

These similarities have meant that these diseases are often considered together.
However, there are many aspects of these infections and of the parasites that cause
them that are quite unalike, as indicated by the huge phylogenetic distance between
these genera. Therefore, it is important that, despite their similarities and some
aspects of probable convergent evolution, they are considered individually. The
differences between these genera should be recognised as they may affect many
aspects of both the parasites and their diseases, including their biology, epidemiol-
ogy, evolution, and pathology. These aspects may impact on the suitability of these
parasites for establishing and disseminating in Arctic conditions. Thus, a brief
overview of these aspects is provided in the following sections.

1.1 Taxonomy and Phylogeny of Cryptosporidium and Giardia

Cryptosporidium and Giardia are both unicellular parasitic organisms (protozoa)
belonging, respectively, in the phyla Apicomplexa and Metamonada. Although
Cryptosporidium is traditionally considered a member of coccidia, evidence
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indicates that it has a closer affinity with gregarines, which are a large group of
Apicomplexa that are considered particularly primitive (Ryan et al. 2016). This
classification has implications for the survival and spread of this parasite. To date,
over 30 species of Cryptosporidium have been identified, some of which are host
specific, whereas others are more promiscuous regarding host infectivity. Whereas
some species of Cryptosporidium are associated with only mild symptoms or signs,
or none at all, other species are particularly pathogenic and are associated with
severe symptoms. These may even result in mortality, particularly if the host has
other health challenges.

In contrast, for Giardia, which is considered an early-diverging eukaryote in the
Diplomonadida group, around 40 species have been described. However, only 6 are
currently recognised as distinct species, with the others considered likely to be
synonyms. Of these, Giardia duodenalis (also known as G. lamblia or
G. intestinalis) is the species generally associated with the disease giardiosis.
However, G. duodenalis is itself considered a species complex, divided into a
several morphologically identical, but genetically distinct Assemblages (also
known as subtypes of genotypes). Some of these Assemblages are host-specific,
but others are more promiscuous, infecting a range of host groups. Again, there
seems to be variation in disease severity, but it has been difficult to associate the
different Assemblages with a particular symptom spectrum or level of virulence.

1.2 Lifecycles and Transmission of Cryptosporidium and Giardia

Although both Cryptosporidium and Giardia have a direct, predominantly faecal-
oral lifecycle (for some Cryptosporidium species and hosts, respiratory cryptospo-
ridiosis is also relevant), other facets of their transmission and development are very
different from each other. For Cryptosporidium, when an infective oocyst is
ingested, it excysts in the small intestine, and the released sporozoites invade the
cells of the epithelium. Here, in an epicellular location (intracellular but
extracytoplasmic), asexual multiplication occurs. The resulting merozoites invade
neighbouring cells, and sexual multiplication occurs with the production of
microgamonts and macrogamonts. Following fertilization of the macrogamonts,
oocysts are produced that sporulate within the host and are excreted in the host
faeces.

In contrast, for Giardia, only two distinct forms occur in its lifecycle; the cyst and
the trophozoite. An infective cyst hatches in the duodenum releasing two
trophozoites that remain in the host’s intestinal lumen. The trophozoites tend to
adhere to the intestinal epithelium, but are not intracellular and may move around
within the intestinal lumen. Replication is asexual, by binary fission, which limits the
opportunity for exchange of genetic data. Distally, in the ileum, the trophozoites
form the non-replicating cyst stages that are subsequently passed in the faeces.

Thus, both Cryptosporidium and Giardia infection involves multiplication by
asexual reproduction, but Cryptosporidium also has a sexual stage within the
lifecycle. The robust transmission stages of both parasites (oocyst for Cryptosporid-
ium, cyst for Cryptosporidiosis and sporidiosis in the Arctic) are shed in huge
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quantities in the faeces. These stages are already infective to a susceptible host upon
excretion and without any requirement for further maturation in the environment.
Both Cryptosporidium oocysts and Giardia cysts can survive for prolonged periods
(weeks or months) in the environments, especially in cool, damp conditions. How-
ever, in general, Cryptosporidium oocysts are more robust than Giardia cysts,
particularly regarding tolerance towards freezing and drying (Fayer and Nerad
1996; Robertson and Gjerde 2004, 2006; Utaaker et al. 2017).

1.3 Pathogenesis and Signs of Infection

A symptom is a manifestation of disease apparent to the patient himself, while a sign
is a manifestation of disease that the physician perceives Suggest changing
symptoms to signs. The pathogenesis and symptoms for both parasites are predomi-
nantly gastrointestinal, as evinced by their location in the infected host. The patho-
genesis of both tends to be associated with damage and changes to the cells of the
intestinal wall, although there are differences between the mechanisms for each of
the parasites (Certad et al. 2017). The interaction of Cryptosporidium sporozoites
and merozoites with the host cells is assumed to result in signalling cascades with
different resultant molecules (such as proteases and haemolysins) damaging the cells,
increasing fluid secretion, and causing malabsorption. For Giardia, the attachment to
the walls of the epithelial cells with the trophozoite ventral disc is considered also to
activate signalling molecules, with caspases considered to activate apoptosis and
break down junctions between the epithelial cells resulting in barrier dysfunction.
This, in turn, leads to enhanced secretion of electrolytes and malabsorption. Thus, the
predominant feature of both infections is diarrhoea (along with other gastrointestinal
symptoms such as abdominal pain and nausea); however, the mechanisms by which
the diarrhoea occurs seem to differ, and the diarrhoea in itself is different, tending to
be watery for Cryptosporidium and fatty for Giardia. Post-infection sequelae have
also been reported for both infections (in humans) and may reflect host immune
responses rather than infection per se. In addition, for both parasites, interactions
with the microbiota in the host intestine may also be of relevance. One interesting
observation in human and some animal hosts is that occasionally Giardia infection
may be associated with reduced probability or reduced severity of some other
infections, presumably associated with different immunological pathways (Manko
et al. 2017). Thus, in some instances, Giardiamay be considered to have a protective
effect against other pathogens and associated diseases.

1.4 Host Range and Zoonotic Potential

Both parasites have a wide range of potential hosts, although not all species or
assemblages are infectious to all hosts. Among the 30 or so Cryptosporidium species
identified, C. parvum is considered of most relevance to young livestock and is also
very important as a zoonotic species. Other zoonotic species include C. meleagridis
(commonly found in poultry), C. cuniculus (commonly found in rabbits), and
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C. ubiquitum (commonly found in sheep); C. hominis largely infects humans, and
many other species also are host specific. It is assumed that all vertebrate species can
be infected by at least one species of Cryptosporidium.

Among the seven recognised Assemblages of the G. duodenalis species complex,
Assemblages A (in particular) and B (to a lesser extent) are considered to have
limited zoonotic potential, infecting humans and a range of other animals (such as
livestock, some deer, and canids). Despite this host flexibility, reports of zoonotic
transmission are not common. Furthermore, there are sub-types within Assemblage
A with different host specificities such that some strains of Assemblage A found in
humans may not necessarily infect animals, and vice versa (Sprong et al. 2009). The
other Assemblages have been associated with particular mammal groups, such as
dogs (Assemblages C and D), sheep and cattle (Assemblage E), cats (F), rodents (G),
and pinnipeds (H); other vertebrates tend to be hosts for other species of Giardia.

2 Occurrence of Cryptosporidium and Giardia in Arctic
Regions

As many of the countries of the Arctic (around 66.5 �N and northwards from the
equator) are contiguous with non-Arctic regions, determining from publications
when these parasites have been found in Arctic regions and in which host species
is not always straightforward. However, it is clear that although both parasites may
be better adapted to more temperate climates (as their transmission stages tend not to
survive prolonged freezing or repeated freeze-thawing; Robertson et al. 1992), both
parasites do occur in this region.

2.1 Occurrence in Wild and Domestic Animals in Arctic
and Subarctic Regions

Various surveys of animals for infection with Cryptosporidium and/or Giardia have
been conducted in both Arctic (66.5 �N and north) and subarctic (50 �N and up to the
Arctic) regions. In general, immunofluorescent antibody tests (IFAT) have been used
for the detection of cysts or oocysts in faeces or intestinal material, although older
studies have used other microscopy techniques (e.g. lugol for Giardia). More recent
studies have often used molecular techniques (e.g. PCR), both for detection and for
genetic characterisation to the species, assemblage, or genotype level. Results of
wildlife studies using IFAT and PCR from Arctic regions alone are summarised in
Tables 1 (Cryptosporidium) and 2 (Giardia).

Results obtained by Roach et al. (1993) are not included in these tables as they
were based on low sample numbers (from 1 to 14), and IFAT was only used for
Cryptosporidium (all samples negative) and not Giardia. Furthermore, it was not
entirely clear from the publication whether the samples were from Arctic or subarctic
regions, although the indication is that they were subarctic (around Dawson and
Whitehorse, at, 64.1 �N and 60.7 �N, respectively). There is a strong geographical
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bias to the reports included in these tables, with most studies on these protozoa in
Arctic wildlife coming from the USA (Alaska) or Canada, a single study from
Norway, and no published studies in English investigating Arctic wildlife from
Denmark (Greenland), Finland, Iceland, Russia, or Sweden. It is worth noting,
however, that studies from the Russian Arctic may well be published in Russian.
Nevertheless, it is apparent that the occurrence of these parasites in wildlife remains
largely unknown and unexplored in the majority of Arctic regions.

In general, reports suggest that the occurrence of both Cryptosporidium and
Giardia is low in wildlife in those Arctic regions where such surveys have been
performed compared with data from elsewhere. This appears particularly true for
Cryptosporidium, which, to date, does not appear to be well established within
Arctic wildlife. Interestingly, the two wildlife species reporting the highest preva-
lence of Cryptosporidium are the ringed seal (Phoca hispida) and the North Atlantic
Right Whale (Eubalaena glacialis). Both are migratory species that can venture out
of the Arctic, and infection may therefore represent parasite-host life cycles based in
the subarctic.

In contrast, Giardia appears to be more widespread in the Far North, with
infections detected in 13 of the 16 Arctic wildlife species that have been examined.
Given that Cryptosporidium oocysts seem better able to survive in the environment
thanGiardia cysts, particularly under freezing conditions, this distribution is perhaps
surprising and may reflect other more important epidemiological features in this
environment.

Although the occurrence of Cryptosporidium and Giardia appears to be lower in
wildlife in the Arctic than the subarctic, inter-regional comparisons are difficult since
many of the animals studied are relatively Arctic-specific and therefore have not
been investigated elsewhere. Muskoxen, however, have been investigated for both
Cryptosporidium and Giardia in both Arctic (Banks Island, Northwest Territories,
Canada—73 �N; Kutz et al. 2008) and subarctic regions (Dovrefjell, Norway—
62 �N; Davidson et al. 2014). In the Banks Island survey (Kutz et al. 2008), in which
IFAT was used for detection, none of the samples were positive for Cryptosporid-
ium, but 15/72 (21%) of samples were positive for Giardia. In contrast, in the
Norwegian study (Davidson et al. 2014), which also used IFAT for detection,
Cryptosporidium oocysts were detected in 17/167 (10%) of muskox samples.
Intriguingly, however, Giardia was detected in a considerably lower proportion of
animals in the Norwegian Dovrefjell study than in the Banks Island study, being
detected in only 7/167 (4%) of samples. In the Norwegian study, it was speculated
that the muskox infections may have resulted from sympatric grazing with sheep. On
Banks Island where mammalian biodiversity is low (Peary caribou, Arctic hares,
Arctic fox, lemmings, polar bears, and grizzly bears), such sympatric grazing would
not occur. Although the absence or presence of sympatric grazing may be one reason
for the lack of similarity in results, the lack of analysis of samples from other
potential hosts means that supportive evidence is missing, and the difference in
results could reflect other aspects of the study design.

Similarly, the occurrence of these parasites in moose has also been investigated in
both Arctic and subarctic regions. Whereas neither Cryptosporidium nor Giardia
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were detected (using PCR methods) in 42 moose samples from parts of Northern
Alaska within the Arctic (Siefker et al. 2002), a study from subArctic Norway
(Hamnes et al. 2006) reported Cryptosporidium from 15 (3%) and Giardia from
56 of 455 (12%) of moose samples using IFAT. However, there are many
differences between the studies, including sampling regime, detection method, and
age of animal sampled. Thus, again, there is no reason to assume that differences in
results are due solely to sampling location, although this may also be of relevance.

Molecular data characterising Cryptosporidium found in wildlife in the Arctic is
sparse and therefore it is difficult to draw firm conclusions on epidemiological
patterns of transmission. Barren-ground Caribou (Rangifer tarandus groenlandicus)
from Northern Alaska were found to be infected with a previously uncharacterised
genotype, named Cryptosporidium sp. caribou isolate, based on PCR at the 18S
rRNA and heat shock protein (HSP-70; Siefker et al. 2002). Cryptosporidium
isolates from Canadian ringed seals were characterised based on PCR at the 18S
rRNA, HSP-70, and actin gene loci, with two novel seal genotypes and Cryptospo-
ridium muris identified (Santín et al. 2005; Dixon et al. 2008). In Svalbard (Norway),
Cryptosporidium found in sibling vole (Myšková et al. 2019; a rodent species
considered to have been introduced from Russia, and of relevance in maintaining
the Echinococcus multilocularis cycle there (Davidson et al. 2012)) was identified as
C. alticolis. This species has previously been identified in voles in the Czech
Republic (Horčičková et al. 2019), and it seems likely that this Cryptosporidium
species was introduced to Svalbard simultaneously with the sibling voles that have
established there. The data suggest that this Cryptosporidium infection is maintained
at a low density (only 1 of 63 vole samples was found positive) in that population,
although this was not discussed by the authors. This lack of Cryptosporidium species
associated with human infections in Arctic wildlife suggests that zoonotic transmis-
sion may be unlikely.

As with Cryptosporidium, most of the studies investigating Giardia in wildlife in
the Arctic have not attempted to characterise the isolates identified using molecular
methods. However, those results that are available are more indicative of the
potential for transmission between wildlife and humans. In the Banks Island survey
on muskoxen (Kutz et al. 2008), 4 Giardia isolates were identified as belonging to
Assemblage A by PCR targeting the 18S rRNA gene. Similar results were gained
from subarctic muskoxen in Dovrefjell, Norway (Davidson et al. 2014), where one
sample was classified as Assemblage AI based on PCR targeting both the glutamate
dehydrogenase and beta giardin genes. It is interesting that these geographically
distinct populations of muskoxen were both found to be infected by the non-host
specific, and potentially zoonotic, Assemblage A, and not Assemblage E, which
occurs most frequently with their taxonomically close relatives, sheep and goats.

Ringed seals (Phoca hispida) in Arctic Canada were found to be infected with
Giardia Assemblage B, based on PCR at the small subunit rRNA (SSU-rRNA) and
triosephosphate isomerase (TPI) genes. This differed from results of molecular
characterisation of pinnipeds from the subarctic Gulf of St Lawrence, where Giardia
Assemblage A was identified in harp seals (Pagophilus groenlandicus) and hooded
seals (Cystophora cristata) based on PCR at the SSU-rRNA gene (Appelbee et al.
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2010). Whilst this difference may be due to a variety of factors, including host
species, rather than geographical location, it is interesting that, as with the
muskoxen, neither population of pinnipeds were infected by their host-adapted
Giardia Assemblage (Assemblage H).

Unlike with Cryptosporidium, these results raise questions over the source of
these infections, and possible links to human activity. Further research is needed to
elucidate the background for this: have humans, venturing further and further north
in larger numbers, brought with them their Giardia parasites, that now spill over into
previously naïve wildlife populations? It also raises the question of whether these
populations could serve as a wildlife reserve for zoonotic strains of Giardia.

For some wildlife species whose population ranges across the subarctic and
Arctic, data are available from subarctic populations, although it is unknown
whether the same species or genotypes of parasites would be found in the same
host species living further north. For example, molecular analysis at the SSU rRNA
gene of two Cryptosporidium isolates from muskoxen in the subarctic (Dovrefjell,
Norway, Davidson et al. 2014) demonstrated the presence of C. xiaoi (possibly
reflecting sympatric grazing with Norwegian sheep; Robertson et al. 2010) and
Giardia isolates from subarctic moose in Norway were genotyped as Assemblages
AI and AII, depending on target gene (Robertson et al. 2007).

Intensity of infection is also of relevance for considering these parasites, although
data on cyst/oocyst quantity is not always recorded. This is particularly evident when
the detection techniques used are not appropriate for quantification or semi-
quantification of excretion rate. It should also be borne in mind that Giardia
excretion is recognised as varying over time, and thus, intensity of excretion may
differ on a daily basis. Nevertheless, when high numbers of cysts or oocysts are
detected in a faecal sample, then it is more likely to reflect productive infection than
carriage without infection. In addition, high excretion rates indicate the likelihood of
a more contaminated environment, thus increasing the risk of onward transmission.
This could be either to the same or different species of host, depending on the host-
species flexibility of the parasite.

Several of the studies reported in Tables 1 and 2 indicate low levels of excretion.
Domesticated/semi-domesticated animals in the Arctic are predominantly dogs

(hunting dogs and sled dogs, in particular) and reindeer. Although data on the
occurrence of Cryptosporidium and Giardia in domestic animals in the Arctic is
sparse, several studies have been conducted in the northern subarctic. In Arctic
Finland (Kaamanen, 69.1 �N), reindeer calves from an experimental herd were found
to have a very high occurrence of both Cryptosporidium and Giardia with a
cumulative prevalence (based on IFAT detection) of 100% for Giardia and 23%
for Cryptosporidium among 54 reindeer calves from aged 0 to 33 months (Niine
et al. 2017). An earlier study from Arctic Norway and Finland had not detected
Cryptosporidium in 2243 samples from semi-domesticated reindeer (using
immunomagnetic separation followed by IFAT) and did not investigate Giardia
(Kemper et al. 2006). However, these were adult slaughter animals, and therefore
probably less likely to be infected with Cryptosporidium than reindeer calves.
Similarly, a later study (Idland et al. 2021) also investigating slaughter reindeer

Cryptosporidiosis and Giardiosis in the Arctic. . . 349



(in Arctic Norway), did not find any Cryptosporidium, but reported a 5% occurrence
of Giardia, with genotyping indicating the presence of zoonotic Assemblage AI
(Idland et al. 2021).

From the subarctic, the presence of both Cryptosporidium and Giardia has been
investigated in various populations of domestic dogs in Canada. Reports of 3%
occurrence of Cryptosporidium shedding in dogs was reported in 3 different studies;
5/155 (Himsworth et al. 2010), 2/75 (Bryan et al. 2011), 8/231 (Schurer et al. 2012).
Unfortunately, molecular data were not available on these isolates. Each of these
studies also found Giardia in domestic dogs to be relatively common, and occurring
considerably more frequently than Cryptosporidium oocysts. In these studies, Giar-
dia shedding was reported from 95/155 (61%; Himsworth et al. 2010), 10/75 (13%;
Bryan et al. 2011) and 40/231 (17%; Schurer et al. 2012) of the dog samples.
Molecular analysis of these isolates revealed Assemblage A in all three studies,
and this was also supported by Salb et al. (2008). It is of note that the dog-specific
Giardia Assemblages, C and D, were not reported, perhaps suggesting that the
Giardia occurring in these dogs has not originated from canine hosts.

2.2 Occurrence in Human Hosts in Arctic Regions and Lack
of Evidence of Zoonotic Transmission

Although cases of cryptosporidiosis are considered rare in Alaska, the annual rates of
giardiosis cases are usually higher than elsewhere in the USA (Hueffer et al. 2013).
Given that the transmission routes to humans are similar, these data suggest that
Arctic communities in North America are affected by particular variables that do not
occur further south. However, this could also reflect an absence of appropriate
methods for diagnosis of cryptosporidiosis in diagnostic laboratories, as more
sensitive methods have indicated that perhaps Cryptosporidium is more common
than previously assumed (Yansouni et al. 2016). Indeed, diverse methods have been
used to investigate the prevalence of Cryptosporidium and Giardia among people
living in Arctic regions, including microscopy with staining, such as IFAT and acid-
fast stains, molecular methods, and serology. As with human population surveys in
other world regions, study cohorts have varied according to a range of variables
including age group, presence or absence of diarrhoea, and occupation. Results are
summarised in Tables 3 (Cryptosporidium) and 4 (Giardia).

Perhaps of particular interest are the associations made between activities that
involve associations with wildlife. For example, in a survey of 887 Alaskan
residents, Mosites et al. (2018) found no association with Cryptosporidium infection
and different variables, but did note a higher seroprevalence against Giardia in
subsistence hunters and their families, that they associate with lack of running
water in the home, with water commonly collected from rain, ice or snow. Given
that Cryptosporidium is also considered to be a waterborne parasite, it is possible
that some other associated factor may be relevant, or that Cryptosporidium is more
widely distributed in the environment, including the municipal water supply, such
that exposure is not greater among subsistence hunters and their families than any
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other group. Whether zoonotic transmission has occurred in any of the cases reported
is not possible to ascertain with the data available.

The majority of human cases of Cryptosporidium infection in the Arctic where
species identification has been conducted indicate C. hominis subtypes, arguing
against zoonotic transmission, although C. parvum genotype IIA has also been
reported (Iqbal et al. 2015). Furthermore, as detailed earlier, none of the few
Cryptosporidium species identified in Arctic wildlife are those associated with
human infection. It is perhaps worthy of note that a recent systematic review and
meta-analysis (King et al. 2019) suggested that human-to-human transmission of
Cryptosporidium may predominate in countries with poorer sanitation; however, as
that review focuses specifically on C. parvum (gp60 subtype IIc) there is no mention
of Arctic communities. Indeed, it has been shown that C. parvum divides into two
clades, of which one, designated C. parvum parvum is a zoonotic generalist, whereas
the other, C. parvum anthroponosum, transmits only between humans (Nader et al.
2019). A further review of the evidence for zoonotic Cryptosporidium transmission
in Africa has also argued against this transmission route occurring widely
(Robertson et al. 2020). Although it would seem, intuitively, that there is little in
common between Arctic and African communities, there are several commonalities

Table 3 Reports of Cryptosporidium spp. amongst humans living in the Arctic

Country
Detection
method

Prevalence %
(no. of samples) Species/genotype References

Canada qPCR 20 (86)a Goldfarb et al.
(2013)

Canada IFAT, PCR 16 (108)a C. parvum genotype IIa Iqbal et al. (2015)

Canada Acid-fast,
PCR

18 (283) C. hominis genotype Id Thivierge et al.
(2016)

Alaska Serology 29 (887) Mosites et al.
(2018)

IFAT immunofluorescence antibody test; qPCR quantitative PCR
aSamples from patients with diarrhoea; overlap in samples between Goldfarb et al. (2013) and Iqbal
et al. (2015)

Table 4 Reports of Giardia duodenalis amongst humans living in the Arctic

Country Detection method
Prevalence %
(no. of samples) Assemblage References

Russia Not provided 1.6 (378,000) Dudarev et al. (2013)

Canada IFAT, PCR 5 (108)a B Iqbal et al. (2015)

Canada qPCR 1 (86)a Goldfarb et al. (2013)

Alaska Serology 19 (887) Mosites et al. (2018)

IFAT immunofluorescence antibody test; qPCR quantitative PCR
aSamples from patients with diarrhoea
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that are of relevance to the transmission of Cryptosporidium infections. These
include suboptimal water treatment and sewage disposal, along with the potential
for environmental extremes.

Although the presence of Giardia assemblages with zoonotic potential in Arctic
wildlife would suggest that wildlife-to-human transmission is possible, where efforts
have been made to characterise the Giardia Assemblages found in humans
infections, Assemblage B has been identified (Iqbal et al. 2015). This Assemblage
tends to be less associated with infections in animals (Sprong et al. 2009), indicating
that, as with Cryptosporidium, zoonotic transmission may not be occurring exten-
sively. However, given there are few data available on the Assemblages of Giardia
found in human infections in the Arctic and Assemblage A Giardia is reported from
wild and domestic animals in this region, the potential for zoonotic transmission
should not be overlooked. It should also be noted that animals may themselves be
infected by contamination of the environment by faecal material from humans.

2.3 Occurrence in the Environment in Arctic Regions

Although both Cryptosporidium and Giardia can be transmitted directly by contact
with the faeces of an infected host as both oocysts and cysts are immediately
infectious upon excretion, foodborne and waterborne transmission following con-
tamination of the environment can also occur. Fresh produce, or other food that is
consumed raw, has frequently been implicated in outbreaks of cryptosporidiosis
(EFSA 2018). Although no cases have been identified, shellfish that concentrate the
parasites via filter feeding have also been suggested as potential vehicles of infection
(Robertson 2007). Contamination of water, fresh produce, and molluscan shellfish
has been extensively studied in some parts of the world, but relatively few studies are
reported from Arctic regions (see Tables 5 and 6).

Among the studies of protozoan parasites contaminating environmental matrices
in Arctic regions, one study was conducted on water (Masina et al. 2019) and
reported a relatively high level of contamination with both parasites (Tables 5 and
6) using standard techniques and detection by IFAT, with Giardia contamination

Table 5 Reports of Cryptosporidium spp. from environmental samples in the Arctic

Country Source
Detection
method

Prevalence %
(no. of samples) References

Water
Canada Untreated

surface water
IFAT 2 (55) Masina et al. (2019)

Shellfish
Canada Blue mussels

Mytilus edulis
IFAT, PCR 72 (11) Lévesque et al. (2010)

Canada Clams
Mya truncata

PCR 0 (404) Manore et al. (2020)

IFAT immunofluorescence antibody test
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predominating. Similar results have been obtained in water samples from the
subarctic (Roach et al. 1993). About one-third of Finland is in the Arctic, and in a
study from there on water contamination (with specific locations of sampling sites
not provided), of 54 surface water samples, 4 were found positive for Cryptosporid-
ium and 1 for Giardia using a molecular methodology for detection (Rimhanen-
Finne et al. 2002).

In addition, two studies have investigated shellfish. One of these investigated
contamination of blue mussels (Mytilus edulis) from Nunavik, Canada (Lévesque
et al. 2010), and found both Cryptosporidium andGiardia relatively frequently, with
Cryptosporidium being detected in 8/11 samples (73%) and Giardia in 2/11 samples
(18%). The other study (Manore et al. 2020) investigated 404 samples of clams (Mya
truncata) from Nunavut, Canada, using a molecular method; Cryptosporidium
contamination was not detected, but Giardia DNA (Assemblage B) was identified
in the haemolymph of two clams.

3 Effects of Infection on Animal Hosts in the Arctic

The majority of studies that have investigated infections with Cryptosporidium and
Giardia in animals in the Arctic do not report clinical signs or faecal morphology
from the host. This may be because the nature of sampling makes it difficult to
determine whether the animals have symptomatic infections or may reflect the age
group of animals sampled. In general, cryptosporidiosis is a disease associated with
younger animals (often within a week of birth for domestic ruminants; Robertson
et al. 2014), and these may be less accessible for sampling in the Arctic. Although
severe gastrointestinal cryptosporidiosis has been reported from captive muskox
calves, the species of Cryptosporidium was not identified (Kutz et al. 2012).
Cryptosporidium xiaoi was identified in the muskox in the Norwegian study
(Davidson et al. 2012). This species tends not to be associated with symptoms in
other related ruminants such as sheep, but it is possible that the symptomatic muskox
calves were infected with another species. Lambs and calves are often infected with
C. parvum and develop symptomatic cryptosporidiosis, whereas older sheep and

Table 6 Reports of Giardia duodenalis from environmental samples in the Arctic

Country Source
Detection
method

Prevalence %
(no. of samples) References

Water
Canada Untreated surface

water
IFAT 20 (55) Masina et al. (2019)

Shellfish
Canada Blue mussels

Mytilus edulis
IFAT, PCR 18 (11) Lévesque et al. (2010)

Canada Clams
Mya truncata

PCR 0.5% (404) Manore et al. (2020)
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cattle are infected with other species of Cryptosporidium and are largely asymptom-
atic (e.g., Santín et al. 2004). It should be noted that research on ruminants has
indicated that acute episodes of cryptosporidiosis or giardiosis early in life may
result in long-term health impacts regarding growth and weight gain (Sweeny et al.
2011; Jacobson et al. 2016; Shaw et al. 2020). Under Arctic conditions, where the
availability of nutrition may already be critical, such a disadvantage may make a
significant difference to survival.

Many Arctic wildlife species also face a multitude of other threats, such as human
use of biological resources limiting habitat availability and affecting food supply,
mining and other human intrusions resulting in habitat fragmentation, and pollution
and climate change affecting health parameters, as well as altering the ecological
web. All of these, which may themselves interact and affect each other, may result in
greater susceptibility to diseases, including those due to parasitic infection (Bradley
et al. 2005).

4 Potential Effects of Climate Change

Climate change in the Arctic region is already involving (and predicted to involve)
the following events: rising air and water temperatures, loss of sea ice and melting of
the glacial and snow cover, ocean circulation changes, with increased fresh water
inputs and oceanic acidification, and a greater frequency of extreme weather events.
Currently, warming of the Arctic is occurring approximately twice as fast as
elsewhere in the world. These changes are of particular relevance to environmentally
transmitted pathogens, especially those with waterborne transmission, due to the
changes in hydrology associated with climate change. Indeed, both Cryptosporidium
and Giardia have been labelled as potentially climate-sensitive zoonotic pathogens
of circumpolar concern (Parkinson et al. 2014). How these various climate change
phenomena may affect Cryptosporidium and Giardia are illustrated in Fig. 1
(Davidson et al. 2011). In brief, survival of oocysts and cysts in the environment
may be affected by rising temperatures; both parasite transmission stages are nega-
tively affected by freezing and desiccation, and a warmer, wetter environment may
increase persistence in the environment. This may be of particular relevance for
Giardia, as Giardia cysts are less capable of surviving cold or dry conditions than
Cryptosporidium oocysts.

Melting of ice and extreme weather events may result in run-off into fresh water,
potentially resulting in a greater frequency of water contamination events, and thus
increasing the likelihood for outbreaks in the human population. This could then
result in greater contamination of the marine environment, increasing the exposure
of different marine animals, from bivalve molluscs to whales, to these parasites.
Marine bivalves may concentrate the parasites, providing a transmission route to
those animals, including humans, that consume them, and larger marine animals may
transport the parasites to other areas.

All the environmental transformations that are associated with climate change are
likely to result in alterations in habitats and vegetation shifts. This may result in some
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animal populations being lost, but may also be associated with incursions of new
populations. These may bring their own parasites with them or amplify parasites
already there by becoming infected and contaminating the environment. However,
the outcomes associated with the myriad interactions and adaptations resulting from
climate change are complex, heterogeneous, and potentially unexpected; without
integrated investigations, it is impossible to predict outcomes (Bjorkman et al.
2020).

All these potential phenomena have previously been discussed in the literature. A
systematic review to identify the most climate-sensitive diseases and vulnerable
populations in the Arctic and subarctic regions found strong evidence for an associ-
ation between climatic factors and waterborne diseases (Hedlund et al. 2014).
However, with a lack of studies from Greenland and Iceland, and only a few from
Siberia, there is a clear need for more high-quality studies to investigate the adverse
health impacts of weather and climatic factors in the Arctic and subarctic region
(Hedlund et al. 2014). Parkinson and Butler (2005) noted the potential for heavy
rain, snowfall, melting permafrost, and flooding, which could result in widespread
contamination of traditional water sources and damage to community sanitation
infrastructures (Warren et al. 2005). Similarly, the article by Davidson et al.

Fig. 1 Potential climate change effects on water contamination by parasites. Predicted and current
climate changes are likely to affect contamination of water supplies with parasite transmission
stages in the Arctic. Only changes that could increase contamination potential are included in this
figure; some changes that may reduce contamination potential (e.g. temperature changes can
decrease survival of parasite transmission stages) are not included (after Davidson et al. 2011).
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(2011) also noted that elevated run-off from snowmelt, along with increased precip-
itation, could exacerbate contamination of water supplies. This was exemplified by
documented outbreaks of waterborne cryptosporidiosis and giardiosis that have been
associated with snowmelt. In addition, and as noted by Hueffer et al. (2013), storm-
related runoff associated with climate change will increase water turbidity, thereby
potentially compromising water purification filter systems.

The movement north of the treeline that is associated with climate change has also
been suggested to have resulted in the northward movement of rodents, such as
beavers and muskrats. Both of these are known to harbour Giardia infections and
have been previously associated with waterborne outbreaks of infections (Brubaker
et al. 2010). Indeed, as agriculture becomes viable further and further north, live-
stock will form a suitable domestic reservoir for pathogens, contributing to environ-
mental contamination and potentially spreading disease to humans and wildlife.
Semi-domesticated reindeer in Arctic regions have already been shown to be suitable
hosts for Cryptosporidium and Giardia (Kemper et al. 2006; Idland et al. 2021), and
the reduction of their grazing lands due to development and infrastructure changes
may result in increased infection pressures. Climate change may have a negative
impact on reindeer husbandry, as, although plant productivity may improve and the
growing season be prolonged, ice-crust formation may prevent grazing during the
colder times of years, competitive interactions associated with higher forest produc-
tivity may reduce lichen availability, and insect harassment may increase (Moen
2008). How these potential changes may interact with and affect the distribution of
parasites such as Cryptosporidium and Giardia is difficult to predict.

Whilst the Arctic may seem a geographically isolated environment, many wildlife
species migrate great distances to spend variable amounts of time there, some
coming from as far as the tropics. Naturally, parasites take these journeys together
with their hosts and thus have the opportunity to attempt to establish themselves in
these northern regions. Birds in particular have been suggested to be important in the
dissemination of waterborne enteropathogens like Giardia and Cryyptosporidium
(Graczyk et al. 2008). These parasites also have the potential to spread themselves
into the Arctic through the movement of humans and domestic animals. These
processes would suggest that geographical isolation is not a significant impediment
to the establishment of Giardia or Cryptosporidium amongst Arctic wildlife species.
Rather, low animal population densities and harsh environmental conditions could
be considered more likely to be barriers to them gaining a strong foothold in the Far
North. However, as climate change modifies the Arctic environment, likely to better
suit the survival and transmission of both Giardia and Cryptosporidium, these
obstacles will become less important, potentially paving the way for disease on an
individual or even population level. This is concerning, given some species such as
the harp seal (Pagophilus groenlandicus) have been shown experimentally to have
the ability to be infected by C. parvum and transmit it horizontally (Appelbee 2006),
whilst wild populations have been shown to be naïve to this pathogen (Appelbee
et al. 2010). In general, parasites that co-evolve with their hosts do so in a manner
that does not result in severe disease to that host, as this is often not a successful
survival strategy. However, given the longevity of the transmission stages of both
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Cryptosporidium and Giardia in the environment, coupled with their relative host-
flexibility, acute cryptosporidiosis or giardiosis in animal populations that have
previously had minimal exposure may be expected. Indeed, among eukaryotic
pathogens, Cryptosporidium andGiardia could be considered to be likely candidates
for the “sit-and-wait” hypothesis (Walther and Ewald 2004), in which it is postulated
that the virulence of a pathogen should have a positive correlation with its survival in
the environment due to the reduced requirement on host mobility for transmission.
Although this has not, to our knowledge, been closely discussed for these parasites,
it is clear that infections with parasites that result in more severe and prolonged
symptoms will result in greater contamination of the environment with the parasites’
robust transmission stages. This will, thereby, feed into the cycle of these infections
that currently seem to occur relatively rarely among animal populations in the Arctic,
becoming established, and potentially spreading more amongst the human
populations also. Given that there is already concern regarding how cryptosporidio-
sis may synergise with challenges, such as food insecurity and overcrowding faced
by children in remote Arctic communities (Yansouni et al. 2016), similar to children
in countries such as in sub-Saharan Africa where cryptosporidiosis has an alarming
toll on child health (Khalil et al. 2018), this is a relevant issue.

5 Conclusions

Cryptosporidiosis and giardiosis have an impact on both animal health and human
health globally. Although both parasites seem to be relatively well established in
human populations in the Arctic, in animal populations they seem to be relatively
rare compared with other areas of the world, particularly for Cryptosporidium. The
very few genotyping studies that have been conducted on Giardia in Arctic wildlife
suggest that Assemblage A and B may be more common in wildlife here than
elsewhere. However, it is not clear if the Assemblage A isolates are AI, AII, or
AIII; AI and AII occur commonly in humans, but also in wildlife; in contrast, AIII
occurs commonly in wildlife, but very rarely in humans (Sprong et al. 2009).
Nevertheless, although these data may raise concerns that wildlife may act as an
infection source of Giardia for human populations, it may also well reflect that
humans brought the parasites to the Arctic initially, and spillover has been from
humans to wildlife rather than in the opposite direction. This possibility has been
raised regarding Giardia on numerous other occasions already (e.g., Kutz et al.
2009). However, studies are relatively scattered so it is difficult to reach a clear
overview.

Although extrapolation from Arctic animals in subarctic locations may provide an
indication of what may be found in the same animals in the Arctic, this cannot be
extrapolated to the likelihood of transmission in Arctic conditions. However, climate
change is bringing a new set of environmental determinants. Although it is impossi-
ble to predict how the “new” Arctic will appear, some elements that are expected or
are already occurring, such as warmer, wetter weather, flooding, and incursion of
new species, are all likely to facilitate survival of Cryptosporidium oocysts and
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Giardia cysts in the environment and increase the likelihood of transmission to new
hosts. In combination with other challenges, the establishment and expansion of
these parasites among new hosts will provide an additional burden for Arctic
communities, both human and animal. In order to be able to instigate appropriate
mitigation measures, it is important that the occurrence of these parasites among
different Arctic populations and in the environment is monitored. Use of sensitive
and appropriate techniques will not only be able to indicate the presence of the
parasites, but could also provide some clues regarding their epidemiology in the
altered Arctic environment.
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Erysipelas in Arctic and Northern Regions

Fabien Mavrot, O. Alejandro Aleuy, Taya Forde, and Susan J. Kutz

1 Introduction

Erysipelothrix rhusiopathiae [from the Greek ‘erysipelas’—red skin, ‘thrix’—a hair
or thread, ‘rhusius’—reddish and ‘pathus’—disease (Woodbine 1950)], is a
non-sporulating, facultative anaerobic, Gram-positive bacillus that infects people,
domestic animals, and wildlife species worldwide (Brooke and Riley 1999). This
organism was first documented as a human pathogen in the nineteenth century and
since then, more than 15 different serovars have been described (Wang et al. 2010).
Erysipelas, caused by E. rhusiopathiae, is one of the most prevalent and economi-
cally important diseases in the swine industry and is commonly described in farmed
turkeys, chickens, ducks, and sheep. In recent years, it has been detected as an
important disease-causing agent in arctic wildlife (Kutz et al. 2015; Spraker and
White 2017; Mavrot et al. 2020) and people (Groeschel et al. 2019). Erysipelothrix
rhusiopathiae is ubiquitous in nature, has a worldwide distribution, and can persist
for long periods of time in the environment, including in marine environments
(Wood 1994; Wang et al. 2010).
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2 Host Range

Although domestic pigs are considered the most important reservoir,
E. rhusiopathiae is a generalist and is reported from over 30 species of wild birds,
at least 50 species of wild mammals, at least four species of fish, and from people
(Suer et al. 1988; Wood 1994; Wolcott 2007; Opriessnig et al. 2013; Chong et al.
2015). In the arctic and boreal regions, E. rhusiopathiae has been isolated from
muskoxen (Ovibos moschatus) (Mavrot et al. 2020) (Fig. 1), Pribilof arctic foxes
(Alopex lagopus pribilofensis) (Spraker and White 2017), barren-ground caribou
(Rangifer tarandus groenlandicus) (CWHC 2016), boreal woodland caribou
(Rangifer tarandus caribou) (Bondo et al. 2019), moose (Alces alces) (Forde et al.
2016b), wolves (Canis lupus), and bison (Bison bison) (Langford and Dorward
1977). It was also reported as a cause of morbidity in a captive beluga
(Delphinapterus leucas) (Calle et al. 1993). Its widespread and historic distribution
in the North American Arctic is supported by seropositivity in all muskox and
barren-ground caribou populations tested to date (Mavrot et al. 2020; Aleuy et al.
unpublished data), as well as in ringed seals (Pusa hispida) in the Eastern Canadian
Arctic (Sudlovenick 2019). There is broad literature on this bacterium in domestic
and wild species from lower latitudes that will not be covered here (see Reboli and
Farrar 1989; Wang et al. 2010 for further information).

Fig. 1 Carcass of a muskox infected with Erysipelothrix rhusiopathiae. (Photo: David Pritchard)
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3 Taxonomy

Erysipelothrix rhusiopathiae can be divided into three main clades—1, 2, and 3—
based on phylogenetic relatedness, with several isolates also falling intermediate to
Clades 2 and 3 (Forde et al. 2016a). Serotype, which has been traditionally used to
classify isolates, is not correlated with this population structure (Forde et al. 2016a,
2020). Isolates from Clade 1 are rarely reported and have been obtained mostly from
marine mammals but with occasional reports in different wildlife species including
boreal caribou (Forde et al. 2016b). Clade 1 isolates have not yet been observed in
production species (i.e., pigs or poultry). Clade 2 is the predominant clade of
E. rhusiopathiae in Europe (Forde et al. 2020), whereas the majority of isolates
from domestic and wild animals in North America have been from Clade 3 and the
intermediate clade. The level of E. rhusiopathiae diversity has been found to vary
geographically: high levels of diversity have been observed among pigs in Great
Britain (Forde et al. 2020) and in poultry in Germany (Janßen et al. 2015) but with
limited diversity observed in pigs in Japan (Ogawa et al. 2017). Diverse strains of
E. rhusiopathiae have been isolated from wild birds and ungulates in North America,
including several observations of multiple strains co-infecting individual hosts
(Forde et al. 2016b). One important exception is the almost exclusive detection of
a single genotype in muskoxen across two large islands in the western Canadian
Arctic Archipelago (Forde et al. 2016b). There appears to be limited host-specificity
among E. rhusiopathiae strains.

4 Epidemiology

Erysipelothrix rhusiopathiae has been associated with individual cases, clusters, and
large-scale morbidity and mortality events in wildlife (Jensen et al. 1976; Campbell
et al. 1994; Melero et al. 2011; Kutz et al. 2015; Fiorito et al. 2016; Spraker and
White 2017). It is an opportunist, and outbreaks of disease may be associated with
other underlying factors or stressors.

In domestic animals, transmission of E. rhusiopathiae occurs through direct
exposure to feces, urine, saliva, and nasal secretions from infected animals. It can
persist for prolonged periods in the environment, and contaminated soil, bedding,
food, and water are important sources of infection (Wood 1973). The transmission of
E. rhusiopathiae among wildlife is not well understood but is believed to occur
through ingestion of contaminated material (e.g., plants, meat) and wound infections
(Wolcott 2007). Its persistence and circulation in wildlife are likely a result of
asymptomatic infections/carrier animals that are capable of maintaining and
disseminating viable organisms (Wood 1974). Aquatic environments are an impor-
tant source of E. rhusiopathiae, and it has been isolated both from the surface and
from the organs of fish (Suer et al. 1988; Opriessnig et al. 2013; Chong et al. 2015).
Mortality events resulting from E. rhusiopathiae infection have been reported in
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brown pelicans (Pelecanus occidentalis) (Wolcott 2007) and a captive bald eagle
(Haliaeetus leucocephalus) (Franson et al. 1994) fed with contaminated fish. Insects,
including flies, mites, and ticks, also carry E. rhusiopathiae and can act as vectors
(Stickdorn 1936; Wood 1975).

The infection of E. rhusiopathiae in people and animals seems to have a seasonal
pattern with a higher prevalence during warmer months in temperate regions (Proc-
tor and Richardson 1954; Wood 1975). Very little is known about the natural history
of E. rhusiopathiae, but potential explanations for this seasonal pattern include an
interaction between E. rhusiopathiae and ambient temperature, with disease occur-
ring following periods of high temperatures promoting pathogen development
(Proctor and Richardson 1954); a seasonal increase in the contact rates between
hosts and sources of infection during warmer months (Wood 1975); and/or heat-
related stress (Goerttler et al. 1960; Opriessnig and Coutinho 2019).

A seasonal pattern of infection also occurs in arctic muskoxen and caribou.
Traditional knowledge studies on muskoxen in the Kitikmeot region of Nunavut,
Canada, documented a four-year period of unusual mortality events, with peak
mortality occurring in July and August (Tomaselli et al. 2018). A single genotype
of E. rhusiopathiae was isolated from all muskox carcasses sampled during this time
(Forde et al. 2016b;). Similar unusual summer mortality was observed in an Alaskan
population of muskoxen during this time, with E. rhusiopathiae isolated from the
bone marrow of several animals found dead during the summer (Forde et al. 2016b).
In migratory tundra caribou from Alaska, seroprevalence studies support a seasonal
pattern with higher seropositivity in mid-late summer. This seasonality is thought to
be associated with predictable caribou life history stressors, with the peak of
intensity associated with specific weather conditions in the preceding 12 months
(Aleuy et al. unpublished data).

Wildlife mortality events associated with E. rhusiopathiae are often linked with a
variety of underlying factors or stressors. For instance, cumulative stressors, includ-
ing winter migration and an unexpected snowstorm, were implicated in the
E. rhusiopathiae-associated mortality of an estimated 5000 aquatic birds, mostly
eared grebes (Podiceps nigricollis), in western North America (Jensen et al. 1976).
Similarly, E. rhusiopathiae mortality events of the critically endangered kakapo
(Strigops habroptilus) (Gartrell et al. 2005) and malleefowl (Leipoa ocellata) (Blyde
and Woods 1999) were triggered by environmental stressors. In mammals, mortality
due to E. rhusiopathiae septicemia was observed in moose from Algonquin Provin-
cial Park, Ontario, Canada, and was associated with poor nutrition and tick infesta-
tion (Campbell et al. 1994). Underlying factors such as climate change, excessive
heat, and low genetic diversity have been proposed to be associated with the
widespread unusual mortality and population declines observed in muskoxen of
the western Canadian Arctic archipelago from 2010 to 2014: however, these
linkages remain to be established (Kutz et al. 2015; Mavrot et al. 2020).
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5 Pathogenesis and Clinical Manifestations

The pathogenesis of E. rhusiopathiae is characterized by an initial infection through
the tonsils, gastrointestinal mucosa, damaged skin barrier, or arthropod bite,
followed by dissemination via blood (Opriessnig and Coutinho 2019). The bacte-
rium has an affinity for endothelial cells (Nakato et al. 1987; Zhu et al. 2017) and
typically invades predilection sites such as skin capillaries, endocardium, or synovial
membranes (Opriessnig and Coutinho 2019). As a result, the clinical manifestations
of E. rhusiopathiae infection are direct consequences of these pathomechanisms
(e.g., cutaneous vasculitis resulting in the typical diamond-shaped skin lesions in
pigs [Reboli and Farrar 1989]).

Several virulence factors contribute to the pathogenicity of E. rhusiopathiae.
Surface protective antigen A (spaA) increases the adhesion to the endothelium,
neuraminidase enhances cellular invasion, and the capsular polysaccharide improves
immune evasion (Ogawa et al. 2011; Opriessnig and Coutinho 2019). In general, the
genes coding for known virulence factors and immunogenic surface proteins are
present among most E. rhusiopathiae genomes (Janßen et al. 2015; Forde et al.
2020).

In domestic mammals, E. rhusiopathiae is mainly described in pigs and sheep
where it can cause subacute dermatitis, acute and often fatal sepsis with multiple
organ involvement/failure, chronic arthritis, endocarditis, or abortion (Lamont 1979;
Fthenakis et al. 2006; Atyabi et al. 2012; Opriessnig and Coutinho 2019).

In wild mammals, E. rhusiopathiae-associated pathologies have also been
reported in a variety of species. It has been associated with large-scale mortality
events in muskoxen with animals in good body condition showing signs of acute
death (Kutz et al. 2015). Various pathological findings, including disseminated
petechial hemorrhages, accumulation of serosanguinous fluid in body cavities,
peritonitis, typhlitis, and diarrhea, were documented in these muskoxen, but the
necropsies were impaired by the advanced autolytic state of most examined
carcasses. A case of multiple mortalities due to E. rhusiopathiae was also reported
in moose (Campbell et al. 1994). In contrast to muskoxen, the animals were in poor
body condition, and some animals had severe tick infestations. Lesions included
enlarged lymph nodes, bacterial emboli, and myocarditis.

Erysipelothrix rhusiopathiae infections in free-ranging ungulates have been
further described in white-tailed deer (Odocoileus virginianus) (Bruner et al.
1984), Alpine ibex (Capra ibex) (Domenis et al. 2017), and roe deer (Capreolus
capreolus) (Pewsner et al. 2017). Lesions included, but were not limited to,
serosanguinous fluid accumulation and edema, fibrinous peritonitis, diarrhea, enter-
itis, liver necrosis, amyloidosis, and epicardial hemorrhages.

In Pribilof Island arctic foxes, E. rhusiopathiae has been described as the
causative agent of the shaggy lame fox syndrome (Spraker and White 2017). The
syndrome is characterized by polyarthritis and lameness, poor body condition, and
failure to shed the winter coat (conferring a shaggy appearance to affected
individuals).
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In marine mammals, E. rhusiopathiae-associated pathologies are well described
since it is a recurring problem for captive cetaceans. In both captive and free-ranging
cetaceans, the pathogen has been associated with either acute septicemia and intra-
vascular bacterial emboli or subacute cutaneous vasculitis with diamond-shaped
lesions similar to those described in pigs (Melero et al. 2011; Waltzek et al. 2012;
Fiorito et al. 2016). An atypical presentation of E. rhusiopathiae infection in a killer
whale (Orcinus orca), resulting in vesicles on the tongue, has also been reported
(Bossart and Eimstad 1988).

In birds, E. rhusiopathiae is typically associated with peracute septicemia with
multiple organ failures and disseminated hemorrhages and thrombi. Chronic forms
of the disease with skin lesions and arthritis have also been reported (Jensen et al.
1976; Bobrek et al. 2013; Silva et al. 2020). Other notable clinical manifestations
include digital necrosis in a vulture (Ramsay and Baumeister 1986) and respiratory
distress and diarrhea in an emu (Jones et al. 1999). Finally, a case of E. rhusiopathiae
infection in farmed eels constitutes the first report of clinical manifestation in fish,
causing acute septicemia and multiple disseminated hemorrhages (Chong et al.
2015).

6 Diagnosis and Detection

Bacterial culture is the most common method for diagnosis of E. rhusiopathiae as it
can be conducted with basic lab equipment and is often part of the routine processing
of diagnostic cases (Clark 2015; Opriessnig and Coutinho 2019; Silva et al. 2020).
Erysipelothrix rhusiopathiae can usually be isolated using a general enrichment
medium. However, in case of suspected contamination (e.g., postmortem bacterial
growth in an autolytic sample), culture in several steps using a selective medium
increases the likelihood of isolating E. rhusiopathiae (Bender et al. 2009) (Fig. 2).
Identification from culture plates can be achieved using morphological and biochem-
ical identification or through polymerase chain reaction (PCR) (Wang et al. 2010).
Detection can also be achieved through direct PCR testing (Kutz et al. 2015). This
approach is suitable to detect DNA in the absence of live bacteria (McLelland et al.
2011). PCR is less labor-intensive, highly sensitive, and less impacted by
contaminated samples than culture and can distinguish among Erysipelothrix spe-
cies. However, PCR cannot demonstrate the viability of Erysipelothrix detected in a
sample (Brooke and Riley 1999; Pal et al. 2010). Serotyping, as a method for
characterizing E. rhusiopathiae isolates, has been traditionally done through agglu-
tination testing against a panel of serovar-specific antisera (Kucsera 1973), for which
culture is a prerequisite. More recently, however, PCR assays have been developed
to distinguish among the most common serotypes (1a, 1b, 2, and 5) (Shiraiwa et al.
2018).

Ideally, organs or tissues with lesions indicative of E. rhusiopathiae infection are
the best candidates for the isolation or detection of the pathogen (Opriessnig and
Coutinho 2019). In the absence of detectable lesions, tonsils and lymph nodes have
been used to investigate E. rhusiopathiae infection in various species including
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muskoxen and wolves (Stephenson and Berman 1978; Hassanein et al. 2001; Forde
et al. 2016b). As E. rhusiopathiae spreads in infected individuals through blood
(Opriessnig and Coutinho 2019), highly vascularized organs such as the spleen,
liver, and kidney are also appropriate samples for bacteriological investigation. Bone
marrow has also been successfully used for E. rhusiopathiae detection in both
mammals (Kutz et al. 2015; Forde et al. 2016b) and birds (Alley et al. 2005;
McLelland et al. 2011). Bone marrow has the advantage of being preserved longer
than other tissues from autolysis and scavenging, making it an appropriate sample
for disease surveillance of wildlife carcasses (Rouquet et al. 2005; Butkus et al.
2017).

Finally, serology has also been used to diagnose exposure to E. rhusiopathiae.
This is particularly relevant for free-ranging species for which monitoring and
management occur mostly at the population level. An enzyme-linked immunoassay
(ELISA) originally developed for pigs (Giménez-Lirola et al. 2012) has been
successfully adapted for monitoring E. rhusiopathiae prevalence in caribou,
muskoxen, and grey seals (Bondo et al. 2019; Mavrot et al. 2020; Sauvé et al.
2020). Specific serological tools have also been developed to detect antibodies
against E. rhusiopathiae in birds and cetaceans (Livingston et al. 2013; Nollens
et al. 2016).

Fig. 2 Erysipelothrix rhusiopathiae grown on selective enrichment medium (crystal violet and
sodium azide). Left: positive culture result, with pin-prick-sized colonies visible; Right: negative
culture result. (Photo: Fabien Mavrot)
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7 Erysipelothrix in Arctic People

Infection of people with E. rhusiopathiae is considered an occupational hazard
occurring in workers that have close contact with contaminated animals and/or
their products or with contaminated surfaces or materials (Reboli and Farrar 1989;
Brooke and Riley 1999; Wang et al. 2010; Clark 2015). Infection often occurs
through skin abrasions or wounds (Reboli and Farrar 1989; Wang et al. 2010;
Clark 2015). The presentation in people can take three different forms: localized
cutaneous lesions (i.e., erysipeloid, not to be confused with human erysipelas, a
Streptococcus-associated skin disorder), a generalized cutaneous form, and a
septicaemic form often associated with endocarditis (Brooke and Riley 1999;
Wang et al. 2010).

Although the disease is usually self-limiting, cases of generalized or septicaemic
E. rhusiopathiae infection can be readily treated with penicillin, cephalosporins, or
clindamycin (Brooke and Riley 1999; Wang et al. 2010). For populations at risk
(e.g., pig and poultry owners, fishermen, slaughterhouse workers, hunters, and
veterinarians), reduction of exposure to the pathogen can occur through management
of live animals (vaccination, treatment or removal of infected animals), disinfection
of surfaces and tools, proper handling and disposal of animal carcasses and waste,
and the use of protective equipment such as gloves (Brooke and Riley 1999;
Ugochukwu et al. 2019).

Erysipelothrix rhusiopathiae has also been suspected of being the cause of “seal
finger,” “whale finger,” or “fish finger.” This condition, reminiscent of erysipeloid, is
frequently associated with handling seals and other marine mammals and/or fish
(Hillenbrand 1953; Reboli and Farrar 1989). However, the etiology of the condition
is debated (Beck and Smith 1976; Mass et al. 1981; Tryland et al. 2014), and in
recent years, Mycoplasma spp. has been widely accepted as the causative agent of
“seal finger” (Baker et al. 1998; White and Jewer 2009; Tryland et al. 2014; Westley
et al. 2016).

Food is also considered a possible source for Erysipelothrix transmission in
humans and wildlife (Wolcott 2007). In the Arctic, where people rely heavily on
aquatic and terrestrial wildlife species for their cultural and economic wellbeing,
and for food safety, E. rhusiopathiae is a growing concern. Recently, an unusual
case of E. rhusiopathiae infection in a prosthetic joint was described in a patient
from the Canadian Arctic (Groeschel et al. 2019). Although this individual had
considerable occupational exposure to the meat and tissues of a variety of wildlife
species, whole genome sequencing did not identify a known wildlife source. Never-
theless, knowledge of the occurrence of E. rhusiopathiae in arctic species and
increased awareness by the local population and health personnel of clinical signs
associated with infection in people are central to promoting protective behaviors,
reporting suspected human cases, and ensuring timely recognition and appropriate
treatment if warranted.
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8 Conclusion

Erysipelothrix rhusiopathiae is an old pathogen gaining renewed importance. Once
considered a serious pathogen of domestic swine, its significance diminished with
the advent of effective vaccines. It remains, however, an important pathogen in
wildlife globally, with spillover to people being a very real threat. In the Arctic,
recent emergence of this opportunistic bacterium as a significant cause of mortality
in muskoxen, and morbidity in Pribilof foxes, alerts us to the vulnerability of the
arctic ecosystems: ecosystems that are experiencing unprecedented and accelerating
changes and stressors due to climate change. Given the broad host range and
opportunistic nature of E. rhusiopathiae, the impacts on wildlife health, and the
associated human health concerns, increased efforts to better understand the epide-
miology and significance of this pathogen in the changing Arctic are warranted.
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Tularemia in the Arctic

Cristina M. Hansen and Svetlana Dresvyannikova

1 Introduction

While studying an outbreak of a plague-like disease in ground squirrels (Citellus
beecheyi) in Tulare County, California (USA), in 1911, George McCoy and Charles
Chapin isolated a unique bacterial organism and named it Bacterium tularense, after
Tulare County (McCoy 1911; McCoy and Chapin 1912). In 1919, while
investigating “deer-fly fever,” Edward Francis determined that it was the same
disease and named it “tularemia” (Hirschmann 2018). The organism was eventually
renamed Francisella tularensis, after Edward Francis. The first reported laboratory-
confirmed isolation of this organism from a human was in 1914 in Ohio (USA)
(Wherry and Lamb 1914). However, descriptions of a similar plague-like disease
predate this first isolation by almost 100 years (Sjostedt 2007). Francisella
tularensis is zoonotic and, since its first description, has been isolated from more
than 300 species of mammals, birds, amphibians, and invertebrates (Keim et al.
2007).

Francisella tularensis is a highly virulent Gram-negative aerobic coccobacillus.
It is reportable in every Arctic nation and is classified as a category A select
bioterrorism agent in the United States due to its virulence, zoonotic potential,
ability to spread via aerosol, and up to 30% fatality rate if not treated. In fact,
F. tularensis has been weaponized by several countries, and since the 2001 anthrax
attacks in the United States, tularemia research has been rejuvenated (Sjostedt 2007).

Francisella tularensis is ubiquitous in the Northern hemisphere (Fig. 1). There
are currently three recognized subspecies: tularensis, holarctica, and mediasiatica.
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F. tularensis subsp. tularensis (also called type A) is found in North America and is
the most virulent subspecies. F. tularensis subsp. holarctica (also called type B) is
found in Europe, Japan, and North America. It is less virulent than type A tularemia.
F. tularensis subsp. mediasiatica is found in central Asia and very rarely causes
human disease (Challacombe et al. 2017).

There are six clinical forms of tularemia, and the route of entry determines which
will manifest (Maurin and Gyuranecz 2016). Pneumonic tularemia is the most severe
and results from the inhalation of aerosolized bacteria. If untreated, it can be up to
30% fatal (Sjostedt 2007). The most common form is ulceroglandular, which results
from percutaneous exposure via a wound or arthropod bite. Ulceroglandular tulare-
mia results in an ulcer at the site of infection (usually a skin wound) followed by
localized lymphadenopathy and is very rarely fatal. The glandular form presents as
lymphadenopathy without an ulcer. Other less common forms of the disease include
oculoglandular (exposure via the eye), oropharyngeal (exposure via ingestion), and
typhoidal (systemic disease without a primary ulcer). In humans, symptoms gener-
ally appear 3-5 days after infection and are often influenza-like including fever,
chills, headache, myalgia, and arthralgia. In animals, susceptibility varies widely.
Tularemia is generally considered to be a disease of lagomorphs and rodents, as they
are highly susceptible and when infected are often found moribund or dead (Hopla
and Hopla 1994; Maurin and Gyuranecz 2016). Dogs, on the other hand, are
considered relatively resistant to tularemia, and cases are relatively rare (Foley and
Nieto 2010).

The World Health Organization (WHO) has proposed a case definition as a
person with an exposure history, symptoms consistent with tularemia, and a clinical
sample that tests positive for antigen or antibody (Maurin and Gyuranecz 2016).

Fig. 1 A map of the Arctic showing the distribution of types A and B tularemia. Tularemia has not
yet been reported in Greenland (Denmark) or Iceland
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There is currently no gold standard for tularemia diagnosis (Maurin 2020). In
humans and animals, during active infection, DNA may be detected by polymerase
chain reaction (PCR) of blood, lymph node, or other tissues. Antibodies peak
3-4 weeks after infection and can be detected serologically (Maurin and Gyuranecz
2016). Bacterial isolation is complicated by the fact that culturing F. tularensis
requires biosafety level 3 containment facilities and that the organism is fastidious
(Maurin and Gyuranecz 2016). Intradermal skin testing, in which a small amount of
chemically inactivated F. tularensis is injected into the skin and monitored for
inflammation, is described in older literature (Foshay 1932) and is cited later in
this chapter but is no longer a common diagnostic test. Tularemia can be treated with
aminoglycoside, fluoroquinolone, or tetracycline antibiotics. Acquired antibiotic
resistance in clinical isolates has not yet been reported (Maurin and Gyuranecz
2016), but strains of F. tularensis subsp. holarctica have been documented to be
erythromycin resistant (Keim et al. 2007; Maurin and Gyuranecz 2016).

The high virulence of Francisella tularensis is due in part to its ability to evade
the immune system. The lipopolysaccharide (LPS) on its outer membrane is not
highly inflammatory (i.e., does not incite a large immune response). In addition, it
leads an intracellular lifecycle allowing it to escape immune detection (Sjostedt
2007). When a Francisella bacterium is engulfed by a phagocytic cell, it quickly
escapes the phagosome and resides and replicates in the cytosol. Additionally, it has
numerous virulence factors (including a type VI secretion system) that are encoded
by a pathogenicity island (a group of genes encoding virulence factors) within its
genome (Nano et al. 2004).

The tularemia transmission cycle is depicted in Fig. 2. Tularemia can be trans-
mitted by contact with infected carcasses (usually resulting in ulceroglandular
tularemia), inhalation of aerosolized bacteria (resulting in pneumonic tularemia),
ingestion of contaminated water (usually resulting in oropharyngeal tularemia), or
insect vectors (resulting in ulceroglandular, glandular, or typhoidal tularemia).
Mosquito-borne transmission has been hypothesized and is theoretically possible,
but has not been proven (Maurin and Gyuranecz 2016; Triebenbach et al. 2010).
Similarly, a hydro-telluric reservoir has been suggested but isn’t well studied
(Hennebique et al. 2019). There is even evidence that this tenacious organism can
be disseminated by migratory birds (Padeshi et al. 2010; Lopes de Carvalho et al.
2012). Francisella organisms can survive for up to 70 days in water depending on
temperature and salinity. It also may survive in amoebae and mosquito larvae present
in aquatic environments (Hennebique et al. 2019; Telford and Goethert 2020).
Interestingly, human tularemia cases have been reported after near-drowning
incidents (Ughetto et al. 2015).

2 United States (Alaska)

Tularemia is a reportable disease in the United States and in Alaska. The first report
of F. tularensis (then B. tularense) in Alaska was in 1937, when the organism was
isolated from a rabbit tick (Haemophysalis leporis-palustris) that was removed from

Tularemia in the Arctic 379



a varying hare (Lepus americanus) that was trapped near Fairbanks in July of 1937
(Philip and Parker 1938). The isolate in that case was highly virulent in both rabbits
and guinea pigs, suggesting that it was type A tularemia. Later, less virulent isolates
were identified in ticks removed from willow ptarmigan (Lagopus lagopus; Hopla
1965) and in tundra voles (Microtus oeconomus; Rausch et al. 1969). In the 1970s,
the first side-by-side biochemical and animal challenge studies were conducted to
confirm the coexistence of type A and type B tularemia in Alaska (Miller 1974).
Hansen et al. (2010) used molecular subtyping to further confirm this coexistence
and identified types A.I., A.II, and B from Alaskan F. tularensis isolates, showing
that not two but at least three genetic groups of this organism are present in the state.

A number of surveys for tularemia have been conducted in wild and domestic
animals in Alaska, and more than 25 different wildlife species have been reported as
seropositive (Hopla 1965, 1968; Zarnke and Ballard 1987; Chomel et al. 1998;
Zarnke et al. 2004). Seroprevalences in these studies ranged from 0.2% (1/376) in
Northern red-backed voles (Myodes rutilus) from Delta Creek to 100% (1/1) in a
Northern shrike (Lanius borealis) from Southcentral Alaska. Notable high preva-
lence in larger sample sizes include 23.8% (16/67) in wolves (Canis lupus) from
Southcentral Alaska (Zarnke and Ballard 1987), 33% (13/40) in grizzly bears from
Interior Alaska, 33% (13/40) in black bears from Interior Alaska, and a surprising
35% (34/96) from grizzly bears from Arctic Northwestern Alaska. Zarnke and
Ballard (1987) and Zarnke et al. (2004) noted that tularemia peaks in predators

Terrestrial Sylvatic Cycle
(Type A)

Mosquitos
and Files

Hares Cats

Ticks

Humans

Mosquitos
and Files

Rats and Voles

(Type B)
Aqautic cycle

Fig. 2 The terrestrial and aquatic tularemia transmission cycles. F. tularensis has been isolated
from more than 300 host species; common vectors are pictured here. (# Erika Gangware, used with
permission)
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followed peaks in snowshoe hare populations, suggesting the possibility of hares as a
reservoir.

It is also possible that mosquitos are vectors for tularemia in Alaska, but this has
not been proven. During the summer of 2006, 2,610 Interior Alaskan mosquitos
(Diptera: Culicidae) were captured and 30% of pooled samples (pools of
10 mosquitos) tested positive for the F. tularensis FopA gene, but the authors
were unable to transmit tularemia via a bite by an Alaskan mosquito species
(Triebenbach et al. 2010).

The first probable human case of tularemia in Alaska was documented in 1938, in
a 62-year-old man from Wiseman, north of the Arctic Circle (Philip 1939). The first
laboratory-confirmed case (via serology) was documented in 1946 in a 31-year-old
trapper from Northway (Interior) Alaska (Williams 1946). The patient had a history
of skinning muskrat, had reported an ulcer on his finger, and presented with
headache, orbital pain, general malaise, fever, and swollen lymph nodes. The first
culture-positive human infection in Alaska was documented in 1974 when
F. tularensis was recovered from a laboratory worker’s pleural fluid (Miller 1974).

Several human tularemia surveys have been conducted in Alaska, but none
recently. Between 1954 and 1957, 816 skin tests were performed on inhabitants of
Alaskan villages. Of those, 64 (8%) tested positive, with the highest incidence
reported in 50–59-years -old (Hopla 1960). The highest incidence was reported in
central Alaska and corresponds with rich trapping areas. In a 1960 seroprevalence
survey, Aleut, Indian, and Eskimo men, 18% (139 of 793) had antibody titers
ranging from 1:20 to 1:640 (Philip et al. 1962). A subset of those 793 (n ¼ 115)
were also skin tested, with 51 (44%) being positive.

Between 1946 and 2010, 38 human tularemia cases have been reported to the
state of Alaska, of which 23 were laboratory confirmed. Of the confirmed cases,
19 had detailed information available. The median age of patients was 39 years.
Most patients were male (22 of 30), were Caucasian (27 of 38), and had signs that
presented between June and August (20 of 29). Most (26 of 38) were from Central
Alaska. The most common disease form reported was ulceroglandular (19 of 27),
followed by typhoidal (3 of 27) and pneumonic (2 of 27). No cases were fatal.
Notably, 79% (19 of 24) had reported direct contact with wild or domestic animals
(Hansen et al. 2010), including two human cases directly related to housecats (Liles
and Burger 1993).

Between 2011 and 2020, a total of 25 animal cases were reported to the Office of
the State Veterinarian (Gerlach personal communication). Nine of those cases were
reported in wildlife (8 in rabbits or hares, and 1 in a squirrel), and 14 were reported in
domestic animals (10 dogs and 4 cats). Two reported cases were in unknown animal
species. Figure 3 shows the liver of a housecat that was submitted to the University
of Alaska Fairbanks Department of Veterinary Medicine and was determined to have
died from tularemia.

Tularemia has clearly been endemic in Alaska for some time, and the impacts of
climate change on its ecology and epidemiology are unknown. The reservoirs in
Alaska are still unknown, though it’s suspected to be hares or muskrats. To gain
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further understanding of this important disease in Alaska, renewed research is
needed.

3 Canada (Yukon, Northwest Territory, Nunavut)

The first reported case of human tularemia in Canada was in 1929 in Ontario and was
linked to contact with “rabbits” (most likely the snowshoe hare, Lepus americanus).
Since that time, tularemia has been reported in every province and territory except
Yukon (Wobeser et al. 2009), though reports in the Northwest Territories (NT) and
Nunavut are rare.

Human tularemia is currently a nationally reportable disease in Canada, animal
tularemia is not, except for the provinces Yukon, Northwest Territories, and
Nunavut.

A relatively large outbreak of tularemia was reported in Fort Resolution NT in
1976. During that outbreak, 33 individuals (from a population of less than 300) were
infected (Lantis 1981). That outbreak was related to a tularemia epizootic in
muskrats that put trappers and fur dealers at the highest risk. Two more human
cases were described the following year in the Mackenzie district, NT (Lantis 1981).
There have been three reported cases of human tularemia in NT that reported direct

Fig. 3 The liver of a 3-year-old indoor/outdoor housecat that was submitted as a necropsy
specimen to the University of Alaska Fairbanks. The liver is mildly enlarged and has scattered
pinpoint white foci of necrosis. The presence of F. tularensis DNA was confirmed by polymerase
chain reaction. (# Molly Murphy, used with permission)
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contact with wild rodents or lagomorphs: one with a beaver (Castor canadensis), one
with a muskrat (Ondatra zibethicus), and one with a red squirrel (Tamiasciurus
hudsonicus; Wobeser et al. 2009). There has only been one reported case in a human
above treeline (by latitude), in a 14-year-old boy from Arviat, Nunavut (formerly
NT), and that case was presumed to be due to an insect vector (Silverman et al.
1991). Though it is assumed that wild lagomorphs and rodents are reservoirs for
tularemia in Arctic Canada, there has been only one confirmed case of tularemia in a
beaver in NT (Wobeser et al. 2009).

Very few isolates from Canada, and none from Arctic Canada, have been
molecularly typed. To the South and East, F. t. subsp. holarctica (type B tularemia)
has been isolated from deer mice (Peromyscus maniculatus) and house mice (Mus
musculus) in Saskatchewan (Wobesor et al. 2007) and Manitoba (Wobeser et al.
2009) and was also identified in ticks removed from snowshoe hares in Ontario
(Ditchfield et al. 1960). However, a human sample from Kamloops, British Colum-
bia, was identified as type A.1., and another from Muskoka Ontario was typed as A.
II (Farlow et al. 2004). To the West, type A and type B tularemia have been
confirmed to coexist in Alaska (Hansen et al. 2010), and it is this author’s hypothesis
that both type A and B tularemia exist also in Arctic Canada and that notable
outbreaks like the 1976 NT outbreak were caused by type A tularemia (F. t. subsp.
tularensis).

4 Iceland and Greenland (Denmark)

Tularemia has not yet been reported in wild or domestic animals or humans in
Iceland or Greenland (Maurin and Gyuranecz 2016).

5 Norway

In contrast to North America, only type B tularemia is reported in Eurasia.
Scandinavia has a long-documented history with tularemia, with Norway
documenting the lowest prevalence. Tularemia is a notifiable disease in Norway,
and all disease forms are reported in humans, but the oropharyngeal form is most
common and is thought to be due to drinking wells contaminated with dead rodents
(Afset et al. 2015), though cases of pulmonary tularemia appear to be on the rise, so
much so that it is now considered as a differential diagnosis to lung cancer (Kravdal
et al. 2020).

There is literature in Norway describing a disease called “lemming fever” dating
as far back as 1532 (Pearson 1975), but the first official case of human tularemia was
documented in 1929 in Telemark (Thjøtta 1931). That case was in a physician who
had most likely contracted the disease while skinning a rabbit he had hunted.
Between that first case and 1996, an average of one to four human cases were
documented per year, with occasional outbreaks occurring (Pearson 1975; Berdal
et al. 1996), though tularemia has only been reportable in Norway since 1979, so
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many of these early cases are likely not documented. Between 2006 and 2010, an
average of 34 human cases was reported annually (range 11–66) (Afset et al. 2015),
and in 2011, a very large outbreak of 180 human cases was recorded (suggest using
Larssen et al. 2014 as a reference here since it is the first description of the outbreak;
see also remark on page 13 when referring to the same outbreak is made) (Afset et al.
2015).

Despite increasing numbers of reported human cases of tularemia in Norway,
only one human serosurvey has been conducted; it was of school children in
4 different regions of Norway. That survey documented between 0% and 4.7%
prevalence, indicating that tularemia is likely widespread (Berdal et al. 1996). All
children were seronegative in Trysil, in central Eastern Norway. There have been no
reported human deaths from tularemia in Norway.

Tularemia prevalence in Norway mirrors rodent and rabbit populations, and this
was indeed the case during a large outbreak of human tularemia in 2011 that
coincided with the highest density of lemmings (Lemmus lemmus) recorded in at
least 40 years (Larssen et al. 2014). The outbreak started in January with a cluster of
oropharyngeal tularemia in central Norway and was associated with contaminated
drinking wells. From there, it progressed northward, and it ended in December in
Northern Norway as a mixture of oropharyngeal, glandular, typhoidal, and pneu-
monic tularemia (Afset et al. 2015). F. tularensis was cultured from 18 out of
180 human patients during that outbreak, DNA sequences identified all 18 as type
B tularemia (clades B.4, B.7, and B.12). This outbreak was notable in that 62 cases
were reported in county Finnmark, in northern Norway. Prior to this, and since 1977,
only five cases of tularemia had been reported in Finnmark (Afset et al. 2015).
Perhaps even more interestingly, migratory birds are thought to have potentially
disseminated tularemia to Northern Norway in this instance.

There are few confirmed cases of wild or domestic animal tularemia in Norway.
Hare and small rodent populations fluctuate, and peaks occur every 3-4 years. When
human tularemia is documented in a region, hare and rodent populations seem to
decline and are often suspected to be associated with tularemia (Berdal et al. 1996).
Following a lemming peak in 1978/79, several people in Bogen became ill with
tularemia, and lemming populations declined. Immunofluorescent assay confirmed
tularemia in some carcasses (Berdal et al. 1996). Following this, four species of
small mammals were trapped (six red-backed voles, Clethrionomys rutilus; one
ermine, Mustela nivalis; three field voles, Microtus agrestis; and three grey
red-backed voles Clethrionomys rufocanus) for a serosurvey in Northern Norway.
Two animals (a red-backed vole and an ermine) had detectable antibody titers.

Dogs are considered relatively resistant to tularemia (Foley and Nieto 2010), but
there are some data available from Norway. During the large human outbreak in
2011, numerous dog owners brought their dogs to veterinarians because they
showed nonspecific signs of disease. One of the dogs, a hunting dog, had hunted
and killed a mountain hare (Lepus timidus), and the owner of the dog dressed and
hung the hare. Days later, both the dog and the owner became sick. The owner
sought treatment for himself and his dog. Both the dog and hunter had
seroconverted, and the rabbit’s bone marrow was positive for F. tularensis by

384 C. M. Hansen and S. Dresvyannikova



PCR. Following this, a small cohort of hunting dogs (n ¼ 11) that had become ill
after exposure to lemmings had blood samples collected for tularemia serology. Ten
of 11 dogs had agglutinating antibodies to F. tularensis (Nordstoga et al. 2014).

Tularemia is well documented in humans in Norway, and its prevalence has
increased since 2011. The reasons for this increase are unclear but may have to do
with more awareness of the disease by the public or due to changes in insect and
rodent vector populations (Larssen et al. 2014).

6 Sweden

The first confirmed cases of tularemia in Sweden were also described in 1931 and
were seen in a mountain hare and in three humans who had been in contact with the
hare (Granström 1931). It has been a nationally notifiable disease in Sweden since
1968 (Eliasson et al. 2002). Sweden often sees (the) most human tularemia cases in
all of Europe and experiences between 0 and 12 local outbreaks each year. Most
cases are seen in July and August, and most cases are reported in adult men (Desvars
et al. 2015). Between 1931 and 2000, more than 6000 cases of human tularemia were
reported in Sweden (an average of ~87 cases per year; Eliasson et al. 2002).
Incidence has risen since that time, and between 2000 and 2018, 4422 cases were
reported (an average of ~246 cases per year; Dryselius et al. 2019), and in 2019, the
country experienced its largest outbreak in more than 50 years (979 cases; Dryselius
et al. 2019). The most common disease form reported is ulceroglandular, but a large
outbreak of pneumonic tularemia that occurred in 1967–1968 was attributed to
inhalation of hay dust that was contaminated with vole feces (Eliasson et al.
2002). There have been no reported fatalities from tularemia in Sweden, likely
because only type B exists there.

Prior to 2000, most cases were reported in Central Sweden, which is considered
an endemic zone, but since then, more and more cases have occurred in other regions
(Desvars et al. 2015). In 2000, an outbreak of 464 cases was reported, and 187 (40%)
of those were outside the endemic area. Research concluded that owning a cat,
farming, and being bitten by mosquitos were risk factors during this outbreak
(Eliasson et al. 2002). In 2013, a small outbreak (6 cases) occurred in southwestern
Sweden and was connected to a contaminated drinking well (Lindé et al. 2018). It
has been shown that Swedish outbreaks are highly localized and likely the result of
point sources of infection (Svensson et al. 2009). This seems to be the case for the
most recent outbreak as well, in which all cases occurred in residents of and visitors
to Ljusdal, in central Sweden (Dryselius et al. 2019). In central Sweden, where
tularemia is endemic, approximately 20% of the human population had antibodies to
F. tularensis, whereas seroprevalence in non-endemic areas was 1-2% (Christenson
1984).

Most literature implicates mosquito vectors as the most common mode of trans-
mission in Sweden (Christenson 1984; Dryselius et al. 2019), but there is evidence
that supports rodents as a source of human infection also (Pearson 1975; Eliasson
et al. 2002; Lindé et al. 2018). Dead hares are routinely collected and analyzed for
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tularemia by the Swedish government, and an average of approximately nine
infected hares are identified each year (Dryselius et al. 2019). Infected hares are
increasingly being reported outside of the endemic zone, which fits with human
outbreaks occurring more frequently outside this zone also. Antibodies to
F. tularensis have been identified in Swedish predators as well, with reported
seroprevalence ranging from 2.9% (1/34) in Eurasian lynx (Lynx lynx) to 10%
(2/20) in wolverines (Gulo gulo; Hestvik et al. 2019).

Sweden may be the sentinel for the effects of climate change and tularemia.
Desvers and coworkers (2015) showed that cases of tularemia increased from 0.26
cases/100,000 people/year from 1984 to 1998 to 2.47 cases/100,000 people/year
from 1999 to 2012. Incidence data also showed that tularemia occurred over a much
wider geographic area during the second half of the study period and included more
southern regions. In fact, the rate of increase in cases in the south was 9.6 times
higher than in the north. During the study period, the authors also noted a strong
correlation between the incidence of tularemia and the proportion of municipality
covered by inland water, and they found that tularemia cases were overrepresented in
boreal forest and alpine regions of Sweden (ref).

7 Finland

Human tularemia due to F. tularensis type B was first confirmed in Finland in 1932
(Koskela and Herva 1982), but was not listed as a nationally notifiable disease until
1995 (Rossow et al. 2014b). Typically, dozens to several hundreds of human cases
are reported annually and with marked geographic variation. The highest number of
cases are typically reported in Northern and Central Finland (Rossow et al. 2015).
Between 1996 and 2004, an average of 37 cases/100,000 people were reported,
which is the highest of all EU member states (Rossow et al. 2014a). Between 1995
and 2013, the average rate dropped to 5.1/100,000 people (Rossow et al. 2015).
Most human cases reported in Finland are ulceroglandular, followed by the pneu-
monic type. The strongest risk factor for ulceroglandular tularemia is insect bites,
and for pneumonic tularemia it is exposure to dry hay (Rossow et al. 2014b;
Väyrynen et al. 2017). Epidemics in Finland are strongly seasonal, with the highest
occurrence of cases occurring in the summer and early fall. Outbreaks in humans are
documented in Finland every 3 to 5 years (Rossow et al. 2015).

The first serosurvey of humans was done in the early 1980s, when testing 1072
Finish Red Cross blood donors from 12 rural Finnish communities in Northern
Finland (Oulu). Sera from 168 (15.7%) of the volunteers were positive for antibodies
to F. tularensis, though most had low titers. Only seven donors (0.7%) had titers
�80 (Koskela and Herva 1982). A subset of samples (n ¼ 60, including 46 with
antibody titers) were tested for cell-mediated immunity using blast transformation,
and lymphocytes from only five donors responded (all five were people with
antibody titers �80). None of the seropositive or cell-immunity positive subjects
were aware of ever having had tularemia; however, one person reported having been
sick with a tularemia-like illness 15 years prior (previously?). That person reported
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fever and enlarged lymph nodes (one of which was surgically removed). A second
serosurvey of 1045 people was conducted in 2015 and reported 1.5% (16/1045)
seroprevalence (Rossow et al. 2015).

Voles (Microtus agrestis and M. glareolus) have been documented with active
tularemia infections in Finland, and experimental studies have been conducted and
have shown that they are highly susceptible to infection, develop lethal disease, and
shed live bacteria in their urine and feces (Rossow et al. 2014a). Rossow et al. (2015)
concluded that tularemia peaks in vole populations predicted human outbreaks, with
human outbreaks occurring 1 year after a peak in voles.

8 Russia

In the Russian Federation tularemia occurs sporadically, as a group of cases or as
epidemics (Popova et al. 2016). In the USSR, tularemia was diagnosed for the first
time in 1926, when S. V. Suvorov, A. A. Volferts, andM. M. Voronkova isolated the
causative agent of tularemia from infected people during an outbreak on the Volga
River Delta. In the 1940s, up to 100.000–140.000 cases of tularemia among people
were detected in the USSR. During 1946–1956, mass immunization against tulare-
mia reduced the incidence to 1000–2000 cases per year (Olsufiev and Dunaeva
1971; Cherkassky 1996).

Natural foci of tularemia in the far east were studied and described in the early
60s, when the first cases of human tularemia were detected in 1963 in Khabarovsk
Krai and then in 1965 in the Amur River region. Natural foci of this infection are
mainly located in river valleys. The greatest number of foci was found in the Amur
River region and also in Khabarovsk territory (Demidov et al. 2019).

The epizootological investigations of natural tularemia foci in Yakutia began in
the early 60s after an outbreak with over 800 human cases in 1959–1960. In
1944–1995, 2526 patients were registered, and the predominant form of tularemia
was ulceroglandular. Natural foci of tularemia above the Arctic Circle, including
Chukotka Autonomous District, were detected and characterized in the late 1970s to
early 1980s. The first case of ulceroglandular tularemia was registered on Wrangel
Island in 1984 and was likely transmitted from a lemming (Petrischeva and Olsufiev
1969).

In Russia, tularemia is not often registered due to the use of live tularemia vaccine
and revaccination of the population in enzootic areas and risk groups (Kudryavtseva
et al. 2020). In 2019, 42 cases of human tularemia were registered in the Russian
Federation, 85% of which occurred in three federal districts: Northwestern, Central,
and Siberian (Kudryavtseva et al. 2018).

During the 10-year period from 2009 to 2018, 1944 cases of human tularemia
were reported in Russia despite vaccination, 1049 of which were in the Urals Federal
District and 177 in the Siberian Federal District. During this period, one outbreak
occurred due to a decrease in the vaccination level, affecting 1005 people in the
Khanty-Mansi Autonomous Okrug. There is a trend towards tularemia urbanization
in Russia. Recent data show that more than 80% of cases now occur in people living
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in urban areas (Kudryavtseva et al. 2020). This does not mean, however, that people
are infected in urban regions; it is possible that people acquire infections while
visiting less inhabited areas while recreating. Additionally, there is a trend towards
diagnosis in younger human patients, and cases in children (under 17 years of age)
diagnosed have increased to 30% (Kudryavtseva et al. 2020).

Tularemia is not a typical disease for high latitudes. However, the natural foci of
tularemia in the Arctic and a lot of rodents in the tundra and forest tundra that are the
main vectors threaten people’s (or public health) health. In Taimyr, two naturally
occurring foci of tularemia are well known. One of them is located in the Norilsk
basin in the valley of the Norilka River. Vectors are different types of voles and
Arctic shrew. The other focus is located in the valley of the Khatangy River near
Novoribnoye settlement. Here lemmings are the vectors of infection (Popova et al.
2016).

In Russia, the main species composition of infected animals are voles (red and
Grey red-backed vole) and common shrews. Ticks, regurgitates of predatory birds,
excrements of predators, as well as water from open reservoirs were also
contaminated (Kudryavtseva et al. 2018, 2020). The spread of infection is associated
with climatic conditions such as rivers flooding, water stagnation, as well as reduced
level of vaccination.

9 Disease Management, Control, and the Future

Tularemia is endemic to the Northern hemisphere, can infect more than 300 animal
species, and can survive in water. It is a disease that has been and always will be a
part of the northern landscape. However, relative to other zoonotic diseases, it is also
relatively rare and does not take many human lives, though it is likely
underdiagnosed (Afset et al. 2015). Experiences with both animal and human
outbreak investigations are scarce, and little surveillance is done.

Climate change will likely impact tularemia prevalence in humans and animals by
altering the distributions of rodent reservoirs and insect vectors and by increasing
liquid water (vs. ice) on the landscape (Hueffer et al. 2013). Thus, control should
focus on the monitoring and control of insect vectors and rodent reservoirs and on
access to safe drinking water (Hennebique et al. 2019). However, there is not a clear
enough picture of the current status of tularemia in the Arctic to be able to detect the
impact of climate change. Increased surveillance is needed, as tularemia is thought to
be underreported worldwide due in part to its often vague clinical signs and
symptoms. It is also important that practitioners (physicians, veterinarians, etc.)
work to get proper diagnoses when presented with patients with febrile illnesses.
Should prevalence rise and tularemia become a more urgent threat, vaccine devel-
opment may be necessary. A human vaccine was developed by the Soviet Union in
the 1940s, but there is currently no licensed vaccine in the United States or European
Union (Sunager et al. 2016). There are no animal vaccines for tularemia.
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Orthohantaviruses in the Arctic: Present
and Future

Frauke Ecke, Magnus Magnusson, Barbara A. Han,
and Magnus Evander

This chapter focuses on zoonotic orthohantaviruses, their distribution and reservoir
hosts (nomenclature following www.itis.gov), epidemiology, clinical manifestations
of infection, diagnosis and detection, as well as the predicted future of
orthohantaviruses in reservoirs in light of climate change and exploitation of natural
resources in the Arctic. We put special emphasis on the ecology and transmission of
the widespread and zoonotic Puumala orthohantavirus (PUUV) and its reservoir host
the bank vole (Myodes glareolus); a model system in disease ecology.

1 Orthohantaviruses

Orthohantaviruses are RNA viruses in the genus Orthohantavirus in the order
Bunyavirales, family Hantaviridae. At present, >30 species are known (Adams
et al. 2017), and new species are constantly being detected including epizootic and
zoonotic ones. Orthohantaviruses are globally distributed except for Antarctica
where they are absent. The viral reservoirs are mainly rodents but also include bats
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and insectivores amongst others (Vapalahti et al. 2003; Zhang 2014; Arai and
Yanagihara 2020).

2 Epidemiology

2.1 Transmission

In animals, orthohantaviruses are transmitted horizontally, either directly through
aggressive interactions and grooming or by inhaling infectious particles shed from
urine, feces, or saliva in the environment (Yanagihara et al. 1985; Hardestam et al.
2008). Humans become infected by inhaling aerosols of the virus-contaminated
rodent excretions (Tsai 1987). In addition, infection through rodent bites or tissue
handling in laboratory settings has also been reported (Tsai 1987; Hart and Bennett
1999; Schultze et al. 2002). Person-to-person transmission has been shown only for
Andes orthohantavirus (Martínez et al. 2020), although PUUV has been detected in
human saliva (Pettersson et al. 2008b).

2.2 Reservoir Species in the Arctic

Within the current Arctic and extended Arctic region (300 km buffer), 16 rodent
species (order Rodentia), five shrew species (order Eulipotyphla), two even-toed
ungulate species (order Artiodactyla), one hare species (order Lagomorpha), and one
carnivore species (order Carnivora) have been identified as reservoirs for zoonotic
orthohantaviruses according to one global human disease database (Global Infec-
tious Diseases and Epidemiology Network, GIDEON) (Berger 2005) (Table 1).
However, the reservoir status of reported even-toed ungulate, hare, and carnivore
hosts remains inconclusive as exposure of these species to orthohantaviruses so far
only has been identified by the detection of antibodies (i.e., serology) (Table 1). The
majority of confirmed reservoir species carry Old World orthohantaviruses causing
hemorrhagic fever with renal syndrome (HFRS) and are distributed in the Eurasian
part of the Arctic. Only three species (Rattus rattus, Rattus norvegicus, and
Peromyscus maniculatus) are known to carry New World orthohantaviruses that
may cause the more severe hantavirus pulmonary syndrome (HPS). The highest
reservoir richness is found within the Eurasian part of the Arctic (Fig. 1), while
human morbidity caused by orthohantaviral infections is likely higher in the North
American Artic compared to the Eurasian Arctic due to the severity of HPS in
humans caused by Sin Nombre orthohantavirus (SNV), which is transmitted by
P. maniculatus (Table 1).
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2.3 Puumala Orthohantavirus (PUUV) and Bank Vole Ecology

In northern Europe, Siberia, and eastern Russia, the bank vole is the only known
reservoir host for the zoonotic PUUV causing HFRS in humans (reviewed in
Vapalahti et al. 2003). Within this vast area, Fennoscandia stands out as a high
endemic region for HFRS. The reservoir host animal, the bank vole, experiences life-
long infection and excretes viral particles throughout its lifespan (Meyer and
Schmaljohn 2000). Bank voles are distributed throughout large parts of Europe,
and in Sweden and Finland, the species is apparently missing only in the
northernmost regions (Mitchell-Jones et al. 1999). Overall, bank voles occur approx-
imately up to the Arctic Circle (ca 66.3 �N; IUCN 2021). There is a spatial mismatch
between bank vole and PUUV distribution. For example, PUUV occurrence in
Sweden appears restricted to northern Sweden despite the fact that the bank vole is
also occurring in southern Sweden (Olsson et al. 2010); see Lõhmus et al. (2016) and
Borg et al. (2017) for a potential southwards expansion of the distribution range of
PUUV. These spatial mismatches are likely related to the presence of distinct genetic
lineages of the host and the virus due to different recolonization routes of bank voles
after the last glaciation (Razzauti et al. 2009). Host genetics have been suggested to
be important for the diversity of immune-related genes, which could affect the
infection tolerance of orthohantavirus reservoirs (Rohfritsch et al. 2018; Vulin
et al. 2021).

Fig. 1 Distribution of the number of host species for orthohantavirus (orders Rodentia,
Artiodactyla, Carnivora, Eulipotyphla, and Lagomorpha) within the Arctic (black line) (a) and
the Arctic including a 300 km buffer (b). Light grey areas represent land areas in the Arctic where
reservoir species currently are absent. Distribution areas are obtained from International Union for
Conservation of Nature (IUCN) Red List of Threatened Species and Global Biodiversity Informa-
tion Facility (GBIF). Dark grey areas represent land areas outside the Arctic. The Arctic was
delineated as a union between the areas defined by the Arctic Biodiversity Assessment and the
Arctic Assessment and Monitoring Programme (AMAP). Species richness was mapped within
hexagons of 784 km2
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PUUV prevalence in bank voles shows seasonal and between-years dynamics
with higher overall prevalence in spring (commonly >40%) compared to fall and a
positive correlation with bank vole population density (Voutilainen et al. 2012;
Khalil et al. 2016b, 2019). Climate and land-use change affect transmission within
bank vole populations and animal-human transmission of PUUV (summarized in
Fig. 2). This includes increased animal-human transmission following rain-on-snow
in early winter, a phenomenon that is expected to increase with climate warming
(Khalil et al. 2014b) and during high peaks of the vole population cycle (Niklasson

Fig. 2 Schematic illustration of the effect of abiotic and biotic factors on Puumala orthohantavirus
(PUUV) transmission in the competent host species, bank vole (Myodes glareolus), and transmis-
sion of the virus to humans. Drivers of virus transmission include land-use change (e.g., intensive
forestry and wildfires), global warming, environmental pollution, the “dilution effect” (high species
diversity reduces pathogen transmission; Keesing et al. 2006), predator control and timing, and
dynamics of the vole population cycle. Human infection generally occurs via aerosol inhalation of
viruses from rodent secretions. For several of the identified relationships, we largely lack a
mechanistic understanding (e.g., role of competition, habitat disturbance, and contaminants). So
far, no direct link between environmental pollution and PUUV infection in bank voles has been
established. However, environmental contaminants impair the health status of the host (Ecke et al.
2018) and hence likely increase the susceptibility of the host to infection. The dashed arrows
identify generally understudied factors. The signs (“+” and “�”) indicate a positive and negative
relationship, respectively. Numbers refer to references: 1: Khalil et al. (2014b), 2: Kallio et al.
(2006), 3: Razzauti et al. (2009), 4: Vapalahti et al. (2003), 5: Ermonval et al. (2016), 6: Ecke et al.
(2018), 7: Easterbrook and Klein 2008), 8: Sipari et al. (2021), 9: Niklasson et al. (1995), 10: Khalil
et al. (2019), 11: Khalil et al. (2016b), 12: Ecke et al. (2017), 13: Khalil et al. (2016a), 14:
Voutilainen et al. (2012), 15: Magnusson et al. (2015a), 16: Ecke et al. (2013), 17: Ecke et al. (2019)

Orthohantaviruses in the Arctic: Present and Future 399



et al. 1995). Land-use changes such as clear-cutting and overall habitat disturbance
affect virus transmission in the bank vole population via multiple pathways
(Voutilainen et al. 2012; Magnusson et al. 2015a; Ecke et al. 2017, 2019; Khalil
et al. 2019) (Fig. 2). In addition, predators such as owls selectively prey on infected
animals (Khalil et al. 2016a) and hence potentially alter transmission in bank vole
populations (Fig. 2). Stress can increase susceptibility to infection (Padgett and
Glaser 2003), and environmental pollution (metals and organic contaminants) can
impair host animal health (Ecke et al. 2018). It is therefore likely that environmental
pollution can promote susceptibility to orthohantavirus infection in its hosts.

The “dilution effect” (Keesing et al. 2006), a concept where high biodiversity
reduces pathogen transmission, has been demonstrated for PUUV in both Swedish
and Finnish bank vole populations (Voutilainen et al. 2012; Khalil et al. 2016b; Ecke
et al. 2017). In northern Sweden, the composition and structure of the small mammal
community have changed since the 1970s including local extinction of the previous
common grey-sided vole (Myodes rufocanus) following clear-cutting at a regional
scale (Ecke et al. 2013; Magnusson et al. 2015b). Consequently, and as a result of
decreased biodiversity, the proportion of bank voles within the small mammal
community increased and, with it, PUUV transmission (Ecke et al. 2017).

There is uncertainty concerning transmission of PUUV in the extended Arctic
outside of the distribution range of the bank vole. Here, two other Myodes species
might be of relevance: the northern red-backed vole (M. rutilus) and the grey-sided
vole with the grey-sided vole occurring throughout the Eurasian Arctic and the
northern red-backed vole occurring in both the North American and Eurasian Arctic
(IUCN 2021).

The northern red-backed vole is closely related to the bank vole. The species can
hybridize in an overlapping “hybrid zone” and have done so during different events
in overlapping distribution areas since the last glaciation (Tegelström 1987;
Melnikova et al. 2012). Close to Alta, northern Norway, one study describes
human cases of HFRS outside of the known distribution range of the bank vole
(Traavik et al. 1984). These human cases are likely directly linked to the presence of
red-backed voles or/and grey-sided voles. The involvement of northern red-backed
voles in HFRS is further supported by human cases recently diagnosed in regions of
northern Norway outside of the bank vole distribution range (Milhano et al. 2017)
even though there is uncertainty of where the patients have contracted the disease
(MM personal contact with Tromsö University hospital). Both the northern
red-backed vole and the grey-sided vole carry their individual orthohantaviruses
(Kariwa et al. 1995; Vapalahti et al. 1999; Zhang et al. 2007; Yashina et al. 2015; Lu
et al. 2017; Arai and Yanagihara 2020), but the Puumala strain in grey-sided voles
(PUUV (HOKV), Table 1) appears to be non-zoonotic, at least in the northern part of
Japan (Miyamoto et al. 2003). The northern red-backed vole is currently not
classified as a zoonotic reservoir in GIDEON (Table. 1) but is listed as a reservoir
in other classifications (Shaw et al. 2020).
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2.4 Other Orthohantaviruses and Ecology of Their Reservoirs

Apart from PUUV, the main orthohantavirus posing major zoonotic risk in the Arctic
is SNV with North American deermouse (Peromyscus maniculatus) as reservoir host
(Nichol et al. 1993). North American deermouse, even though generally reported as
a forest-dwelling species, is a habitat generalist like the bank vole and occurs in
multiple natural and artificial habitats (Cassola 2016). Like PUUV, SNV transmis-
sion occurs horizontally among North American deermice, and high biodiversity can
not only reduce but also amplify transmission with a net dilution effect (Luis et al.
2018). In contrast to PUUV in bank voles, prevalence of SNV in North American
deermice is generally lower (up to 31.1%; Luis et al. 2018), which is also reflected in
lower human incidence of HPS (Warner et al. 2020) compared to HFRS (Khalil et al.
2019).

Much less is known about the disease ecology of the Khabarovsk orthohantavirus
(KBRV) in the brown lemming Lemmus sibiricus that occurs in the Eurasian Arctic.
The brown lemming in contrast to both the bank vole and North American
deermouse does not occur in human-modified habitat (Tsytsulina et al. 2007).
Among shrews, Seewis orthohantavirus (SWSV) and Jemez Springs virus (JMSV)
have been found in the Arctic (Table 1). While the common shrew (Sorex araneus),
the reservoir of SWSV, can be found in artificial habitats (Hutterer and Kryštufek
2016), the dusky shrew (Sorex monticola) only occurs in natural habitats (Matson
et al. 2016). For both KBRV, SWSV, and JMSV, the transmission pathways from
the reservoir host to humans have still to be identified. Considering that especially
the brown lemming and the dusky shrew only have been documented in natural
habitats, humans might get infected when visiting, for example, shrubby tundra and
wetlands.

2.5 Prevalence and Distribution in Humans

2.5.1 Nearctic Region
The Nearctic region includes Alaska (USA), northern Canada, and Greenland.

Alaska
In Alaska, antibodies against orthohantaviruses have been detected in 2.5% of
Forestry Service and Geological Service personnel (Forthal et al. 1987), but without
accompanying signs of disease (e.g., renal disease, hemorrhagic phenomenon, or
unidentified febrile illnesses). This study did not rule out that the people could have
been infected outside Alaska; thus, the detected antibodies cannot confirm that
orthohantavirus is present in Alaska.

Canada
Annually, there is an average of four to five human cases in Canada. Until January
1, 2020, a total of 143 cases of HPS caused by SNV had been laboratory-confirmed
in Canada, including three cases retrospectively identified since 1993 that were
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diagnosed in 1989, 1990, and 1992 (Warner et al. 2020). Most cases have occurred
in Alberta, but cases have also been reported in British Columbia, Saskatchewan,
Manitoba, and Québec (Drebot et al. 2015). The northernmost case of HPS in
Canada was identified north of 59�N in British Columbia, <20 km from the border
of Yukon Territory (Warner et al. 2020). Most cases occurred in rural settings and
approximately 70% of the cases have been associated with domestic and farming
activities. The transmission pathways are most probably from wild rodent secretions
to humans, but other pathways have also been described such as Seoul
orthohantavirus via contact with excreta from imported pet rats (Himsworth et al.
2015; Kerins et al. 2018). SNV-infected mice were detected in every Canadian
province except Prince Edward Island and Nova Scotia and the Northwest territories
(Drebot et al. 2000, 2001). However, only limited numbers of North American
deermice have been tested from the Northwest Territories; therefore, SNV may be
circulating in this and other regions of Canada.

Greenland
No orthohantavirus has been detected.

2.5.2 Arctic in the Palearctic Region
The Arctic (largely dominated by tundra) in the Palearctic region ranges from the
North Atlantic Ocean to the Pacific Ocean including Iceland, Norway, Sweden,
Finland, and the Russian Federation.

Iceland
No orthohantavirus has been detected.

Norway
In Norway, HFRS cases are diagnosed all over the country. The causative virus is
PUUV and most likely spreads from bank voles to humans via rodent excreta. There
are cases as far north as in Troms and Finnmark County (ca. 70�N), as well as in the
region just south of these areas, Nordland fylke, which has the fifth highest incidence
of HFRS in Norway (Milhano et al. 2017).

Sweden
In Sweden, the reported incidence rate of human PUUV infection varies from 20 to
313 per 100,000 persons each year, but the real figure is considered to be seven to
eight times higher (Ahlm et al. 1994; Pettersson et al. 2008a). The endemic area in
northern Sweden largely overlaps with the extended Arctic (Fig. 1b) with overall
seroprevalence in 2009 estimated to be 13.4% (Bergstedt Oscarsson et al. 2016) in
the two northernmost counties (between 63 �N and 67 �N), a number that has
increased from 5% to 9% since 1994 (Ahlm et al. 1994).

Finland
Finland has one of the highest prevalences of HFRS in the world. Cases are
widespread across the country, which has an estimated 5% seroprevalence in the
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overall population, with seroprevalence being highest (11%) in eastern Finland
(Vapalahti et al. 2003). Like in Sweden, the causative virus is PUUV and likely
spreads from bank voles via rodent excreta. There are cases as far north as Lapland,
the northernmost healthcare district located around 67�Nwhere there was an average
incidence of 56.2 cases/100,000 between 1995 and 2008 (Makary et al. 2010).

The Russian Federation
HFRS is found mainly in Western Russia, and in this region, it is caused by PUUV
and DOBV. However, in northwest Russia, only PUUV is present and mainly in the
northernmost regions of Murmansk oblast (68�N), republic of Karelia, and
Arkhangelsk oblast (Tkachenko et al. 2019).

3 Clinical Manifestations of Infection with Orthohantavirus

3.1 In Animals

Orthohantaviruses cause persistent infections in animal hosts that may remain for
months (Voutilainen et al. 2015). The viruses have been found in the saliva, urine,
and feces of rodents (Hardestam et al. 2008) and can persist for several weeks in the
environment (Kallio et al. 2006), which increases the risk of transmission. The virus
spreads by inhalation of secretions or bites (reviewed by Khalil et al. 2014a).

Orthohantaviruses replicate in their animal hosts despite an adaptive immune
response with production of antibodies. Thus, orthohantaviruses appear to escape the
immune response, establishing a long-term productive infection with no apparent
signs of disease (Easterbrook and Klein 2008).

3.2 In Humans

In humans, infection occurs via the inhalation of aerosolized viruses from rodent
secretions (Ermonval et al. 2016). Known risk factors for contracting the infection
include occupations that may enhance contact with reservoir excreta, especially
agricultural and forest work (Bergstedt Oscarsson et al. 2016), construction working
(Abu Sin et al. 2007), and wood handling (Ahlm et al. 1998; Olsson et al. 2003;
Richardson et al. 2013; Gherasim et al. 2015), and activities in peridomestic areas
such as cleaning of sheds or summer cottages. Other risk factors are related to
increased susceptibility to infection following contact with reservoir excreta, for
instance, smoking (Vapalahti et al. 2010; Bergstedt Oscarsson et al. 2016). At
present, over 28 disease-causing orthohantaviruses have been identified around the
world, all with rodents as reservoirs, and causing disease ranging from acute renal
failure (mainly HFRS) to pulmonary edema and severe hemorrhagic illness (mainly
HPS). In many countries, orthohantaviral infections are undetected and not reported
due to lack of surveillance, so it is likely that additional orthohantaviruses remain
undiscovered (Avšič-Županc et al. 2019). There is geographic variation in
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orthohantaviral disease observed in humans, with HFRS occurring primarily in
Europe and Asia and HPS in the Americas. The clinical presentation of HFRS
(ranging from subclinical to severe) varies depending in part on the causative
agent of the disease. In general, HFRS caused by Hantaan virus, Amur virus, and
Dobrava virus cause more severe disease, with mortality rates ranging from 5% to
15%, whereas Seoul virus causes moderate disease, and PUUV causes mild forms of
disease with mortality rates <1% (Avšič-Županc et al. 2019). The orthohantaviruses
causing HPS in the Americas have a mortality rate up to 40% but are less common
(MacNeil et al. 2011). In both HFRS and HPS patients, the virus infects endothelial
cells throughout the body, although injury is most prominent in the lungs and
kidneys. The infection is non-lytic, but the altered function of the infected endothe-
lium accounts for increased vascular permeability, hemorrhage, acute thrombocyto-
penia and pulmonary edemas or kidney failure (Rasmuson et al. 2011; Mackow et al.
2014). There is currently no effective treatment or vaccine approved, and public
awareness and preventive measures remain the only ways to minimize the risk of
hantavirus disease.

4 Diagnosis and Detection

An infection can be diagnosed by detecting anti-orthohantavirus antibodies or
orthohantavirus RNA. Antibodies against one orthohantavirus can cross-react
against other viruses depending on how closely related they are. Detection of viral
RNA is based on reverse transcription polymerase chain reaction (RT-PCR). The
design of primers for the RT-PCR determines the specificity of detection, targeting
either a specific orthohantavirus (Evander et al. 2007) or many orthohantaviruses
(Klempa et al. 2006; Mohamed et al. 2013). Viral detection by RT-PCR can be
followed by a sequencing step, where the sequence of the amplified viral fragment is
compared to existing virus sequences. Although not in common use, it is also
possible to directly sequence the sample and apply bioinformatics approaches for
orthohantavirus detection.

4.1 In Humans

Diagnosis of acute orthohantavirus infections is based on serology, as virtually all
patients have immunoglobulin (Ig) M and IgG antibodies present in serum at the
onset of symptoms. The presence of IgM antibodies is a sign of acute infection and
disappears relatively quickly. IgG antibodies appear slightly later than IgM but will
remain for a long time, usually life-long. Thus, the detection of IgG in humans is
most commonly used for seroprevalence studies, where the interest lies in assessing
the prevalence of disease at the population level rather than identifying acute
infections. The most common tests are indirect, using enzyme linked immunosor-
bent assays (ELISAs). Indirect immunofluorescence assays are also used for
diagnostics but have lower specificity (Jonsson et al. 2010). In addition, rapid
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5-min user-friendly immunochromatographic IgM-antibody tests have been devel-
oped for the detection of acute disease and are available commercially (Hujakka
et al. 2001). The infection can also be confirmed by the detection of orthohantavirus
genome in blood or serum samples by RT-PCR. Both traditional and quantitative
RT-PCR are used to detect viremia (Evander et al. 2007; Jonsson et al. 2010).
Although the presence of viremia varies, viral RNA can usually be detected if an
acute sample is available. In humans, viral RNA is usually not detectable in blood
after 1–2 weeks of disease symptoms (Evander et al. 2007); orthohantavirus RNA
has been confirmed even before the presence of specific antibodies (Ferres et al.
2007; Padula et al. 2007; Pettersson et al. 2011).

4.2 In Animals

Orthohantavirus infection in animals can be detected by serology or RT-PCR, in the
same way as for humans. In the reservoir animals, the orthohantavirus infection is
persistent, which means that virus RNA can be detected together with IgG
antibodies, although the virus RNA levels can vary (Madai et al. 2021). In
non-reservoir animals, the situation is the same as for humans, where virus RNA
disappears after the acute infection while IgG remains (Jonsson et al. 2010). Sam-
pling is an important issue to consider for detection for orthohantavirus in animals. It
can take place directly in the field or, after euthanasia, in the laboratory. For antibody
analysis, the most common source of antibodies are blood or tissue samples such as
lung, heart, or liver, which contain blood vessels, and thus antibodies. For virus
RNA detection, many different types of samples can be utilized, such as blood,
saliva, lung, and kidney tissue (Hardestam et al. 2008; Madai et al. 2021). It is
important to take into account the high sensitivity of the RT-PCR assay and to avoid
contamination of samples and false positives.

5 Effects of Climate Change and Exploitation of Natural
Resources in the Arctic on Zoonotic Orthohantaviruses
and Reservoirs

Global warming has frequently been projected to increase pathogen prevalence and
zoonotic risk in general (Lindgren et al. 2012; Pecl et al. 2017), especially in the
Arctic (Revich et al. 2012; Bebber et al. 2013). The driving mechanisms include
expanding ranges of pathogens, vectors, and/or reservoirs, and altered disease
dynamics as well as land use change due to exploitation of natural resources.

In Fennoscandia, field mice (Apodemus flavicollis and A. sylvaticus) have
increased their distribution range into the Arctic during the last 30 years (GBIF.
org 2021a, b). Both species are reservoirs for DOBV, and this virus might therefore
emerge in the Arctic in the future. Onshore exploitation of natural resources (ore, oil,
and gas) is projected to cover vast areas in the Arctic (Turunen 2019). Such
exploration implies not only the exposure of land areas that can be populated by
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reservoirs of orthohantaviruses but also the need for bigger and more harbors.
Historically, shipping has been the major cause of introduction and long-distance
dispersal of reservoir hosts and their pathogens, identifying harbors as point sources
of further dispersal (Rothenburger et al. 2017). Most famous examples for such
dispersal are the house rat (R. rattus), brown rat (ship rat, R. norvegicus), and house
mouse (Mus musculus) and their pathogens (Rothenburger et al. 2017). All three
species are already widely distributed in the coastal Arctic. Any further exploitation
of the Arctic is therefore likely to increase their distribution range and their
associated orthohantaviruses (Table 1) with the potential risk of introducing New
World orthohanatviruses to areas where so far only Old World orthohantaviruses
occur and vice versa.

Warmer climate not only increases the distribution range of reservoirs and their
orthohantavirus. Rain-on-snow (ROS) events are expected to increase in frequency
and lead to cascading ecological effects (Berger et al. 2018). Wetter winters have
already increased PUUV transmission in bank voles within its endemic area (Sipari
et al. 2021). Suggested mechanisms driving such an increase include aggregation
and greater social contact of the reservoir in less abundant suitable microhabitats,
impaired reservoir health, and increased environmental persistence of
orthohantavirus (Sipari et al. 2021). These factors, either isolated or in combination,
support that ROS events will increase the risk of outbreaks of human orthohantavirus
diseases in the future.

The expected changes in both the expanding distribution and prevalence of
orthohantaviruses in their hosts and associated zoonotic risk for humans together
call for increased surveillance and preparedness to mitigate potential outbreaks of
orthohantavirus diseases in humans. Recently, an international circumpolar working
group of subject matter experts from public health and academic institutions was
established to assess the potential emergence and health impact of climate-sensitive
infectious diseases in northern human and animal populations and to identify
activities that may minimize the risks of disease emergence (see Parkinson et al.
2014). This working group is an important first step towards surveillance of and
preparedness for emerging and re-emerging diseases in the Arctic.
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Zoonotic Marine Helminths: Anisakid
Nematodes and Diphyllobothriid Cestodes

Heather Fenton

1 Zoonotic Marine Nematodes: Anisakis Spp.,
Pseudoterranova Spp., and Contracaecum Spp.

1.1 Morphological and Genetic Information

The genus Anisakis (Dujardin 1845) refers to a group of nematodes with shared
morphological characteristics. Recent molecular technological advances recognize
species belonging to this genus: A. pegreffii, A. simplex s.s., A. simplex C, A. typica,
A. ziphidarum, A. physeteris, A. brevispiculata, and A. paggiae with two distinct
clades molecularly and based on morphological features (Matiiucci and Nascetti
2006). Clade I includes A. simplex sensu stricto, A. pegreffii, A. simplex C, A. typica,
and A. ziphidarum, and Clade II includes A. physeteris, A. brevispiculata, and
A. paggiae. The zoonotic condition “anisakiasis” is herein defined as human disease
associated with nematode larvae and has been associated with a number of marine
nematodes in addition to Anisakis spp., e.g., Pseudoterranova spp. and
Contracaecum spp. (Myers 1976; Mehrdana et al. 2014). In tissue sections, ascarids
such as Anisakis spp. and Pseudoterranova spp. are large nematodes with adults
found within the stomach of definitive hosts and larvae present in any tissue section.
Lateral alae and a thick cuticle are characteristic features, although not always
present in larval ascarids, along with coelomyarian musculature that projects far
into the body cavity (pseudocoelom), prominent lateral chords, and an esophagus
lined by a uninucleate cuboidal to columnar layer of cells with a brush border
(Gardiner and Poynton 1999). Species determination often requires microscopic
and/or molecular testing.
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1.2 Life Cycle

The typical location of adult Anisakis spp. and Anisakis-like parasites is within the
stomach of marine mammals (Fig. 1) from ingestion of larval stages within paratenic
or intermediate invertebrate (e.g., squid and crustaceans) and vertebrate (e.g., fish)
hosts (Smith and Wooten 1978). Definitive hosts of Anisakis spp. and
Pseudoterranova spp. are typically marine mammals (e.g., cetaceans and pinnipeds),
whereas birds are more commonly hosts to Contracaecum spp., where the adult
nematodes develop within the digestive tract and adult female nematodes shed eggs
in the feces of the definitive hosts. The eggs embryonate within the aquatic environ-
ment and the second-stage larvae are consumed by crustaceans (e.g., krill) that act as

Fig. 1 Examples of adult Anisakis sp. nematodes recovered from the stomach of a definitive host,
the harbor porpoise (Phocoena phocoena), demonstrating the size and gross morphology. The
nematodes were not associated with significant pathology in the porpoise. (photo courtesy of
Dr. Gary Conboy, Atlantic Veterinary College)
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the first intermediate hosts. The crustaceans are then consumed by the second
intermediate hosts (i.e., fish or squid) where the third larval stage of the parasite
encysts to be consumed by the definitive host to complete the cycle (Sakanari and
McKerrow 1989). Humans can act as dead-end hosts for the parasite from ingestion
of the infective larvae in the intermediate hosts, but the nematodes do not mature
within the intestines of humans (Arriaza et al. 2010).

1.3 Pathology in Wild Animals

Severe ulceration and chronic inflammation of the gastrointestinal tract has been
reported in many free-ranging species infected with ascarid nematodes with occa-
sional gastric perforation, peritonitis, and death associated with infection, presum-
ably in an aberrant or nontypical host (Fig. 2) (Nemeth et al. 2012; Wagner et al.
2012). Changes in species distributions related to climate change and other factors
could result in an expansion of the host range of these parasites (Shamsi et al. 2017).
Severe infection of A. simplex larvae in Atlantic salmon can be associated with
hemorrhage and inflammation around the vent that has been termed “red vent
syndrome,” with anglers first noticing and reporting the condition (Larrat et al.
2013; Noguera et al. 2009). The presence of the parasite within the muscles of

Fig. 2 Gross image of the gastrointestinal tract from a greater shearwater (Puffinus gravis) found
dead off the coast of Georgia, U.S.A., that suffered fatal peritonitis due to an Anisakis sp. infection.
Multiple adult nematodes are present in the image associated with proventricular rupture and
coelomitis (inflammation within the abdominal cavity). (photo courtesy of Dr. Kevin Keel and
the Southeastern Cooperative Wildlife Disease Study)
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European smelt (Osmerus eperlanus) and eel (Anguilla anguilla) has been
associated with increased mortality, presumably due to impairment of swimming
ability caused by the nematodes (Sprengel and Lüchtenberg 1991).

1.4 Human Health Impacts

Humans develop anisakiasis from the consumption of raw, undercooked, smoked, or
dried second intermediate hosts. Symptoms in humans can range from minimal to
severe gastrointestinal disease that includes abdominal pain, nausea, vomiting,
abdominal distention, diarrhea, and fever with occasional migration of larvae
through other body systems such as the respiratory system with coughing, pharyn-
geal pain, and even the presence of larvae within sputum (Noh et al. 2003). Nasal
and anal itching (pruritus) have also been reported. Severe infections can result in
obstructions of the alimentary tract that have to be corrected surgically (Yoon et al.
2004). Gastrointestinal disease is also reported with Pseudoterranova sp. and
Contracaecum sp. infections in humans; although these genera have not been as
well studied as Anisakis sp., the clinical disease in humans is considered to be similar
to that observed with Anisakis sp. infection, and all nematodes are lumped into the
generic syndrome of “anisakiasis” with speciation likely requiring molecular analy-
sis of the parasites (Weitzel et al. 2015). The Anisakis sp. nematodes can induce
allergic reactions associated with exposure, and infected human patients are known
to have elevations in serum IgE and eosinophilia, as well as potentially suffering
from skin rashes, urticaria (hives), airway obstruction, and anaphylaxis (Perteguer
et al. 2000; Nieuwenhuizen et al. 2006; Ludovisi et al. 2017; Mehrdana and
Buchmann 2017). The pathogenesis of clinical disease in humans of both gastroin-
testinal and allergic reactions is thought to be associated with specific excretory and
secretory proteins produced by the parasite (Mehrdana and Buchmann 2017).
Anisakis spp. can be inactivated with prolonged freezing periods (i.e., below
�20 �C for 7 days or below �35 �C for 15 h) and with cooking (56 �C for 5 min)
(FDA 1998; Wharton and Aalders 2002). Prolonged salting can kill anisakid larvae,
but some marinating procedures may not be sufficient for inactivation (Karl et al.
1994). Specific information on the effect of drying and smoking techniques on the
survival of these parasites is not available. Larval nematodes can be removed from
fillets, but sometimes, the fillets need to be cut deep or candled to detect the larvae.
The identified allergens associated with anisakid nematodes are not destroyed with
cooking or freezing and do not require previous exposure to elicit a reaction
(Audicana et al. 1997).

1.5 Geographical Information

Members of the Anisakis genus, as well as similar nematodes of the
Pseudoterranova and Contracaecum genera, can be found globally in many oceans
worldwide, especially in areas with colder water. The species that is most common
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within circumpolar oceans is Anisakis simplex s. s. Human cases of anisakiasis have
been reported in Europe, North America, Asia, and South America (Oshima 1972).

1.6 Relevance to Arctic Ecosystems

Climatic changes are warming Arctic Ocean temperatures, which are changing
marine ecosystems in multiple ways, including an increase in the amount of fresh-
water. This can decrease salinity and alter pH, oxygenation, and other parameters
thought to influence the environmental survival and development of anisakid eggs
and larvae (Rokiki 2009). As the parasites can be found worldwide and infect a wide
range of migratory hosts (fish, mammals, and birds), there are likely to be changes in
species distributions and potential for emergence and re-emergence of zoonotic
diseases associated with the consumption of raw or undercooked fish. The presence
of the parasites would also be relevant to any commercial harvest of marine species
since a high prevalence of these parasites would likely result in decreased quality of
the products. Although these nematodes are not easily detected with the naked eye,
processors are trained to detect them, and may utilize techniques such as candling or
trimming fillets and removing the larvae manually (Levsen et al. 2005).

2 Zoonotic Marine Diphyllobothriid Cestodes;
Dibothriocephalus spp. (Formerly Diphyllobothrium spp.)

2.1 Morphological and Genetic Information

There are approximately 80 species of Dibothriocephalus spp. (formerly
Diphyllobothrium spp.) cestodes or tapeworms documented worldwide, with 15 spe-
cies known to infect humans that are often referred to as the “fish tapeworm” or the
“broad tapeworm.” Infection in humans as a zoonosis is associated with the con-
sumption of larvae (plerocercoids) within the flesh of marine and freshwater fish
(Chai et al. 2005). The most common species associated with human infections
worldwide are D. latum and D. dendriticum from freshwater fish and D. pacificum
from saltwater fish (Sagua et al. 2001). The most common species with a holarctic
distribution is D. dendriticum, with a number of other species documented in
humans, specific documented infections in Alaska have included D. alascense,
D. dalliae, and D. ursi. In addition to D. dendriticum and D. latum, infections
with D. nihonkaiense, and D. lanceolatum and related tapeworms from other genera
(Pyramicocephalus phocarum and Schistocephalus solidus) are known to infect
humans living in cold climates (Scholz et al. 2009; Scholz and Kuchta 2016).
Parasites are not always recovered and speciated from all infections, particularly in
more remote and lower-income areas. Anadromous fish (fish that have freshwater
and saltwater components in their life cycles), such as salmonids, can also act as
intermediate hosts of the parasite and are commonly consumed by people. In tissue
sections, cestodes have characteristic features that include segmentation into
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proglottids with both male and female components (hermaphrodite), as well as
numerous eggs present in the adult worms, the absence of a body cavity or
pseudocoelom, and instead the presence of a parenchymatous body with embedded
calcareous corpuscles that is surrounded by a thin tegument (Gardiner and Poynton
1999). The larval and adult stages of Diphyllobothrium spp. have a scolex with
grooves (referred to as bothria) that the parasite uses to attach to host tissue.
Variability in the number and position of the scolex and bothria are often used to
differentiate different species. The operculate, unembryonated eggs are 55–75 by
40–55 μm and have a small lobe at the end opposite the operculum.

2.2 Life Cycle

Dibothriocephalus spp. (formerly Diphyllobothrium spp.) begin as eggs that are
shed into water bodies mature under appropriate environmental conditions, a process
that takes approximately 18–20 days, and then develop into the free-swimming first
larval stage (a coracidium) that, when ingested by a crustacean intermediate host
(often a copepod), develops into the second larval stage (a procercoid). The crusta-
cean host is then ingested by a second intermediate host (typically a freshwater or
anadromous salmonid fish), and the tapeworm matures into a plerocercoid within the
flesh, often muscle tissue of that fish. When the flesh of the second intermediate host
is ingested by a definitive host thought to be a fish-eating (piscivorous) carnivore
(e.g., cetacean, pinniped, felid, or canid) or bird, the cestode matures into an adult
tapeworm within the small intestine (Bazsalovicsová et al. 2020). Other predatory
fish (e.g., sharks) can act as parantenic hosts and develop plerocercoids within the
flesh that could also be consumed by a piscivorous mammal. Humans can act as a
definitive host of the parasite and are infected by consuming raw or undercooked
(including smoked or dried) fish meat that is infected with plerocercoid larvae
(Meyer 1970). The adult cestodes can grow very long (Fig. 3) (up to 11 m from a
human in Chile) (Cabello 2007).

2.3 Pathology in Wild Animals

The intermediate and parantenic hosts (e.g. free-ranging fish) will have subcutaneous
and intramuscular tissue cysts containing a plerocercoid larva that can be detected at
necropsy or in harvested animals. These cysts may be surrounded by variable
amounts of fibrous connective tissue and small amounts of inflammatory cells. In
addition to higher trophic level marine mammals, birds, and humans, other potential
definitive hosts can include other carnivores such as canids, bears, felines, and otters
(Bazsalovicsová et al. 2020; Cabrera et al. 2001). Limited specific information on the
impact of cestode infections on free-ranging mammals exists as it is likely that many
species have coevolved for millennia with these parasites. However, the clinical
syndromes reported in people, including gastrointestinal signs and competition for
host nutrients, could presumably also negatively impact other mammalian hosts in
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cases of severe infection. This may be relevant in the face of other cumulative
impacts associated with food availability, stress, pollutants, other infectious diseases,
habitat loss, climate change, and resource development.

2.4 Human Health Impacts

Zoonotic cestodes thought to be D. pacificum have been detected in the intestinal
tract of mummified ancient humans and coprolites (fossilized feces) from Huaca,
Peru, from approximately 4500 BP, from coastal Chile from approximately

Fig. 3 Preserved adult diphyllobothriid cestode removed from a human patient from the mainland
United States with no travel history. (Photo courtesy of Dr. Sarah G. H. Sapp, Parasitic Diseases
Branch, Centers for Disease Control and Prevention)
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6060–3900 BP, and in Germany in 6000 BP (Callen and Cameron 1960; Reinhard
and Aufderheide 1990; Reinhard and Urban 2003; Le Bailly and Bouchet 2013). In
1973, it was estimated that 9 million persons were infected globally with known
endemic regions of high prevalence in Sweden, Finland, and Russia (von Bonsdorff
1977). Diphyllobothriasis is currently considered the most significant food-borne
parasite from fish with current estimates of worldwide human cases exceeding
20 million. Infections by zoonotic nematodes in humans can range from asymptom-
atic to severe flu-like illness with abdominal cramps, flatulence, abdominal disten-
tion, diarrhea, and induced vitamin B12 insufficiency due to malabsorption and even
megaloblastic anemia (Baer 1969; von Bonsdorff 1977; Ito and Budke 2014).
Although diphyllobothriasis can affect any age and sex, middle-aged men are
overrepresented. A few studies have specifically examined the number of cases in
Arctic peoples in Finland and Alaska and claim declining case numbers in more
recent years in specific locations despite the global increase (Von Bonsdorf 1964).
Without targeted studies, the infections could be overlooked as the symptoms are
nonspecific. Dibothriocephalus spp. can be inactivated with prolonged freezing
periods (i.e., below �20 �C for 7 days or below �35 �C for 15 h) and with cooking
(56 �C for 5 min) (FDA 1998; Wharton and Aalders 2002).

2.5 Geographic Information

Dibothriocephalus spp. (formerly Diphyllobothrium spp.) are found worldwide with
documented human infections in Europe, Asia, and North and South America
(Oshima 1972; Sagua et al. 2001; Dupouy-Camet and Peduzzi 2004). In many
cases, the parasite is considered endemic within the aquatic life, but there has been
at least one instance thought to have been an anthropogenic introduction into South
America from European immigrants (Semenas and Úbeda 1997). In Finland,
although the parasite is present throughout the country and environmental conditions
are similar, the prevalence of human infections is much higher in eastern Finland
where consumption of raw fish is an ancestral practice compared with more western
regions of the country where the customs differ (von Bonsdorff 1977).

2.6 Relevance to Arctic Ecosystems

There are concerns about the potential exposure of humans to zoonotic parasites
associated with changes in global climate patterns, ocean nutrient levels, and species
distributions of intermediate and definitive hosts. Human infections have been
associated with imported fish species with molecular analysis necessary for teasing
out sources of infection (Greigert et al. 2020). Changes in fish species distributions
are currently being observed in the Arctic, especially for salmonids that could have
implications for the emergence of human infections (Bilous and Dunmall 2020).
Associations between zoonotic marine parasite levels and climatic features, such as
the El Niño-Southern Oscillation, have been found in coastal regions of South
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America (Arriaza et al. 2010). As the climate warms in the Arctic, changes in species
distributions are being observed, including the introduction of new potential inter-
mediate hosts and new species of parasites into that region (Chueng et al. 2009). It is
likely that human and animal cases of diphyllobothriasis are underdiagnosed, and
this zoonosis is expected to continue to be considered a (re)-emerging disease of
concern associated with human preferences of consuming raw or undercooked fish,
global trade of fish products, and globalized human movement (Scholz and Kuchta
2016).

3 Conclusions

The human incidence of anisakiasis and diphyllobothriasis in relation to the con-
sumption of traditionally uncooked fish (i.e., civeche in Spanish) has been more
extensively studied in South American human populations (Arriaza et al. 2010), as
well as targeted studies from Europe (Dupouy-Camet and Peduzzi 2004), Asia (i.e.,
sushi in Japan; Nawa et al. 2001), and parts of North America (from travel and
consumption of wild and reared fish (Deardorff and Overstreet 1991; Dick et al.
2001; Dick 2008). The significance of these parasites to humans and wildlife in the
Arctic is currently poorly understood. In general, research gaps exist to understand
their molecular identity, host range, geographic range, prevalence, incidence, and
significance in Arctic environments. Effective treatments (e.g., anthelminthics such
as praziquantel) are available for diagnosed infections in people and domestic
animals. Avoiding consumption of raw or undercooked meat (e.g., dried, smoked,
or pickled) would prevent human disease, and avoiding feeding raw fish to domestic
animals, such as dogs and cats, would also decrease risks for people. However, many
of these foods have important sociocultural benefits, and the development of public
health messaging regarding the risks of consumption requires collaboration with
traditional knowledge holders, communities, and local health authorities. Hunters
and fishers may detect the parasites at harvest, with the potential for scientists and
governments to work with communities on zoonotic disease education and scientific
investigation. Regular deworming is often recommended to dog handlers in
communities that feed raw fish to dogs, but many communities do not have regular
access to veterinary care. Although the relevance of these guidelines to all cold-
adapted species of these parasites is unknown, further investigation and collabora-
tive community-based food safety projects are needed to better meet the needs of
northern communities. Knowledge about these parasites will be relevant to any
communities wishing to participate in the commercial harvest of marine species
with consideration for risk mitigation measures related to sale of the products and
protection of the workers from allergic reactions. Control of fecal material from
animals and humans in waterways would also be important to limit the number of
eggs of these parasites being shed in the environment, as well as multiple other
water-borne zoonoses. Human and animal health providers should be aware of these
zoonoses and their preventive measures and treatments, as increased detection will
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improve our understanding of the importance of these parasites in communities and
ecosystems.
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Parapoxvirus Infections in Northern Species
and Populations

Morten Tryland

1 Introduction

Parapoxviruses belong to the genus Parapoxvirus, which is one of nine genera in the
subfamily Chordopoxvirinae, of the Poxviridae family (Skinner et al. 2012).
Parapoxviruses cause proliferative processes in skin and mucosal membranes,
often on the mucocutaneous junctions, in a wide range of host species. Orf virus
(ORFV) is the prototype virus species of the genus and is distributed worldwide with
sheep and goats, causing the disease contagious ecthyma (syn. contagious pustular
dermatitis, contagious stomatitis, “scabby mouth”). However, ORFV has a broad
host range and may cause infections and disease in a wide range of animal species,
including wildlife. ORFV is also zoonotic, causing skin lesions, usually on the
fingers and hands of people that have been in contact with infected animals or
animal products. In addition, other parapoxvirus species cause disease. Bovine
papular stomatitis virus (BPSV) and pseudocowpox virus (PCPV) are close relatives
to ORFV and may cause disease similar to contagious ecthyma, but after exposure to
infected cattle, and both are zoonotic. Parapoxviruses also infect a wide range of
wild animals, such as ORFV in reindeer and caribou (Rangifer tarandus) and PCPV
in reindeer, ORFV in muskoxen (Ovibos moschatus), parapoxvirus in red deer of
New Zealand (PVNZ) in red deer (Cervus elaphus), squirrelpox virus (SQPV) in red
squirrels (Sciurus vulgaris), and several parapoxvirus species and tentative members
of the genus that infect seals and other mammals.

Viruses of the Parapoxvirus genus have similar morphology and are genetically
and antigenically related (Fig. 1). They are large (140–170 nm wide, 220–300 nm
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long), double-stranded DNA viruses that replicate in the cytoplasm of the host cell.
The classification of parapoxviruses was based on natural host range and pathology,
but molecular methods, such as restriction enzyme analyses, hybridization, DNA
sequencing, and phylogenetic analysis, have provided tools for studying the different
virus species and their epidemiological characteristics.

Contagious ecthyma lesions usually start as a papule that develops through
vesicular and pustular stages before it is normally covered by crusts. Several lesions
may coalesce with the formation of large crusts or scabs, with proliferative tissue
formation underneath. It has been documented that ORFV encodes proteins homol-
ogous to the endothelial growth factor and a vascular permeability factor, which
plays critical roles during the formation of new and highly vascularized tissue, often
referred to as having a “cauliflower-like” appearance. Such tissues are easily
exposed to trauma and bleeding, and in the skin, such lesions are often covered by
thick, black crusts that can be affected by secondary bacterial infections (Ueda et al.
2007). Histological changes of the epithelium are characterized by ballooning
degeneration, reticular degeneration, marked epidermal proliferation, and epidermal
microabscesses (Kitching 2004).

2 Parapoxvirus Infections in Reindeer and Caribou

In Eurasian tundra reindeer (R. t. tarandus), parapoxvirus infections resemble
contagious ecthyma in sheep. It was first reported in semidomesticated reindeer in
Sweden (Nordkvist 1973) and Finland (Büttner et al. 1995). In Norway, the disease
was first observed in reindeer under natural herding conditions in 2000 (Tryland

Fig. 1 Parapoxvirus particles
as visualized in the electron
microscope (negative
staining), obtained from a
muskox with contagious
ecthyma. The virus particles
are 140–170 nm wide and
220–300 nm long, with the
typical criss-cross pattern of
the outer protein tubuli
(Photo: Morten Tryland)
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et al. 2001). In contrast to the situation in Norway and Sweden, where the disease
appears only sporadically, contagious ecthyma has appeared regularly in Finland
since the first outbreak during winter 1992–1993 when about 400 reindeer died and
more than 2800 was affected. Severe outbreaks were also reported in Finland in
1999–2000 and in late winter of 2007 (Hautaniemi et al. 2011). In addition to ORFV,
also PCPV has been involved in recent outbreaks in Finland (Tikkanen et al. 2004).

The virus enters the skin and mucosal membranes through abrasions or small
lesions on the muzzle or in the mouth caused by, e.g., ice crusts or coarse feed, and
possibly also associated with the eruption of new teeth in young animals (Tryland
et al. 2019a). The incubation period in reindeer is 3–5 days (Tryland et al. 2013).
There is no specific treatment, but supportive therapy and antibiotic treatment
against secondary bacterial infections may be indicated. The humoral immune
response is thought to be short-lived in reindeer, as in sheep (months) (Damon
2007).

An early sign of contagious ecthyma in reindeer is that an animal is not able to
chew and has accumulations of food and regurgitated matter in and around their
mouth, causing a foul smell. Upon inspection, there may be one or more proliferative
lesions in the oral mucosa (gingiva and palatum) (Fig. 2a), often with secondary
bacterial infections (Tryland et al. 2019a). During a disease outbreak, typical
contagious ecthyma lesions are often easily visible and recognizable in some of
the animals (Fig. 2b).

In semidomesticated reindeer, ORFV is presumably transferred from sheep or
goats, through direct contact or indirectly via shared pastures containing scabs from
infected animals or via shared transport vehicles, feeding troughs, or other equip-
ment. Contagious ecthyma may be seen associated with supplementary feeding of
reindeer, sometimes in combination with other diseases, and the disease may affect
many animals in a herd (Tryland et al. 2019b; Tikkanen et al. 2004).

Fig. 2 Semi-domesticated reindeer in Sweden with contagious ecthyma caused by the
parapoxvirus Orf (ORFV). (a) In some animals, a close inspection is needed to detect contagious
ecthyma lesions in the oral mucosa. (b) Contagious ecthyma lesions are often visible on the skin or
at the junction between skin and the mucosal membrane. (Photo a, b Ingebjørg H. Nymo)
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One report has been published on the finding of pathology and parapoxvirus-
specific DNA, with sequences indicating ORFV, in lesions of a caribou (R. t. granti)
from Admiralty Bay, Northern Alaska, USA. The animal had cutaneous lesions on
the upper lip and on the plantar side of the hooves and on the coronary bands
(Tryland et al. 2018). The prevalence of such infections in wild populations of
Rangifer is, however, unknown.

3 Parapoxvirus Infections in Muskoxen

As an integral component of the Arctic fauna, muskoxen have a circumpolar
distribution, with uncertainties counting about 170,000 animals and comprising
55 endemic or translocated populations, of which six are in decline due to climate
conditions, anthropogenic changes, and diseases (Cuyler et al. 2020). Parapoxvirus
infections have been diagnosed in captive muskoxen, at the research animal stations
at the University of Fairbanks (Alaska, USA; Dieterich et al. 1981) and UiT The
Arctic University of Norway (Tromsø, Norway; Mathiesen et al. 1985), as well as in
captive muskoxen in a zoo in Minnesota (USA; Guo et al. 2004). Genetical studies
of some of the causative virus isolates have indicated ORFV (Guo et al. 2004; Moens
et al. 1990), and a possible source of infection may have been the use of pastures and
infrastructure previously used for small ruminants, in particular sheep. Serological
investigations in Alaska revealed parapoxvirus antibodies in 10 of 45 muskoxen
tested at Nunivak Island, Alaska (Zarnke et al. 1983). There are no reports of
parapoxvirus infections in the muskoxen populations in Greenland, which has
been the source of several translocations to other regions (Cuyler et al. 2020).

In Dovre National Park (Norway), a muskox population that during normal
conditions is kept at around 200 animals (winter) is based on the import of 21 calves
and yearlings from Eastern Greenland (1947–1953). Contagious ecthyma was
diagnosed in one calf in 1987 and one calf in 1994. A regular disease outbreak
occurred in 2004, when a total of 16 animals were euthanized due to severe
symptoms of contagious ecthyma, and PCR (B2L gene) and sequencing (326 nt)
revealed 100% homology with ORFV, suggesting transmission from sheep on
shared pastures (Vikøren et al. 2008). Similar disease outbreaks occurred in 2012
and 2016, and the disease was diagnosed in a few calves during the winter of 2018.
The disease has been particularly severe in calves and young individuals, and
diseased individuals are euthanized.

In Victoria Island (Canada), contagious ecthyma was recently diagnosed in an
adult male muskox in 2014, also having abscesses from which the bacterium
Brucella suis biovar 4 was isolated and having severe pathology from lungworm
infections with Umingmakstrongylus pallikuukensis and Varestrongylus
eleguneniensis (Tomaselli et al. 2016). Also, in this case, the PCR and sequencing
resembled the isolate from Minnesota Zoo, indicating ORFV.

Contagious ecthyma in muskoxen has been characterized by typical proliferative
lesions in the oral mucosa (gingiva and tongue) and around the mouth and nostrils. In
contrast to the appearance in semidomesticated reindeer, the lesions, multifocal or
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coalescing, have also been found in the skin around the eyes and on the distal parts of
the legs and in the interdigital cleft, often covered with thick, black crusts (Fig. 3).

4 Parapoxvirus Infections in Other Northern Wildlife
Ruminants

A retrospective study, summarizing and verifying pathological findings and initial
parapoxvirus identification in necropsied wildlife species in Alaska, revealed
Parapoxvirus-specific DNA in pathological lesions characteristic of contagious
ecthyma from mountain goats (Oreamnos americanus, n ¼ 8), Dall’s sheep (Ovis
dalli dalli, n ¼ 3), muskox (Ovibos moschatus, n ¼ 3), and caribou (Rangifer
tarandus granti, n ¼ 1). Similar results were obtained when investigating tissues
from a fibroma-like structure from a Sitka black-tailed deer (Odocoileus hemionus
sitkensis, n ¼ 1). Sequencing of PCR amplicons (B2L, GIF, vIL-10, and ATI genes)
from all the cases indicated ORFV (Tryland et al. 2018). Interestingly, the virus
sequences obtained from Dall’s sheep formed a separate cluster comparable to
ORFV from domestic sheep, whereas sequences from the other species were almost
identical to each other.

Fig. 3 Contagious ecthyma in a muskox calf at Dovre, Norway, 2004. Muskoxen are often affected
by proliferative lesions around the muzzle and in the oral mucosa, but also on distal parts of the
limbs, as shown here in interdigital space (Photo: Tord Bretten)
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Since parapoxvirus infections cause proliferative lesions, in the literature often
called “wart-like” or “papillomas,” there is confusion with regard to which infectious
agent is involved. In contrast to contagious ecthyma lesions, papillomas (i.e., warts)
are caused by papillomaviruses (family Papillomaviridae). Papillomaviruses are
usually very species-specific, the disease affects mostly single and often immuno-
compromised individuals, and the lesions develop slowly. Even if their clinical and
epidemiological appearance may be easily distinguished, a clinical diagnosis should
be verified by virological investigations.

5 Parapoxvirus Infections in Seals

Parapoxviruses that are infecting seals are different from ORFV and other
parapoxviruses that are infecting terrestrial hosts (Nollens et al. 2006; Costa et al.
2021). The diagnosis is often only based on clinical signs, and the causative viruses
are often not well characterized, but rather just called “sealpox” viruses. Seal
parapoxvirus, which is a tentative member of the genus Parapoxvirus (i.e., not yet
accepted by the International Committee on Taxonomy of Viruses, ICTV), is
morphologically similar to other parapoxviruses in shape, size, and superficial
structures of the protein tubules. These structures together make such virus particles
easily recognizable in the electron microscope when the sample is prepared by the
negative staining method, using phosphotungstic acid. A recent study compared
parapoxviruses from 11 pinniped cases of five different species in rehabilitation
centers on the west and east coast of the USA. In addition to distinguishing them
from parapoxvirus isolates from terrestrial mammals, the comparison revealed that
they formed a separate cluster of the genus Parapoxvirus, supporting the suggestion
of including seal parapoxvirus as a species. Further, it revealed that animals of the
same species but originating from geographically separated places (i.e., west and
east coast of the USA) had genetically distant parapoxviruses (Costa et al. 2021).

Parapoxvirus infections in seals were reported for the first time in California sea
lions (Wilson et al. 1969) but have since been identified from a wide range of seal
species representing all the three families that constitute the suborder Pinnipedia,
e.g., Phocidae (“true seals”), Otariidae (“eared seals”), and Odobenidae (walrus)
(Tryland 2011; Scotter et al. 2019). Most of these reports are from the northern
hemisphere, with the exceptions of a finding in South American sea lions (Otaria
flavescens) in Peru (Wilson and Poglayen-Neuwall 1971), a case report on aWeddell
seal (Leptonychotes weddellii) in the Weddel Sea, Antarctica (Tryland et al. 2005),
and the recent detection of parapoxvirus-specific DNA in swab samples from two of
29 investigated Antarctic fur seal (Arctocephalus gazella) pups from Bouvet Island
(Núñez-Egido et al. 2020).

Clinical signs are usually observed as skin lesions, 1.0 to 2.5 cm in diameter, as a
single process or in some cases as a generalized infection with multiple single or
coalescing lesions. Skin lesions are often seen on the neck, chest, flippers, and
perineum. However, as with other parapoxviruses (e.g., ORFV), seal parapoxvirus
may cause similar proliferative lesions also in the oral mucosa, as seen during an
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outbreak among harbor seals from the German North Sea after they had been taken
into captivity (Fig. 4). Parapoxvirus infections in seals are most common in young
animals in captivity and often appear and spread among wild individuals a few
weeks after they have been taken into the facility (Simpson et al. 1994; Müller et al.
2003; Tryland 2011). This may indicate that the appearance of clinical disease is
associated with stress and changes in the environment of the seals. The virus may be
transmitted via water and through direct contact between mother and pup and on
haul-out sites.

The terms “sealpox” and “poxlike lesions” are often used in clinical reports, but it
is clear from clinical cases in sea lions for which the causative agent has been
identified that also poxviruses with sequence homology with orthopoxviruses may
cause lesions that are indistinguishable from those caused by seal parapoxvirus
(Burek et al. 2005). Further, mixed infections with both parapoxvirus and
orthopoxvirus have been reported in grey seals (Halichoerus grypus) (Osterhaus
et al. 1990). Sealpox may thus be useful to describe the clinical signs, whereas
virological identification is necessary to address the etiology and epidemiology of
the disease.

In the wild, it is not likely that parapoxvirus infections have high morbidity and
mortality, but the virus spreads more easily in pools and facilities, especially among
young individuals that also experience stress and new environments.

Fig. 4 Parapoxvirus infection (seal parapoxvirus, often called “sealpox”) in a harbor seal in a
rehabilitation center in Germany. Large proliferative lesions are seen on the basis and tip of the
tongue. Reprinted from Müller, G. et al., Vet Pathol., 40, 445, 2003. With permission from the
American College of Veterinary Pathologists
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6 Parapoxvirus Infections as Zoonoses

Parapoxvirus infections represent an occupational hazard for people handling
affected animals, such as farmers, veterinarians, hunters, game managers, and animal
handlers in parks, zoos, and rehabilitation facilities. Lesions occur mainly on fingers
and hands (Fig. 5a, b) and usually start as a single papule which develops into a large
vesicle or bulla, sometimes being hemorrhagic with a black appearance. Such lesions
are usually painful and can be associated with local lymphadenopathy and fever, but
there is no specific medical treatment and the lesion heals spontaneously within
weeks (Palatsi et al. 1993). Such infections are probably most common in sheep
farmers that may have been exposed before and know what it is and thus maybe do
not seek medical assistance. This may contribute to parapoxvirus infections in
humans that are often neglected and underreported. However, such infections may
also become more severe and generalized, especially in immunocompromised
persons (de Vicq de Cumptich et al. 2015), and it is listed among diseases that
people in the Arctic region should be aware of (Anonymous 2011).

People in direct contact with animals should be aware of the disease and be able to
recognize the clinical signs in animals and in people. They should also keep in mind
that transmission may occur from animals with no clinical signs of disease, as
demonstrated in Finland when people handling slaughtered and apparently healthy
animals during the first major outbreak of contagious ecthyma in Finland (Palatsi
et al. 1993). Infection can be avoided by the use of gloves and personal hygiene (e.g.,
hand washing, a separate set of field clothes).

Fig. 5 Parapoxviruses are zoonotic. During the outbreak among semi-domesticated reindeer in
Finland during the winter 1992–1993, about 400 reindeer died. Several human cases appeared, most
of them with typical lesions on fingers (a) and one with a larger lesion on the hand (b) (Photo: Riitta
Liisa Palatsi)
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7 Concluding Remarks

ORFV is distributed worldwide with sheep and goats, but evidence suggests that
parapoxviruses of different kinds are present in a wide variety of terrestrial and
marine mammal species, sometimes affecting single animals without causing disease
outbreaks or as subclinical infections with no suspicion of the virus being present
(Tryland et al. 2018; Palatsi et al. 1993). The finding of parapoxvirus infections in a
wide variety of animal species that are harvested in arctic regions, such as caribou,
reindeer, muskoxen, Dall’s sheep, mountain goats, and seals, underscores the impor-
tance of wildlife health surveillance to maintain health and food security in the
region, including subsistence-oriented communities (Tomaselli et al. 2016).

References

Anonymous (2011) Food safety for first nations people of Canada: a manual for healthy practices.
https://www.gov.mb.ca/inr/pdf/pubs/nhfi_food_safety_for_first_nations_people_of_canada.
pdf. Accessed 30 May 2021

Burek KA, Beckmen K, Gelatt T et al (2005) Poxvirus infection of Steller Sea lions (Eumetopias
jubatus) in Alaska. J Wildl Dis 41(4):745–752. https://doi.org/10.7589/0090-3558-41.4.745

Büttner M, von Einem C, McInnes C et al (1995) Clinical findings and diagnosis of a severe
parapoxvirus epidemic in Finnish reindeer. Tierarztl Prax 23(6):614–618. (German)

Costa H, Klein J, Breines EM et al (2021) A comparison of parapoxviruses in north American
pinnipeds. Front Vet Sci. https://doi.org/10.3389/fvets.2021.653094

Cuyler C, Rowell J, Adamczewski J et al (2020) Muskox status, recent variation, and uncertain
future. Ambio 49:805–819. https://doi.org/10.1007/s13280-019-01205-x

Damon I (2007) Poxviruses. In: Knipe DM, Howley PM (eds) Fields virology, 5th edn. Lippincott,
Williams & Wilkins, London, pp 2947–2975

de Vicq de Cumptich M, Snoeck R, Sass U et al (2015) Orf nodules and immunosuppression: a case
report and review of therapeutics. Rev Med Brux 36:439–443. (in French)

Dieterich RA, Spencer GR, Burger D et al (1981) Contagious ecthyma in Alaskan musk-oxen and
Dall sheep. J Am Vet Med Assoc 179:1140–1143

Guo J, Rasmussen J, Wünschmann A et al (2004) Genetic characterization of orf viruses isolated
from various ruminant species of a zoo. Vet Microbiol 99:81–92

Hautaniemi M, Vaccari F, Scagliarini A et al (2011) Analysis of deletion within the reindeer
pseudocowpoxvirus genome. Virus Res 160:326–332

Kitching RP (2004) Orf. In: Coetzer JAW, Tustin RC (eds) Infectious diseases of livestock, 2nd
edn. Oxford University Press, Oxford, pp 1282–1286

Mathiesen SD, Jørgensen T, Traavik T et al (1985) On contagious echtyma and its treatment in
muskoxen (Ovibos moschatus). Acta Vet Scand 26:120–126

Moens U, Wold I, Mathiesen SD et al (1990) Parapoxvirus papillomatosis in the muskoxen (Ovibos
moschatus): genetical difference between the virus causing new outbreak in a vaccinated herd,
the vaccine virus and a local orf virus. Acta Vet Scand 31:17–25

Müller G, Gröters S, Siebert U et al (2003) Parapoxvirus infection in harbor seals (Phoca vitulina)
from the German North Sea. Vet Pathol 40:445–454. https://doi.org/10.1354/vp.40-4-445

Nollens HH, Gulland FM, Jacobson ER et al (2006) Parapoxviruses of seals and sea lions make up a
distinct subclade within the genus Parapoxvirus. Virology 349:316–324. https://doi.org/10.
1016/j.virol.2006.01.020

Nordkvist M (1973) Munvårtsjuka - en ny rensjukdom? Rennäringsnytt 8-9:6–8
Núñez-Egido S, Lowther A, Nymo IH et al (2020) Pathogen surveillance in Southern Ocean

pinnipeds. Polar Res 39:3841. https://doi.org/10.33265/polar.v39.3841

Parapoxvirus Infections in Northern Species and Populations 435

https://www.gov.mb.ca/inr/pdf/pubs/nhfi_food_safety_for_first_nations_people_of_canada.pdf
https://www.gov.mb.ca/inr/pdf/pubs/nhfi_food_safety_for_first_nations_people_of_canada.pdf
https://doi.org/10.7589/0090-3558-41.4.745
https://doi.org/10.3389/fvets.2021.653094
https://doi.org/10.1007/s13280-019-01205-x
https://doi.org/10.1354/vp.40-4-445
https://doi.org/10.1016/j.virol.2006.01.020
https://doi.org/10.1016/j.virol.2006.01.020
https://doi.org/10.33265/polar.v39.3841


Osterhaus AD, Broeders HW, Visser IK et al (1990) Isolation of an orthopoxvirus from pox-like
lesions of a grey seal (Halichoerus grypus). Vet Rec 127:91–92

Palatsi R, Oksanen A, Sormunen R et al (1993) The first Orf virus epidemic diagnosed in man and
reindeer in 1992-1993 in Finland. Duodecim 109:1945–1950. (In Finnish)

Scotter SE, Tryland M, Nymo IH et al (2019) Contaminants in Atlantic walruses in Svalbard part 1:
relationships between exposure, diet and pathogen prevalence. Environ Pollut 244:9–18. https://
doi.org/10.1016/j.envpol.2018.10.001

Simpson VR, Stuart NC, Stack MJ et al (1994) Parapox infection in grey seals (Halichoerus grypus)
in Cornwall. Vet Rec 134:292–296. https://doi.org/10.1136/vr.134.12.292

Skinner MA, Buller RM, Damon IK et al (2012) Poxviridae. In: King AMQ, Adams MJ, Carstens
EB, Lefkowitz EJ (eds) Virus taxonomy: classification and nomenclature of viruses: ninth report
of the international committee on taxonomy of viruses. Elsevier Academic Press, San Diego, pp
291–309

Tikkanen MK, McInnes CJ, Mercer AA et al (2004) Recent isolates of parapoxvirus of Finnish
reindeer (Rangifer tarandus tarandus) are closely related to bovine pseudocowpox virus. J Gen
Virol 85:1413–1418

Tomaselli M, Dalton C, Duignan PJ et al (2016) Contagious ecthyma, rangiferine brucellosis, and
lungworm infection in a muskox (Ovibos moschatus) from the Canadian Arctic, 2014. J Wildl
Dis 52(3):719–724

Tryland M (2011) Seal parapoxvirus. In: Liu D (ed) Molecular detection of human viral pathogens.
CRC Press, Boca Raton, FL, pp 1029–1037

Tryland M, Josefsen TD, Oksanen A et al (2001) Parapoxvirus infection in Norwegian semi-
domesticated reindeer (Rangifer tarandus tarandus). Vet Rec 149:394–395

Tryland M, Klein J, Nordøy E et al (2005) Isolation and partial characterization of a parapoxvirus
isolated from a skin lesion of a Weddell seal. Virus Res 108:83–87

Tryland M, Klein J, Berger T et al (2013) Experimental parapoxvirus infection (contagious
ecthyma) in semi-domesticated reindeer (Rangifer tarandus tarandus). Vet Microbiol 162:
499–506. https://doi.org/10.1016/j.vetmic.2012.10.039

Tryland M, Beckmen KB, Burek-Huntington KA et al (2018) Orf virus infection in Alaskan
mountain goats, Dall’s sheep, muskoxen, caribou and Sitka black-tailed deer. Acta Vet Scand
60(1):12. https://doi.org/10.1186/s13028-018-0366-8

Tryland M, Das Neves CG, Klein J et al (2019a) Viral infections and diseases. In: Tryland M, Kutz
SJ (eds) Reindeer and Caribou – health and disease. CRC Press, Boca Raton, FL, pp 273–303

Tryland M, Nymo IH, Sánchez Romano J et al (2019b) Infectious disease outbreak associated with
supplementary feeding of semi-domesticated reindeer. Front Vet Sci 6:126. https://doi.org/10.
3389/fvets.2019.00126

Ueda N, Inder MK, Wise LM et al (2007) Parapoxvirus of red deer in New Zealand encodes a
variant of viral vascular endothelial growth factor. Virus Res 124:50–58

Vikøren T, Haugum M, Schulze J et al (2008) A severe outbreak of contagious ecthyma (orf) in a
free-ranging musk ox (Ovibos moschatus) population in Norway. Vet Microbiol 127:10–20

Wilson TM, Poglayen-Neuwall I (1971) Pox in South American sea lions (Otaria byronia). Can J
Comp Med 35:174

Wilson TM, Cheville NF, Karstad L (1969) Seal pox. Bull Wildl Dis Assoc 5:412
Zarnke RL, Dieterich RA, Neiland KA et al (1983) Serologic and experimental investigations of

contagious ecthyma in Alaska. J Wildl Dis 19:170–174

436 M. Tryland

https://doi.org/10.1016/j.envpol.2018.10.001
https://doi.org/10.1016/j.envpol.2018.10.001
https://doi.org/10.1136/vr.134.12.292
https://doi.org/10.1016/j.vetmic.2012.10.039
https://doi.org/10.1186/s13028-018-0366-8
https://doi.org/10.3389/fvets.2019.00126
https://doi.org/10.3389/fvets.2019.00126


Part IV

Harvesting the Arctic: Potential Health Threats
for Arctic People



Hunting with Lead Ammunition: A One
Health Perspective

Jon M. Arnemo, Boris Fuchs, Christian Sonne, and Sigbjørn Stokke

1 Introduction

Lead (Pb) from spent hunting ammunition is a serious health risk for humans,
wildlife, and ecosystems and is a global One Health issue (Arnemo et al. 2016,
Fig. 1). Humans are exposed to lead from ammunition by consumption of meat from
game harvested with lead shot or lead-based bullets. Sources of exposure in scav-
enging wildlife includes slaughter remains and non-retrieved carcasses from game
shot with lead-based ammunition. Predators are exposed through prey wounded by
lead shot or lead-based bullets. Waterfowl and terrestrial birds pick up lead shot in
shallow waters or from the ground or vegetation.

Lead-based bullets or lead shot are widely used for both small and large game
hunting. Stokke et al. (2017) reported that 90% of the bullets used to harvest moose
(Alces alces) in Finland, Sweden, and Norway were lead-based. In Norway, 88% of
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ptarmigan (Lagopus sp.) hunters changed to lead shot after the total ban was lifted in
2015 (Arnemo et al. 2019a). In countries with a ban on the use of lead shot for
hunting over wetlands, compliance is low, and enforcement is illusory. Several
studies from the United Kingdom revealed that 70–90% of waterfowl were harvested
with lead shot (e.g. Cromie et al. 2015; Pain et al. 2010). In a recent survey, Widemo
(2021) showed that the proportion of Swedish hunters using lead shot over wetlands
was 25.3% and 40.9% among those with and without a hunters’ exam, respectively.

This chapter covers wound ballistics and lead toxicology and gives an overview
of lead exposure from hunting ammunition in humans and wildlife with emphasis on
the Arctic region.

Fig. 1 The cycle of lead from
spent hunting ammunition in
an ecosystem perspective.
(Illustration by Diogo Guerra)
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2 Wound Ballistics

Wound ballistics describes the interactions between projectiles and live tissues
(Kneubuehl et al. 2011). A basic understanding of this subject is fundamental for
assessment of lead residues from ammunition in harvested game and killing effi-
ciency of hunting bullets and shot.

2.1 Rifle Bullets

Most rifle bullets used for large game hunting are designed to expand upon impact
(Stokke et al. 2018). There are two main types of expanding hunting bullets,
heterogenous and homogenous. Heterogenous (“lead”) bullets consist of a lead
core. These types of bullets are covered with a copper alloy jacket except for the
tip where the lead core is exposed. Homogenous (“non-lead”) bullets consist of solid
copper or a copper-based alloy with a hollow point at the tip. Expansion, which
occurs within 0.1 ms after impact, is characterized by a mushroom-like frontal
increase in the cross-sectional area of the bullet. Lead bullets expand due to the
force acting on the exposed lead tip upon impact with tissue. The drag forces
generated by the stagnation pressure exceed the yield limit for lead, which then
behaves like an incompressible fluid. Pressure disperses within the floating lead and
acts on the jacket from inside of the bullet, causing it to burst (Kneubuehl et al.
2011). Deformation and fragmentation persist as long as the stagnation pressure
exceeds the yield limit for lead. Copper bullets expand in a similar manner if the
cavity at the tip of the bullet is large enough for viscous pressure to enter. Copper
bullets, however, deform significantly faster than lead bullets (Kneubuehl et al.
2011).

Bullet penetration is characterized by a cavity created by tissue impelled radially
in relation to the velocity vector as momentum is imparted from the projectile to soft
tissue, which undergoes elastic deformation due to stretching and compression
(Kneubuehl et al. 2011; Stefanopoulos et al. 2014). This creates a temporary
empty space behind the bullet, termed the temporary wound cavity. The vacuum
and the elastic energy imparted to the tissue rapidly forces the displaced tissue to
recoil towards its initial position, thus generating a brief oscillation (Fackler 2001;
Harvey et al. 1946; Kneubuehl et al. 2011). The residual wound cavity, which is
filled with blood, damaged tissue, and contaminants sucked in from the outside, is
termed the permanent wound cavity (Fackler 1988; Janzon et al. 1997). The extrav-
asation zone is the transition zone between the permanent wound cavity and
surrounding tissue where crushing and laceration by direct contact with the bullet
have not occurred. Hemorrhage in the extravasation zone results from the distention
of the temporal cavity, inflicting damage to blood vessels as a result of
overstretching and shearing effects (Kneubuehl et al. 2011; Stefanopoulos et al.
2014). Due to a proportional relationship between the kinetic energy of the
penetrating bullet and the expansion of the temporary cavity, the potential energy
stored in the tissue equals the work done to create the maximum expansion. The

Hunting with Lead Ammunition: A One Health Perspective 441



potential for this energy to cause wounding depends on four factors: (1) the magni-
tude of the stored energy in the tissue, (2) the ability of the tissue to sustain strain,
(3) the size of the organ structure, and (4) the anatomical constraints to tissue
movements (MacPherson 1994). The affected tissue ruptures and causes permanent
wounding if the energy stored in tissue exceeds the elastic limit of the tissue. Tissue
elasticity is therefore an important factor as it impairs the extent of permanent
damage caused by a penetrating bullet.

Elastic tissues like muscle, skin, blood vessels, and lungs can absorb energy
generated by a penetrating bullet and tend to recoil towards the bullet trajectory
(Fackler 1988; MacPherson 1994; Karger 2008). Other organs, such as liver, kidney,
and brain, may disrupt from penetrating projectiles because they are less resilient or
constrained from movements (Caudell 2013; Roberts 1988; Stefanopoulos et al.
2014). The size of the organ or body is important because there will be a lower size
limit whereby the temporary cavity will stretch all tissues beyond the elastic limit of
the organ or body, causing it to rupture. For organs or bodies larger than this critical
size, tissue damage primarily occurs by crushing, tearing, and stress (MacPherson
1994). The dimension of the permanent cavitation therefore tends to be approxi-
mately unchanged regardless of the body size (Stokke et al. 2018). As a result, time
from bullet impact to exsanguination will increase with body size for mammals
dispatched with rifle hunting bullets.

Expanding, high-velocity lead bullets fragment upon impact in game animals
(e.g. Cruz-Martinez et al. 2015; Hunt et al. 2009; Knott et al. 2010; Menozzi et al.
2019; Stokke et al. 2017; Trinogga et al. 2019). Stokke et al. (2017) found that lead
bullets retrieved from harvested moose lost on average 2.8 g of lead. The difference
in lead loss between so-called bonded lead bullets and traditional lead-core bullets
was marginal, 2.6 versus 3.0 g of lead, respectively. X-ray studies and necropsies of
game animals shot with lead bullets have shown that hundreds of small fragments are
broadly distributed along the wound channel and can be found as far as 45 cm from
the bullet trajectory in the carcass (Fig. 2). Most fragments, however, are smaller
than the resolution of an x-ray image and too small to be seen by the naked eye or
detected while chewing. Kollander et al. (2017) found 27–50 million nanoparticles
(range 40–750 nm) per gram of meat from a roe deer (Capreolus capreolus) and a
wild boar (Sus scrofa) shot with one lead bullet each. Nanoparticles are so small that
they can cross intact cell membranes.

Most non-lead bullets have a non-fragmenting design to ensure proper penetra-
tion and expansion upon impact. Non-lead bullets do, however, fragment to some
degree, although much less than lead bullets. The fragments are fewer, larger and
closer to the wound channel (Trinogga et al. 2019). Apparently, fragmentation of
non-lead bullets varies between ammunition brands. Menozzi et al. (2019)
radiographed two wild boars shot with non-lead bullets (Federal Vital Shock
270 Winchester 8.4 g) and did not find any signs of fragmentation. Irschik et al.
(2013) x-rayed 46 wild ungulates of four different species shot with non-lead bullets,
either Barnes TSX or Styria Arms Aero (calibers and mass of bullets not reported).
For Barnes TSX, a fragment was found only in 1 of 34 carcasses, whereas fragments
were found in all 12 carcasses from animals shot with Styria Arms Aero. A similar
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low rate of fragmentation of Barnes TSX (308 Winchester 10 g) was reported by
Grund et al. (2010), who found an average of two fragments per bullet fired into
sheep carcasses. Stokke et al. (2017) examined bullets retrieved from shot moose
and found that the average metal loss from non-lead bullets (n ¼ 181) was 0.5 g
compared to 2.8 g for lead bullets (n ¼ 1147).

Some non-lead bullets are designed to break into three or four petals that will
continue as separate projectiles after impact, whereas the remaining larger shank
ensures proper penetration. The bullet subunits will generate their own wound
channels, likely increasing the total amount of tissue trauma and hemorrhage and
possibly shortening the time to death and the flight distance after fatal wounding. In
addition to the main subunits, this type of bullet also leave more small fragments in
tisues than bullets with a non-fragmenting design (Trinogga et al. 2019). Compared
to lead fragments, however, these petals are larger and much harder and have sharp
edges that may harm the gastrointestinal tract of scavengers and humans (Hampton
et al. 2021). Non-lead bullets that are neither expanding nor fragmenting have also
been designed for hunting (Gremse et al. 2014). These bullets are instable and will
tumble during their trajectory in an animal, creating a larger wound channel than
expanding bullets of the same caliber.

We are not aware of any scientific assessment of the efficiency of fragmenting
non-lead bullets used for recreational or subsistence hunting. In a recent study,
Hampton et al. (2021) compared fragmenting lead and non-lead bullets for aerial
shooting (“culling”) of wild pigs. They reported that the two bullet types were
similarly effective but that lead bullets displayed a higher degree of fragmentation,

Fig. 2 X-ray image of a roe
deer (Capreolus capreolus)
shot with a lead-based hunting
bullet (RWS H-Mantle 30-06
Springfield 11.7 g). Lead
fragments are visible as white,
radio-dense spots. Small white
circle: bullet entry. Large
white circle: bullet exit.
(Courtesy of Anna Trinogga/
Oliver Krone). (Reproduced
with permission)
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indicating that fragamenting lead bullets may be an important contributor to lead
exposure in scavenging wildlife.

Concerns have been raised over the efficiency of non-lead bullets (Caudell et al.
2012), including the perception of limited supply, higher costs, inferior killing
efficiency, and correspondingly longer flight distances and higher wounding rates
compared to traditional lead-based bullets (Thomas et al. 2016). Trinogga et al.
(2013), using computed tomography to examine 34 carcasses of five different wild
ungulate species, found no difference in wound channel diameters for lead and
non-lead hunting bullets. In an extensive study that included 1234 roe deer and
825 wild boars, Martin et al. (2017) found no difference in flight distances between
non-lead and lead ammunition. Several other studies comparing killing efficiency
between non-lead and lead hunting bullets showed no significant differences
(Kanstrup et al. 2016; Knott et al. 2009; McCann et al. 2016; Stokke et al. 2019).

2.2 Shotgun Shot

Wound ballistics of shot differs from rifle bullets in several ways. Shot are spherical,
and although they may deform or fragment upon impact, they do not expand. One
shotgun shell may contain 200–400 pellets, and thus, game animals are usually hit
by several shot from the same shell. Similar to rifle bullets, however, the killing
efficiency of shot depends on the physical trauma inflicted on vital organs and large
blood vessels from individual pellets (Stokke et al. 2018). There is no so-called
“shock effect”, neither from shot nor from bullets. Instant death only occurs if vital
parts of the brain are traumatized. Most game animals harvested with shot or bullets
die from fatal hemorrhage secondary to tissue trauma. The concept of “shock effect”
is a long-lived myth that has been perpetuated in the popular literature.

Contrary to a widespread belief among hunters, lead shot fragment upon impact
in game animals (e.g. Andreotti and Borghesi 2013; Andreotti et al. 2016; Johansen
et al. 2004; Mann et al. 1994; Pain et al. 2010; Scheuhammer et al. 1998). Pain et al.
(2010) examined 121 birds of six different species harvested with lead shot and
found lead fragments in 76% of the birds (Fig. 3). They stated that “the majority of
fragments found were very tiny (i.e. less than about a tenth of a shot in size) and both
too small and too scattered to be detected or removed by a consumer”. Andreotti and
coworkers x-rayed 196 European starlings (Sturnus vulgaris) (Andreotti and
Borghesi 2013) and 59 Eurasian woodcocks (Scolopax rusticola) (Andreotti et al.
2016) harvested with lead shot and found ammunition residues in 60.2% and 96.6%,
respectively, of the the birds.

Deformation, fragmentation, and/or shattering of non-lead shot depends on their
chemical composition (Mann et al. 1994). Steel shot neither deform nor fragment.
Bismuth shot may fragment and shatter upon impact with bone but do not fragment
in soft tissue. Tungsten shot may fragment but do not shatter upon impact with bone
and do not fragment in soft tissue. Wound ballistics of shot may change due to the
addition of other elements, either as components of the shot alloy (e.g. antimony) or
as coating of the shot (e.g. copper, nickel or zinc).
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Concerns have been raised over the killing efficiency of non-lead shot. In a well-
designed, double-blinded study, Pierce et al. (2014) showed that steel shot and lead
shot were equally effective for harvesting mourning doves (Zenaida macroura)
under typical hunting conditions. The apparent widespread scepticism among
hunters to non-lead shot alternatives is not based on scientific evidence.

3 Lead in the Environment

The 2500 years of lead production, use and release by humans have contributed to a
global contamination with the element and have increased the environmental burden
of lead in northern Europe to 1000 times the natural background concentrations
(Renberg et al. 2001; Settle and Patterson 1980). Thus, environmental lead exposure
of humans and wildlife is now entirely due to anthropogenic sources. In many high-
income countries, the environmental deposition of lead has been significantly
reduced during the past few decades, mainly due to a decrease in atmospheric
deposition, improved waste management, and banning of leaded gasoline. In
Sweden and Norway, lead levels in moss were reduced by 96% and 90%, respec-
tively, from the mid 1970s to 2015 (Danielsson and Karlsson 2016; Miljøstatus
2019).

Fig. 3 X-ray image of a harvested wood pigeon (Columba palumbus) with lead shot (white dots)
and lead shot fragments (inside white circles). (Reproduced from Pain et al. 2010)
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Hunting ammunition, however, remains a significant source of lead exposure in
humans and wildlife. The worldwide consumption of lead for manufacturing of
ammunition is 120,000 tons/year (ILZSG 2019). Although this only constitutes 1%
of the global use of lead, the use of lead ammunition is now considered the greatest
source of lead deliberately discharged into the environment in both the USA and the
EU (Bellinger et al. 2013a; ECHA 2018). This may be even more pronounced in
remote and less urbanized areas with limited historical deposition of lead from
industrial activities and combustion of leaded gasoline. In the Arctic regions, hunting
for subsistence or recreation is a culturally important lifestyle that contributes
considerably to environmental contamination with lead. Sweden and Norway have
a “non-toxic environment” vision where use and release of dangerous substances,
including lead, should be eliminated (Naturvårdssverket 2019; Miljøstatus 2020). In
spite of this political ambition, the annual discharge of lead from ammunition in
Sweden has been estimated to 580–709 tons (Naturvårdsverket 2006). In Norway,
58 tons of lead shot were used in 2017, which constituted 67% of the total release of
lead into the environment that year (Miljøstatus 2019).

4 General Aspects of Lead Exposure in Humans

Lead is a non-essential element that is toxic to all physiological systems even at very
low levels of exposure. The toxicity of lead at the subcellular and molecular levels is
complex (Gorkhali et al. 2016). Lead interferes with a variety of enzymes and creates
reactive radicals that damage cell structures, including membranes and DNA. The
developing brain is the organ most sensitive to lead exposure. Neurotoxic effects of
lead include reduced neuronal growth, reduced numbers of neurons, disruption of
synaptic activity, and interference with neurotransmission and neuronal signalling
pathways.

Lead has been ranked as the worst toxic threat to human health (Pure Earth 2015).
Although there is no safe level of lead exposure in humans (WHO 2018), health
authorities have issued thresholds of blood lead levels (BLL) for potential negative
health effects. The Centers for Disease Control and Prevention (CDC) in the USA
now uses a BLL of 35 μg/L, termed “blood lead reference value”, to identify children
in the highest 2.5% of BLLs and to identify children who require case management
(CDC 2021). This reference value, previously called “blood lead level of concern”,
was reduced from 100 μg/L to 50 μg/L in 2012. The European Food Safety
Authority (EFSA) has set benchmark dose levels (BMDL) for developmental neu-
rotoxicity (BMDL01: 1% or 1 point reduction of IQ in children), chronic kidney
disease (BMDL10: 10% increase in prevalence of chronic kidney disease in adults),
and increased systolic blood pressure (BMDL01: 1% increase in systolic blood
pressure in adults) (EFSA 2013). These BLL threshold values are 12, 15, and
36 μg/L, respectively.

Especially at risk for lead toxicity is the developing central nervous system in
both fetuses and children. Lead is transferred over the placenta to fetuses in umbilical
cord blood and to infants in breast milk. Lead exposure in early life is known to
reduce IQ, cognitive abilities, and academic achievement and to cause idiopathic
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intellectual disability and mild to moderate mental retardation (CDC 2021;
Landrigan et al. 2018). These effects are permanent and cannot be treated or
reversed. On a global scale, one in three children, approximately 800 millions, has
BLLs above the CDC reference value (UNICEF and Pure Earth 2020). The vast
majority of these children live in low-income countries. This is in stark contrast to
the situation in many high-income countries where the BLLs of children has been
significantly reduced during the past 40 years. Monitoring of children in southern
Sweden showed that their mean BLL dropped by nearly 90% from 1978 (64 μg/L) to
2019 (7 μg/L) (Naturvårdsverket 2020). The most important contribution to this
decrease is most likely the gradual reduction of lead in gasoline followed by a ban of
leaded gasoline in 1994.

Lead toxicity in adults includes elevated risk of cardiovasular and chronic kidney
disease (EFSA 2013). Low-level environmental lead exposure has been termed a
“silent killer” because the negative effects largely went undetected (Nawrot and
Staessen 2006). A recent study showed that 400,000 annual deaths from cardiovas-
cular diseases in the USA are caused by lead exposure (Lanphear et al. 2018).
Increased rates of mortality were seen at BLLs below the CDC reference value
and at BLLs commonly found in people with moderate intakes of meat from game
harvested with lead-based ammunition.

In humans, the pharmacokinetics of lead follows a three-compartment model,
with different half-lives of elimination from blood, soft tissues, and bones (EFSA
2013; Rabinowitz et al. 1973). In adults, 94% of body lead is stored in bones where
Pb2+ substitutes Ca2+. The half-life of lead in bones is extremely long, 10–30 years.
Thus, the total body burden of lead may continue to increase even at very low levels
of exposure. Only 2% of body lead is found in the blood, and 99% of this lead is
bound to red blood cells. The half-life of lead in blood is 4–5 weeks. The BLL of an
individual mainly reflects recent exposure but may also be highly influenced by the
current metabolic status of that person. Bone-to-blood mobilization of lead occurs
during pregnancy, lactation, fasting, menopause, reduced kidney function, osteopo-
rosis, and fractures and may bring the BLL above toxic thresholds. Lead is mainly
excreted in the bile and urine, with some lead being reabsorbed from the intestinal
tract where conjugated lead is broken down by enzymatic activity. Small amounts of
lead are eliminated in deciduous teeth, hair, nails, and sweat. In pregnant or lactating
women, transfer of lead to the fetus and milk may constitute significant routes of
elimination.

5 Lead Exposure from Ammunition in Humans

The main pathway of lead exposure from ammunition is the ingestion of shot or
fragments of shot or bullets in meat from game harvested with lead-based ammuni-
tion. Although the bioavailability of metallic lead from ammunition is lower than
that of organic forms of lead, there is no doubt that lead in ammunition fragments is
dissolved at the low pH found in the stomach (shown by laboratory experiments,
Livsmedelsverket 2014a) and that lead from ammunition residues in game meat is
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absorbed into the blood, causing an elevated BLL (shown by experiments in pigs,
Hunt et al. 2009). In general, infants and older children absorb lead in the diet at a
much higher rate than do adults (Mushak 1998). Studies on infants show that lead
uptake is in the order of 50%, whereas adults typically absorb 10–15% of the lead in
the diet. Hunters may also be exposed to lead from shooting or handloading of lead-
based ammunition, due to inhalation of lead fumes/dust or ingestion from
contaminated hands (University of Washington 2019).

Globally, millions of people eat wild game. Signs of lead exposure are typically
non-specific and include headache, abdominal pain, constipation, learning
difficulties, loss of appetite and weight, increased blood pressure, joint and muscle
pain, mood disorders, and difficulties with memory or concentration. Thus, diagno-
sis of lead poisoning may be difficult to differentiate from other conditions. Parry
and Buenz (2020) suggested to ask patients with such subtle symptoms the simple
question: “Do you eat wild meat shot with lead?”

5.1 Lead Residues in Game Meat

Numerous studies have shown that meat from game harvested with lead bullets or
shot contain lead residues (see review by Green and Pain (2019) for a European
perspective). Here, we cover selected reports mainly from the Arctic region.

All lead shot and bullets fragment to some degree, depending on several factors
such as velocity of the projectile, bullet design, point of impact in the target animal,
and the type of tissue penetrated. The size of the fragments varies from large pieces
to miniscule nanoparticles. The health risks of lead residues ingestion are likely more
dependent on the total surface of the fragments rather than the total mass of lead
ingested (Green and Pain 2019; Livsmedelsverket 2014a). Lead is easily dissolved at
low pH, such as in the stomach, and more lead becomes bioavailable when the
surface area of the lead fragments increases (Livsmedelsverket 2014a). Also, recipes
based on marination and cooking of the meat in wine or vinegar will dissolve lead
and increase its bioaccessibility, potentially contaminating the entire product (Mateo
et al. 2007, 2011).

The European Commission (EC) has set a maximum allowable level (ML) of lead
at 0.10 and 0.50 mg/kg wet weight for meat and offal, respectively, from bovines,
sheep, pigs, and poultry (Thomas et al. 2020). Except for Russia, no such regulations
exist for edible parts of wild game, neither in the EU nor in any other region or
country. In Russia, the ML for lead in meat from all types of domestic and game
animals is 0.50 mg/kg wet weight (Chief State Sanitary Doctor of the Russian
Federation 2011).

Lindboe et al. (2012) measured the lead concentration in 52 batches of minced
(ground) meat from moose harvested with lead-based bullets in Norway. The
samples were intended for private consumption and were provided by hunters.
Lead above the limit of quantification (0.03 mg/kg) was detected in 81% of the
samples. The mean lead concentration was 5.6 mg/kg, which is 56 times the ML set
by the EC for meat from domestic animals. The authors also analyzed a subsample of
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five packages of minced moose meat purchased at stores in Oslo, Norway, and found
a mean lead concentration of 1.5 mg/kg.

Based on the study by Lindboe et al. (2012), a risk assessment of lead exposure
from cervid meat in Norwegian consumers was carried out (VKM 2013). This risk
assessment was followed by dressing recommendations from the Norwegian Food
Safety Authority. In large game harvested with lead bullets, tissues visibly
traumatized by the projectile plus an additional 10 cm radius of tissues around the
wound channel should be removed and discarded. One year after these
recommendations were issued, the Norwegian Food Safety Authority carried out a
follow-up study on lead in moose meat (Eurofins 2015). In 150 samples of minced
moose meat purchased from 27 different stores in southern Norway, lead
concentrations above the limit of quantification (0.01 mg/kg) were detected in
100% of the samples and 73% of them were above the ML set by the EC for meat
from domestic animals. The mean lead concentration was 1.79 mg/kg, which is
18 times the ML set by the EC.

A similar study on lead residues in minced moose meat was carried out in Sweden
(Livsmedelsverket 2014a). A total of 54 packages intended for human consumption
were collected nationwide—48 were provided by hunting teams and six were bought
in five different stores. Before chemical analysis of the the lead concentration, all
samples were x-rayed, and visible lead fragments (resolution �0.1 mm) were found
in 35% of the samples. In 54% of the samples, the lead concentration was above the
limit of quantification (0.02 mg/kg), and in 33% of the samples, the lead content was
above the ML set by the EC for meat from domestic animals. Analysis of samples
from animals not harvested with lead-based ammunition, using a different laboratory
technique, showed that the “background” lead concentration in moose muscle was
�0.002 mg/kg.

Recently, the Swedish Food Agency (Livsmedelsverket 2020b) reported a nation-
wide, follow-up assessment of lead in 100 minced meat samples (50 from moose and
50 from wild boars) purchased at 47 different game slaughterhouses. The results
showed that 21% of the samples contained traces of lead (0.015–0.1 mg/kg) and that
15% of the samples had lead levels above the ML set by the EC. Samples from 45%
of the slaughterhouses all contained lead residues, whereas no traces of lead were
found in samples from the other 55% of the slaughterhouses.

In a study from Canada, McAuley et al. (2018) measured lead concentrations in
the pectoral muscles from 13 grouse (Bonasa umbellus and Falcipennis canadensis)
harvested with lead ammunition. Twelve birds were shot with a caliber 0.22 rifle and
one with a shotgun. Prior to analysis, all visible bullet fragments and shot were
removed. Muscle samples were categorized as having visible signs of bullet/shot
impact or not. The mean lead concentration was 0.968 mg/kg in impacted muscle
compared to 0.013 mg/kg in non-impacted muscle.

Several studies show that edible parts of small game harvested with lead shot may
contain large amounts of lead, even after the removal of visible shot and fragments
(e.g. Johansen et al. 2004; Livsmedelsverket 2014a; McAuley et al. 2018;
Scheuhammer et al. 1998). Scheuhammer et al. (1998) carried out a nationwide
study in Canada in order to determine the frequency of elevated lead concentrations
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in pectoral muscles of hunter-killed birds. They collected nearly 4000 individual
birds of 44 different species from 125 sites across the country. The birds were
harvested using shotguns and lead shot. Muscle samples were pooled according to
species and location. Of 827 pools, 92 (11%) had a lead concentration above 0.5 mg/
kg. The mean lead concentration for these 92 pools was 12 mg/kg, which is
120 times the ML set by the EC for meat from poultry. Johansen et al. (2004)
analyzed the lead content in meat from the two most important bird species in the
diet in Greenland, thick-billed murre (Uria lomvia) and common eider (Somateria
mollissima). In the latter species, the mean lead concentration in meat from 25 birds
harvested with lead shot was 6.1 mg/kg, which was 44 times higher than for
25 common eiders that drowned in fishing nets, even though 11 of the drowned
birds had 1–3 embedded lead shot from previous wounding. The Swedish Food
Agency analyzed the lead content in one European hare (Lepus europaeus) and one
roe deer killed with lead shot (Livsmedelsverket 2014a). After the removal of
traumatized and bloody tissues, the mean meat lead concentration in various parts
(number of samples not given) ranged from 0.02 to 5.5 mg/kg in the hare and 0.1 to
21 mg/kg in the roe deer.

Apparently healthy small game may have shot from previous hunting attempts
embedded in their tissues (Fig. 4). The proportion of animals with embedded shot is
referred to as wounding or “crippling” rate. In a study carried out in northern
Norway, 43 mountain hares (Lepus timidus) were harvested with rifle bullets and

Fig. 4 X-ray image of a live pink-footed goose (Anser brachyrhynchus) captured for tagging.
White dots (n ¼ 12) are shotgun shot of unknown type. (Courtesy of Department of Bioscience,
Aarhus University, Denmark) (Reproduced with permission)
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x-rayed using computerized tomography (Larsen and Nybakk 2011). At least 16% of
the carcasses contained embedded shot. Falk et al. (2006) conducted an x-ray study
on wounding rates in 993 common eiders and king eiders (Somateria spectabilis) in
Greenland and found that on average 22% of common eiders carried embedded shot.
The prevalence of embedded shot was age-dependent, varying from 13% in
immatures to 29% in adults. Hicklin and Barrow (2004) used fluoroscopy to examine
1624 live waterfowl of four different species in order to detect embedded shot. They
found that 25% of the birds carried embedded shot. These reports show that in areas
with a high hunting pressure, where the use of lead shot is allowed, a very high
proportion of apparently healthy small game will contain lead residues from previ-
ous hunting attempts. Thus, consumers may unknowingly be exposed to lead, even if
the game eventually was harvested with lead-free ammunition.

5.2 Lead Pellet Ingestion in Game Meat Consumers

Although lead shot commonly used for hunting are relatively large (2.5–3.5 mm
diameter), they are frequently ingested when people eat meat from game hunted with
shotguns. Most shot probably pass through the intestinal tract to be eliminated over
time. Several studies, however, show that shot may be retained in the appendix.
During routine radiographical examination, Reddy (1985) identified 62 patients with
retained lead shot in their appendices. The number of shot per patient varied from
one to more than 200. The patients were native to northern Newfoundland and
Labrador, Canada, and included First Nation and settler populations. The author
stated that “eating of wild game was the source of lead shot”. In another Canadian
study, Tsuji and Nieboer (1997) examined 132 archived radiographs for evidence of
retainted lead shot in First Nation Cree of the western James Bay and northern
Ontario regions. Lead shot were found in 15% of the randomly selected cases, either
in the appendix (7%) or intraluminally in other parts of the gastrointestinal tract
(8%). The authors assumed that consumption of wild game meat with embedded
lead shot was the source of the pellets. Carey (1977) reported two cases of acute,
perforated and gangrenous appendicitis in First Nation Inuit who hunted and ate
game regurlarly. During surgery, approximately 100 shot was removed from a
56-year-old female and more than 500 pellets from a 57-year-old male. In another
case report, Cox and Pesola (2005) presented a radiograph of a 73-year-old Inuit
woman with the appendix literally full of lead shot (Fig. 5). According to the authors,
retained shot in the appendix are commonly seen in Alaskan natives, and the source
is the consumption of meat from hunted waterfowl.

5.3 Blood Lead Level (BLL) in Game Meat Consumers

Consumption of meat from game harvested with lead-based ammunition poses a
health risk to humans (see review by Green and Pain 2019). Even a moderate intake
of meat from game shot with lead-based ammunition may cause an elevated BLL.
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Due to the long half-life of body lead in humans, low-level exposure may increase
the total body burden of lead over time and eventually bring the BLL above
thresholds for documented toxic effects. Here, we review relevant studies on the
BLLs of game-consuming people in the Arctic regions.

The Arctic Monitoring and Assessment Programme (AMAP) has reported levels
and trends of contaminants in humans in the eight Arctic countries (AMAP 2015). In
the late 1990s, hotspots for lead exposure, attributed to traditional food consumption,
were identified in Greenland and Canada. In general, BLLs have shown a decreasing
trend, which most likely is due to reduced lead emissions and a partial ban on lead
shot in the circumpolar region. Interestingly, another contributing factor is probably
a gradual change from a traditional diet largely based on hunted game meat to
processed food bought in stores, especially in the the younger population. Although
the reported BLLs were relatively low (<40 μg/L), children and women of repro-
ductive age in Russian and Canadian subpopulations were identified as groups
at risk.

Due to the effects on the developing central nervous system, fetuses and infants
are especially at risk for lead toxicity. Studies from Canada have shown that lead
levels in maternal blood, breast milk, umbilical cord blood, and infant blood were
correlated and that these levels were also correlated with maternal traditional game

Fig. 5 X-ray image of a
73-year-old Inuit woman with
the appendix completely full
of lead shot, with the contour
of the appendix easily
visualized. An additional lead
shot (round white dot) from a
recent meal is seen in the
intestinal tract.
(#Massachusetts Medical
Society). (Reproduced with
permission from Cox and
Pesola 2005)
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meat intake (Hanning et al. 2003, Fig. 6). Two studies on Greenland Inuits showed
that frequent consumption of seabirds harvested with lead shot caused very high
BLLs. In the first study (Bjerregaard et al. 2004) conducted in 1993–1994, the mean
BLLs of people eating seabird meat several times a week or daily were 110 and
170 μg/L, respectively. The highest level exceeds the EFSA thresholds for increased
systolic blood pressure and chronic kidney disease by factors 5 and 11, respectively.
In 2003–2004, Johansen et al. (2006) carried out a similar study and found that the
mean BLL of people eating seabirds regularly was 128 μg/L compared to 15 μg/L in
participants reporting no consumption of seabirds.

Several reports from Norway and Sweden have shown a positive association
between BLLs and consumption of game meat (Birgisdottir et al. 2013; Bjermo et al.
2013; Livsmedelsverket 2014b; Meltzer et al. 2013; VKM 2013; Wennberg et al.

Fig. 6 Lead from spent hunting ammunition is poisoning consumers of game meat and scavenging
wildlife. (Illustration by Juliana D. Spahr, SciVisuals.com)
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2017). Other hunting-related factors positively correlated with the BLL were shoot-
ing and hand-loading of ammunition (Livsmedelsverket 2014b; Meltzer et al. 2013).
Although the mean or median BLLs in game consumers were relatively low
(<30 μg/L), they were considerably higher than in non-game consumers or the
general population and exceeded the EFSA thresholds for developmental neurotox-
icity and chronic kidney disease.

Canadian studies over the past three decades have shown that elevated BLLs in
First Nation people were associated with a traditional diet based on meat from game
harvested with lead-based ammunition (e.g. Dallaire et al. 2003; Dewailly et al.
2001, 2007; Fontaine et al. 2008; Hanning et al. 2003; Lévesque et al. 2003; Tsuji
et al. 2008c). A significant risk of elevated BLLs has also been attributed to the use
of firearms, lead shot, and lead bullets (Liberda et al. 2018). Although time trends
showed a significant decrease in lead exposure (Dallaire et al. 2003; Fontaine et al.
2008; Lévesque et al. 2003), likely due to a change in dietary habits, a partial ban on
lead shot and a public intervention to reduce the use of lead shot, elevated levels of
lead exposure are still found in some communities. Two studies showed that the the
continuous use of lead ammunition for hunting posed a risk for elevated BLLs. Tsuji
et al. (2008c) reported that 18% of 196 First Nation people of northern Ontario
examined in 1999–2000 had BLLs �100 μg/L, the CDC level of concern at that
time. In another study, Liberda et al. (2018) found that in one Cree community of
Quebec the mean BLL was 87 μg/L, which is almost six times higher than the EFSA
threshold for chronic kidney disease.

In a study carried out on the Russian Kola Penninsula, very high BLLs were
found in children (5–14 years) living in a remote and isolated village with Sami,
Komi and Nenets populations (Odland et al. 1999). The mean BLL was 83 μg/L,
which is seven times higher than the EFSA threshold for developmental neurotoxic-
ity, and 36% of the children had a BLL �100 μg/L, the CDC level of concern at the
time of the study. The authors concluded that substantial contributions to the
elevated BLLs came from dietary sources, especially meat from game harvested
with lead ammunition.

In a recent study from Alaska, Bressler et al. (2019) reported that 80 (1.6%) of
4962 children (<6 years) tested 2011–2015 had a BLL of 50 μg/L or more. Of those,
54 (68%) had a BLL of 50–99 μg/L, 13 (16%) had a BLL of 100–149 μg/L, and
13 (16%) had a BLL of 150–450 μg/L. In addition to the 80 BLLs of 50 μg/L or more
found during 2011–2015, 74 more were identified during 2016–2018, yielding a
total of 154 BLLs of 50 μg/L or more during 2011–2018. Possible exposure sources
were identified based on interviews with the families of 74 children with BLLs
�50 μg/L. Except for the parents’ occupation, consumption of game or subsistence
meat hunted with lead-based ammunition was listed as the most frequent possible
cause of lead exposure and elevated BLL.

Although foreign bodies in the appendix is quite rare in the general population,
lead shot may be retained in the appendix in people who frequently consume meat
from game harvested with shotguns (Klingler et al. 1998; Reddy 1985; Tsuji and
Nieboer 1997). Even a small number of retained shot may increase the BLL. In a
study from Denmark, rarely cited in current literature, Madsen et al. (1988) measured
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the BLL of seven patients with 1–2 retained lead shot in the appendix and 14 sex-
and age-matched controls without lead shot in the appendix (presence or abscence of
lead shot was determined by x-ray). The mean BLL in the patients with retained lead
shot was 114 μg/L, which was almost twice the mean BLL in the controls. The
authors concluded, based on contemporary understanding of lead toxicity, that “none
of the seven patients with lead shot in the appendix had blood lead levels
approaching the toxic level”. The mean BLL in the patients, however, was 3 and
7.6 times higher than the EFSA thresholds for increased systolic blood pressure and
chronic kidney disease, respectively.

All studies cited above were based on epidemiological or other indirect data to
show an association between elevated BLLs and consumption of meat from game
harvested with lead-based ammunition, shooting/hunting with lead shot or lead
bullets, hand-loading of lead-based ammunition and ingestion of lead pellets. The
element lead (Pb) consists of four stable isotopes, 204Pb, 206Pb, 207Pb, and 208Pb,
varying in their ratios depending on the source of lead. Although the current
recycling of lead is a complicating factor, specific lead isotope ratios have the
potential as signatures (“fingerprints”) for tracing lead in blood or tissue samples.
Four studies in Canadian First Nation people used this lead isotope approach to
identify ammunition as a major source of lead exposure (Fillion et al. 2014;
Lévesque et al. 2003; Tsuji et al. 2008a, b).

6 Lead Exposure in Dogs Fed Game Meat

Dogs may be exposed to lead residues if they are fed trimmings or offal from game
harvested with lead-based ammunition (Fig. 1). The Norwegian Scientific Commit-
tee for Food Safety carried out a risk assessment of lead exposure from cervid meat
in hunting dogs and concluded that “the risk for chronic health effects in dogs
repeatedly fed cervid meat or offal originating from trimmings from the wound
channel after use of lead-based ammunition can be considered as high and of
concern” (VKM 2013). In a follow-up study, Høgåsen et al. (2016) identified data
gaps and pointed out the need for more research to assess the consequences of
feeding dogs game meat that may contain lead residues. They concluded that
“trimmings close to the wound channel should be made inaccessible to dogs, as
well as to other domestic or wild animals”. We are aware of only one published study
on actual lead exposure in dogs fed meat and offal from game hunted with lead-
based ammunition. Fernández et al. (2021) found elevated lead concentrations in
blood and hair from 31 dogs consuming meat and offal from culled wild boars and
axis deer (Axis axis) in a national park in Argentina. The mean BLL was 189.1 μg/L
and 19% of the dogs had a BLL above 400 μg/L, which is considered a marker for
lead poisoning in dogs (Høgåsen et al. 2016).
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7 Lead Exposure in Wildlife

Lead poisoning of wild birds from spent hunting ammunition has been recognized
for almost 150 years. Several letters to the magazine The Field in the 1870s and
1880s reported poisoning and deaths in pheasants from ingested lead shot
(e.g. Calvert 1876). Since then, lead intoxication linked to ammunition sources has
been documented in a large number of avian species, especially waterfowl, terrestrial
game birds, raptors, and scavengers (see reviews by Pain et al. 2019 and Monclús
et al. 2020). Lead toxicity from spent ammunition is a threat to avian species across
the globe and on all continets (Lohr et al. 2020). Protection of the iconic California
condor (Gymnogyps californianus) from lead posioning (Church et al. 2006) was a
main driver behind the State of California banning all use of lead-based ammunition
for hunting from 1 July 2019.

There are multiple routes of lead exposure from spent ammunition in birds.
Waterfowl and terrestrial game birds pick up shot in shallow waters and from the
ground, mistaking them for grit or food. Predatory birds are exposed from shot
embedded in tissues of wounded prey, whereas scavengers are poisoned by shot or
bullet fragments in carcasses or slaughter remains (Pain et al. 2019). Mörner and
Petersson (1999) reported lead posioning of woodpeckers (Picus canus and
Dendrocopus leucotos) in Sweden. Although the authors were uanable to determine
the source of lead, they hypothesized that woodpeckers, during search for insects,
could be exposed from lead pellets shot into trees by hunters.

There are very few published studies on lead exposure in scavenging or predatory
mammals (Rodríguez-Jorquera et al. 2017; Lazarus et al. 2017). Rogers et al. (2012)
investigated whether large carnivores in the greater Yellowstone ecosystem, USA,
were exposed to lead. They reported that brown bears (Ursus arctos, n ¼ 82) had a
mean (range) BLL of 55 (11–186) μg/L, whereas the corresponding values in
American black bears (U. americanus, n ¼ 35) were 19 (5–69) μg/L. In a recent
study from Croatia and Poland, Lazarus et al. (2020) found that brown bears (n¼ 26)
had a mean (range) BLL of 61 (28–139) μg/L. None of these studies identified
possible sources of lead exposure in the bears.

Lead exposure in Arctic biota was reported by the Arctic Monitoring and
Assessment Programme nearly 20 years ago (AMAP 2002). Although there had
been a significant reduction in the deposition of atmospheric lead in the Arctic
regions, levels in wildlife had not measurably declined. The report pointed out that
lead shot from hunting remained a problem and recommended a complete ban on the
use of lead shot in the Arctic. Additionally, the report highlighted the need for effect
studies in priority species experiencing heavy metal exposure of concern.

In Sweden and Finland, lead exposure from spent ammunition is a significant
morbidity and mortality factor in white-tailed sea eagles (Haliaeetus albicilla)
(Axelsson 2009; Helander et al. 2009; Isomursu et al. 2018) and golden eagles
(Aquila chrysaetos) (Axelsson 2009; Ecke et al. 2017). Ecke et al. (2017) showed
that BLLs in Swedish golden eagles were correlated with progress of the moose
hunting season and that sublethal lead exposure may impair flight performance and
thus increase the risk of mortality from other causes. Isomursu et al. (2018) found the
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highest frequency of lead poisoning in Finnish white-tailed sea eagles during the
main hunting season. A study from Canada (Legagneux et al. 2014) revealed that
BLLs in common ravens (Corvus corax) increased over time during the moose-
hunting season in an area with high hunting success, matching the number of rifle-
shot moose. The main source of lead in scavenging birds is most likely bullet
fragments in gut piles, offal, and carcasses from animals hunted with lead-based
ammunition (Helander et al. 2009; Isomursu et al. 2018). Stokke et al. (2017)
estimated that the annual amount of lead deposited in slaughter remains left in nature
from moose hunting in Finland, Sweden, and Norway constitutes >100,000 lethal
doses for eagles. Also, lead shot in wounded prey pose a risk to predators. There are
numerous reports showing that a high percentage of small game has embedded lead
shot in their tissues, e.g. as much as 35% of common eiders in heavily hunted coastal
areas of Greenland (Falk et al. (2006), at least 16% of mountain hares in northern
Norway (Larsen and Nybakk 2011) and on average 25% of waterfowl in Canada’s
Atlantic provinces and eastern subarctic region (Hicklin and Barrow 2004).

In an ongoing study in south-central Scandinavia, Fuchs et al. (2021) measured
the BLL in 136 samples from 99 brown bears (1–25 years), including 22 females
with a total of 45 dependent cubs. Additionally, the lead concentration was measured
in milk samples from 15 lactating females. The mean (range) BLL was 96 (36–221)
μg/L. Lactating females had higher BLLs than non-lactating (younger) females. The
BLLs in dependent cubs were correlated with their mother’s BLL, which in turn was
correlated with the milk lead concentration. Thus, bear cubs will start accumulating
lead from the first day of their lives and will continue to absorb lead from the milk as
long as they suckle. In Scandinavia, two of three brown bear litters separate from
their mothers at 16 months of age; the rest separate 1 year later. In humans, high
blood lead levels are positively correlated with the duration of breastfeeding (Lozoff
et al. 2009). Although critical levels have not been established in brown bears, the
authors hypothesized that life-long lead exposure may have adverse effects on both
individual and population levels. The high BLLs found in brown bears contrast the
general reduction in environmental lead contamination over the past decades in
Scandinavia. The sources and routes of lead exposure in the brown bears have not
been identified.

Bakka (2020) compared lead exposure in brown bears in Scandinavia and three
national parks in Alaska, USA, and found that the mean BLL in Scandinavia was
2, 5, and 13 times higher than the mean BLLs in Gates of the Arctic, Lake Clark, and
Katmai, respectively. These results indicate that differences in diet and environmen-
tal lead sources have a huge impact on the BLLs in this species.

Thresholds for toxic effects of lead have largely not been established in wildlife.
The challenge of establishing critical blood or tissue concentrations is due to the lack
of data on cause-effect relationships, especially in Arctic species (AMAP 2002).
Valid thresholds for toxic effects are most likely species dependent and translation of
critical levels across species is unreliable at best. Buekers et al. (2009) reviewed
80 toxicity studies of which 19 experimental and 6 field studies on mammals and
birds were selected in order to establish a critical blood lead concentration in
wildlife. The authors reported that the highest “no observed effect concentrations”
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(NOECs) varied 50-fold among species. They then used the fifth percentile of
species NOEC values with data from 15 different species to calculate a critical
blood lead concentration in mammals and birds, which turned out to be 180 and
710 μg/L, respectively. One problem with this approach is that it is mainly based on
effects on easily observable variables, such as growth and reproduction. Subtle
changes in acute senses, mental capacity, organ function, and behavior are unlikely
to be detected in wild animals. In a study on golden eagles, however, Ecke et al.
(2017) found that negative effects on flight performance occurred at a BLL of
250 μg/L, which is only 35% of the avian critical blood lead concentration suggested
by Buekers et al. (2009). In this context, the population-wide lead exposure in
Scandinavian brown bears reported by Fuchs et al. (2021) is interesting. The mean
BLL, 96 μg/L, is only half of the mammalian critical blood lead concentration
calculated by Buekers et al. (2009) and should pose no adverse health effect, at
least not on growth and reproduction. It is, however, approximatey three, six, and
eight times higher than the thresholds for increased systolic blood pressure, chronic
kidney disease, and developmental neurotoxicity, respectively, in humans (EFSA
2013). Obviously, species-specific toxicity studies are highly needed in wildlife.

8 How to Avoid Lead Exposure from Game Meat

There is an obvious and simple way to avoid lead exposure from hunting ammuni-
tion and that is to use lead-free alternatives. Non-toxic ammunition is now available
in most calibers and guns commonly used for both small and large game hunting.
The price and efficiency of lead-free bullets and shot are comparable to lead-based
ammunition (e.g. Trinogga et al. 2013; Kanstrup and Thomas 2020). Due to tradi-
tion, conservatism, and ignorance, however, an overwhelming majority of hunters
are still using lead-based ammunition. Buenz (2016) indicated a contradictory
attitude among hunters: “People generally reject the idea of injecting toxic
substances into food, except when it involves hunting wild game”. Based on risk
assessments, health authorities have therefore issued dietary and dressing
recommendations for game harvested with lead bullets and shot.

The Swedish Food Agency recommends that in game harvested with lead bullets,
tissues traumatized by the projectile and at least an additional 10 cm radius of tissues
around the wound channel should be removed and should not be used as food for
humans or animals (Livsmedelsverket 2020a). Figure 7 shows the carcass of a fallow
deer (Dama dama) calf harvested with lead ammunition and dressed according to the
Swedish recommendations. In game harvested with lead shot, visible lead pellets and
traumatized tissues should be removed. If these dressing practices cannot be verified,
children <7 years, pregnant women, and women who plan pregnancy within
3 months should not eat products such as minced meat and sausages, whereas
other people, including breastfeeding women, should not eat such products more
than once a month.

The Norwegian Food Safety Authority has issued similar recommendations
(Mattilsynet 2019). In large game harvested with lead ammunition, tissues
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traumatized by the bullet and at least an additional 10 cm radius of tissues around the
wound channel should be removed and discarded. People should not eat small game
harvested with lead shot more than once a month, and visible lead pellets and
traumatized tissues should be removed. Women who plan pregnancy, are pregnant,
or are breastfeeding and children <7 years should not eat game meat that can
possibly contain lead.

In Finland, a less specific recommendation has been issued. The Finnish Food
Authority (2020) simply states that “people who eat game shot with lead bullets
should avoid not only the gunshot wound but also an area of at least 10 cm of the
normal-looking meat surrounding it”.

In Norway, it has been estimated that due to the dressing recommendations, 2 kg
of meat will be discarded from each animal shot with lead bullets (NTB 2016). The
annual harvest of large game in Norway is approximately 110,000 animals (moose,
red deer (Cervus elaphus), reindeer (Rangifer tarandus tarandus) and roe deer).
Assuming that 90% of the hunters use lead-based ammunition (Stokke et al. 2017),
the discarded meat amounts to 200 metric tons per year, which should neither be fed
to pets nor left in nature.

Fig. 7 Carcass of a fallow
deer (Dama dama) calf
harvested with a lead bullet
(6.5� 55 Lapua Mega 10.1 g)
and dressed according to
Swedish recommendations
(Livsmedelsverket 2020a).
Both front limbs were
removed (approximately
2 kg), and net weight after
dressing was ca. 12 kg.
(Courtesy of Niels Kanstrup)
(Reproduced with permission)
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9 Lead-Based Ammunition: Science Versus Politics

In spite of a 99% consensus among scientists that lead from spent hunting ammuni-
tion poses a risk to human, wildlife, and environmental health, this issue is highly
politicized and extensively debated worldwide (Arnemo et al. 2016). Major lobbyist
organizations are actively opposing any attempt to ban, or even restrict, the use of
lead-based ammunition (Kanstrup and Thomas 2020). Extensive scientific evidence
is disputed or denied, using strategies well known from discussions on other
environmental issues, such as climate change and pesticides (Arnemo et al. 2016).
In recent years, there have been numerous science-based proposals and iniatives for
a transition to non-toxic ammunition (e.g. Cromie et al. 2019; Kanstrup and Thomas
2020; Pain et al. 2020; Schulz et al. 2019; Thomas et al. 2019; Treu et al. 2020).
Scientists and experts have published several consensus statements on human,
wildlife, and environmental health risks from the use of lead-based ammunition
(Andersen et al. 2018, 2020; Arnemo et al. 2020; Bellinger et al. 2013b; Bernhoft
et al. 2014). Hunting with lead-based ammunition is simply not sustainable
(Kanstrup et al. 2018). Because a voluntary, major switch to lead-free hunting
ammunition seems unlikely to happen in the foreseeable future (Schulz et al.
2020), the use of lead-based ammunition for hunting should be banned, to the
benefit of people, wildlife, and ecosystems (Arnemo et al. 2019a, b; Sonne et al.
2019).

10 Conclusion

Hunting with lead-based ammunition poses a significant health risk to humans,
wildlife, and ecosystems and is thus a One Health issue in the Arctic. In humans,
even a moderate intake of meat from game harvested with lead-based ammunition
may bring the BLL above thresholds for documented toxic effects. Improved
dressing practices will reduce the amount of lead in edible parts, but all lead residues
can never be removed. The use of lead-based ammunition for hunting will certainly
also poison wildlife and contaminate ecosystems. A sustainable solution to this One
Health problem requires national and international science-based legislative actions.
In essence, however, it depends on hunters’ choice of ammunition and is thus an
ethical issue that can easily be solved at an individual level.
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Traditional Conservation Methods
and Food Habits in the Arctic

Raphaela Stimmelmayr and Gay Sheffield

1 Traditional Foods and Indigenous People of the Arctic

We all have to go by seasons for fishing and trapping. I can’t say I’ll catch herring later when
I need them. By then there will be nothing, as the fish and game don’t wait for our time.
Frank Cockney (N-1992-253:1-44-28) as found in Hart and Amos 2004

Traditional aboriginal foods encompass the spectrum of Arctic animals (ocean,
land, sky) and plants. These foods are an integral part of cultural identity, commu-
nity, collective identity, and cultural stability and a key component of nutritional and
spiritual well-being within traditional food systems (Fig. 1). Across northern
communities, traditional seasonal rounds of hunting, trapping, fishing, egging,
picking, collecting, etc., associated food handling practices, and the use of animals
and plants (traditional customary food practices) generally mirror the prevailing
environmental conditions, seasonal availability, and accessibility of these essential
resources, while being flexible enough to adapt to natural variations in resource
abundance. Given the intricate complex human biological–physical coupling of
resources and users, it is not surprising that “no two societies shared exactly the
same annual cycle of subsistence activities or dependence on specific resources.
Subsistence strategies at the societal and local family level were aimed at effective
use of virtually all local plant and animal resources” (Burch 1980 cited in Wolfe
2004). Within the larger migratory and strongly seasonal context of all animal and
plant resources in the North, traditional customary practices of food processing
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including food preparation, safe storage, and preservation methods are at the center
of subsistence strategies to ensure aboriginal food security by making seasonally
available surplus foods obtainable year-round. Across the Arctic, these culinary
methods are based on traditional Arctic food wisdom, but like subsistence strategies,
they are also shaped by environmental–societal–individual influences and
preferences at the societal and local family level. Therefore, traditional food
preferences, cultural uses, and customary practices of traditional Arctic food
processing and storing practices at the societal and local family level have a
distinctly local flavor by being similar—but not the same. To this day, Arctic food
processing, in all of its nuances of skills and knowledge, is a task mostly performed
by women (Starks 2002, 2007, 2011). This chapter provides an introduction to the
guiding principles of traditional Arctic food systems, with a special focus on the
Arctic subsistence food chain (hunting–food processing–storing–sharing) from a
wildlife health, food safety, and food science perspective. Arctic traditional food
systems are living testaments to the ingenuity of Arctic people’s traditional ecologi-
cal knowledge and food wisdom and remain deeply steeped in cultural identity,
prevailing local conditions, and history, so any single text and examples given are
useful in showcasing a specific aspect but will ultimately fall short in being repre-
sentative of the cultural diversity of indigenous people’s traditional food systems in

Fig. 1 A delicious nutritious meal of Arctic cuisine is the end result of traditional wildlife health
assessment protocols as well as traditional processing, preservation, and ageing, Bering Strait
region. Photo: G. Sheffield
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the Arctic. Regardless, inherent to northern people’s societies is a clear understand-
ing of the connection between the health of animals, the health of the people who
depend on them, and the environment they both inhabit. This understanding
provides a common platform akin to the One Health perspective (Zinsstag et al.
2011) to discuss aspects of resilience and potential vulnerability of transitioning
Arctic traditional food systems to zoonotic diseases in the context of a rapidly
changing Arctic.

2 Harvesting and Principles of Wildlife Health Assessment

We travelled a little way (and) we saw two[..] seals. we had nothing. . .” I’ll go to the first
seal. If I can’t (kill it) I’ll try the other if it doesn’t go down. I went to the other and got the
seal...it was a big seal but it looked like it was sick, skinny, with no blubber. We didn’t eat
out of the seal, we were afraid to eat it. We just gave our dogs a little bit of blubber. Jimi
Wolki (N-1992-007:0043B) as found in Hart and Amos 2004

Circumpolar indigenous people have long-term traditions in harvesting wildlife
that reach back to ancestral times. Hunting is not just procurement of food but is
deeply steeped in complex spiritual relationships with the animals and the
environments (i.e., Puiguitkaat 1978; Bennett and Rowley 2004; Kochneva 2007;
Gadamus and Raymond-Yakoubian 2015). The focus of the following sections will
be on the pragmatic aspects of hunting as it is beyond the scope of this chapter to
discuss the complex spiritual and cosmological aspects of northern people’s relations
with the animals, their land, and oceans.

Central to their respective hunting culture, traditional customary practices are at
the core of traditional ante- and post-mortem examinations of hunted animals.
Understanding normal species-specific animal behavior within and outside
the hunting context gives insight about the general health that ultimately guides
the selection and exclusion of an animal from becoming food for the individual, the
family, and the community. The eloquence of animals in showing behavioral and
physiological cues of health (i.e., alertness, responsiveness, breathing rate, fight and
flight behavior, movement, speed, body condition, pelt condition) or signs of
sickness (i.e., separating from the herd, diving shorter than usual, being in the
wrong habitat, abnormal locomotion, approachability, aggressiveness, discharge,
etc.) is understood by the keen observation skills and in-depth ecological knowledge
that come from the rigorous study by the experienced and well-taught hunters.
Taking these health and sickness cues from live animals (ante-mortem) is part of
the hunter’s animal health assessment. After the kill, catch assessments are designed
to provide a thorough health assessment and, by default, a public health judgement
on food safety, similar to western meat hygiene inspections. The identification of
sick animals is critical to the health of the individual, family, and extended commu-
nity food chain. The knowledge of those who process the catch, from the hunters, to
processors, to meal preparers, makes this decision in equal parts using in-depth
traditional knowledge of the ecology and behavior of the hunted animal, as well as

Traditional Conservation Methods and Food Habits in the Arctic 471



the shared generational knowledge about animal anatomy and health, for example,
Inuvialuit marine resources (Hart and Amos 2004), bowhead whale (Balaena
mysticetus) (Brewster 1997; Hay 2000; Albert 2001; Noongwook et al. 2007),
beluga whale (Delphinapterus leucas) (Waugh et al. 2018; Ostertag et al. 2018),
ice-associated seals and Pacific walrus (Odobenus rosmarus) (Gadamus and
Raymond-Yakoubian 2015), polar bear (Ursus maritimus) (Armitage, 2015), cari-
bou (Rangifer tarandus) (Benson 2019), and fish (Jones 2006; Brewster et al. 2008).
Traditional food wisdom and its precautionary customary practices generally do not
depend on detailed information about the nature of the sickness (i.e., infections,
toxins). Although the cause of disease and death of wildlife are topics of great
interest and discussions among community members, it is a robust mechanistic
public health understanding regarding animals that determines if foods should not
be eaten. Interestingly this is often how wildlife health information is presented in a
western/scientific approach and in traditional medical and veterinary school training.
Co-developing recommendations for effective wildlife health and disease informa-
tion sharing in the context of climate change and emergence of zoonotic diseases in
the Arctic are needed to bridge this gap. Several guiding principles are inherent to
most scientific types of knowledge acquisition and inquiries, namely, observations,
experimentation, detailed oral documentation of outcomes, and repetitions of vari-
ous experimental designs (contexts), in order to be able to predict outcomes.

Therefore, observed abnormalities should trigger precautionary measures ranging
from discarding only the abnormal part to the entire animal. Abnormalities that do
not pass traditional guidelines include but are not limited to unusual differences in
structure and texture (i.e., lumps and bumps, pus pockets, bruises, swollen joints,
weakened shear resistance of tissue and hides, old and fresh wounds), odor, abnor-
mal discharge from natural openings and joints, abnormal coloration, and uncom-
mon parasites. Commonly, animals of concern are left where they were hunted (i.e.,
sea ice, ocean, land) in order to avoid contamination of additional (healthy)
harvested animals in close proximity, hunting equipment, and/or transportation
means (i.e., boats, sleds, all-terrain vehicles). This is a counter to what is often
recommended in a scientific context in order to identify the exact cause of the
abnormality. In cases where abnormalities are discovered during a more detailed
processing in the community, expert consultation with experienced hunters, food
preparers, and elders is often essential for ad hoc decision making about hunter-
concern animals. In recent years, northern communities use social media, such as
Facebook groups and regional observer networks, to share hunter-concern cases and
successful hunts. Sharing information on hunter-concern cases and/or observations
is critical to alerting federal and/or tribal wildlife management agencies to emerging
northern wildlife diseases and pollution events that have implications for regional
food safety and food security (i.e., Kwan 2004; Kutz et al. 2015; Bodenstein et al.
2015; Iverson et al. 2016; Sformo et al. 2017; Henri et al. 2018; Stimmelmayr et al.
2018, 2021; Tryland et al. 2018; Sheffield and Stimmelmayr 2020).

Skinning, butchering, preparing, and other handling of hunted animals pose the
risk of a skin injury and thus potential exposure to zoonotic microbes and parasites.
Rare exposures during butchering activities to selected microbial agents (e.g.,
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Francisella tularensis (muskrat, hare), Mycoplasma spp. (pinnipeds), Brucella suis
serovar IV (caribou/reindeer), Parapoxvirus (mountain goat, Dall’s sheep)) have
been reported from Alaska and Canada (Kennedy 1988; Wobeser et al. 2009;
Castrodale 2009, Castrodale 2011; Hansen et al. 2011; Westley et al. 2016; Carr
cited in Tryland et al. 2018). Interestingly, the finding of Francisella-specific
antibodies (tularemia) in people did not correlate with case reporting of tularemia-
like illness from the northern villages studied, suggesting infection with a less
virulent type favoring asymptomatic disease or resistance to the pathogen (Hansen
et al. 2011). Tularemia is among the group of “climate-sensitive” pathogens
(Parkinson et al. 2014; Omazic et al. 2019). Several cases of naturally acquired
rabies antibodies in Inupiaq–Inuit Arctic fox trappers have also been reported from
Alaska and Canada (Orr 1988 cited in Follmann et al. 1994). Skinning and hide
processing are also known risk factors for human cutaneous anthrax infection
(Mwakapeje et al. 2018). For Arctic regions with endemic anthrax (Revich and
Podolnaya 2011; Hueffer et al. 2020), carcass handling and the use of animal hides
(e.g., reindeer) for clothing, bedding, etc., are regionally relevant risk factors.
Localized morbidity and one human mortality were reported during the recent
emergence of anthrax among Siberian native reindeer herders (Timofeev et al.
2019). Most harvesting of wolves as well as Arctic and red foxes occurs during
winter and spring months, coinciding with prime pelt condition. When skinning wild
canids, hunters may be exposed to shed parasite eggs or larvae (e.g., Echinococcus
spp.) clinging onto the fur around the anus and tail base. General risk reduction
measures include good hand hygiene, wearing gloves, and keeping cutting tools
clean. Given that sled dogs are also suitable hosts, important local risk reduction
measures for human infection control include but are not limited to regular
deworming, not feeding raw infected parts from caribou or moose, good hand
hygiene, and village waste management of dog feces (Rausch 2003).

Although infection from skinning and other handling of hunted animals is a
possibility, wearing protective gear such as disposable gloves during handling is
mostly a personal preference among communities. Generally, any skin breaks or cuts
are immediately attended to, by cleaning wounds with soap and applying a disinfec-
tant solution and protective covering. This is especially important during butchering
seals in order to avoid exposure to the bacteria that causes “seal finger.” In cases of
minor cuts and wounds occurring on the hands, local and regional guidance from
elders and experienced food processors discourage further participation in commu-
nity butchering activities of marine mammals (whales, pinnipeds) until the wound
heals (Taqulik Hepa pers. comm.). “Seal finger” is a well-documented clinical entity,
and during commercial sealing, “seal finger” was frequently diagnosed in seal
fishermen in Canada and Norway (Tryland 2000; White and Jewer 2009). The
bacterial etiology remains unclear with a variety of isolates cultured over the years
(Staphylococcus sp., Erysipelothrix spp., Mycoplasma sp.). Although “seal finger” is
mostly a clinically localized infection of the finger joint(s), disseminated seal finger
mycoplasmosis, associated with a novel Mycoplasma sp., was diagnosed in a seal
hunter from the Bering Strait region of Alaska (Westley et al. 2016). Skin infections
(i.e., suppurative lesions, trauma with and without sepsis) among whaling crews
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were also reported during commercial whaling (Case 1948; Cockrill 1960). Working
on a “dauhvaler” (an unclaimed dead whale found floating) or “fender whales”
(whales used as ship fenders during processing) was a known risk factor for
contracting “blubber finger.”

In the process of “cutting up,” evisceration of animals brings with it the possibil-
ity of carcasses and organs becoming tainted due to contact with the surrounding
physical environment. Keeping hunting camps and butchering areas clean and
choosing unsoiled sea ice, beaches, and tundra for processing are part of a successful
traditional hunt (Fig. 2). On the North Slope, Alaska (i.e., Utqiaġvik, Point Hope),
cardboard, wood pallets, and plywood sheets are used as clean butchering surfaces
when cutting up seals in the community (Fig. 3). Soil reservoirs of emerging
pathogens of concern that form environmentally stable spores, such as Coxiella
burnetii (Duncan et al. 2013, 2014) and Clostridium botulinum (Fagan et al. 2011),
are regionally present in the Arctic, and there is limited evidence to support potential
regional public health exposure risks from environmental contamination of
harvested food during field dressing or by inhalation. For example, inhalation of
aerosolized Coxiella burnetii from nearby northern fur seal rookeries is thought to be
the primary exposure route to community members of St. Paul, Alaska, rather than
ingestion from northern fur seal meat (Kersh et al. 2020; Duncan et al. 2014).
Interestingly, no locally acquired clinical cases of Q fever in people and/or various

Fig. 2 Processing a landed bowhead whale on the sea ice in the Bering Strait region. Photo:
G. Sheffield
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wildlife species (ruminants, canids, ursids) have been reported in Alaska. In
Greenland, however, a single locally acquired clinical case of Q fever was
reported—with sled dogs and seals implicated as a possible source of infection
(Koch et al. 2010). In Kotzebue, Alaska, and Nunavik, eastern Canada,
C. botulinum type E contamination of seal meat and blubber from butchering on
the beach is thought to contribute to botulism risk during the fermentation of marine
mammal food products (Miller 1975; LeClair et al. 2017).

A clean evisceration, that is with no contact with bile, stomach contents, feces, or
urine, is a critical step during butchering, especially as pathogenic bacteria are
normally found in the digestive tract of healthy animals (i.e., Harper et al. 2002;
Glad et al. 2010a, b; Tryland et al. 2014; Daoust and Stacey 2014; Sanders et al.
2015). Though regional butchering practices exist, all practices focus on the avoid-
ance of spilling these animal liquids onto edible meat and organs. For example, the
removal of viscera in landed bowhead whales at Utqiaġvik, Alaska, occurs largely as
one unit, whereby a rope is tied to the larynx, and the entire viscera and entrails are
pulled backward and away from the animal (Stimmelmayr et al. 2017). Concurrent
cutting of serosal organ attachments and the diaphragmatic muscle facilitates the
backward pulling process. The same approach is taken with pinnipeds, whereby the
trachea is used as a handle to pull the viscera backward, and the pelvic symphysis is
split at the end to facilitate the complete removal of the entire gastrointestinal tract
and urinary bladder. Both techniques limit the risk for soiling meat and organs with
bile, stomach content, feces, and urine during field dressing. In case of meat
contamination due to accidental puncturing of the gastrointestinal tract, the tainted
meat is usually trimmed generously or discarded in entirety. Carcasses of

Fig. 3 Cutting up a harvested ringed seal, Utqiaġvik, Alaska. Photo: R. Stimmelmayr
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inadvertently gut shot animals with stomach contents spilled into the body cavity are
often discarded. Urine spillage during butchering is uncommon, as hunted animals
often voided their urine. However, accidental exposure of broken skin to urine
and/or urine-stained pelt from an animal infected with Leptospira sp. bacteria
could pose an infection risk during butchering and skinning. Leptospira sp. can
affect a variety of Arctic wildlife, ranging from seals and walruses to other
carnivores and ruminants. Interestingly, among Inuit from Northern Quebec with a
seropositivity around 5.9%, no risk factor for Leptospira sp. infection was identified
(Messier et al. 2012). Leptospira sp. is among the group of “climate-sensitive”
pathogens (Parkinson et al. 2014). Apart from gut-associated bacteria, many impor-
tant Arctic marine mammals are also host to zoonotic protozoal agents such as
Cryptosporidium sp. and Giardia sp. (for review Miller et al. 2018). Although
waterborne transmission through consumption of untreated drinking water is thought
to be a primary exposure route in northern communities (i.e., Pardhan-Ali et al.
2013; Masina et al. 2019), foodborne transmission through the consumption of
marine mammal intestines used in traditional northern dishes, for example, inaluaq
(boiled small intestines from the bowhead whale), boiled ringed seal intestines,
qulivrat (braided ringed seal intestines), and qiaq (chopped/minced bearded seal
intestines that are prepared on a slab of bearded seal blubber) (Carroll 1976; Lisa
Adams pers. comm.), has been proposed as a potential source for protozoal
infections (Jenkins et al. 2013). Although not explicitly tested, traditional customary
practices place a great emphasis on thoroughly emptying intestines by repeatedly
flushing the inside using copious amounts of water. This practice offers some form
of risk reduction measure from gut-associated microbes and parasites. Most recently,
the hypothesized risk of marine biotoxin exposure (i.e., domoic acid, saxitoxin) from
eating traditional foods of marine mammals, such as intestines, clams from walrus
stomachs, meat and blubber, etc., has been a concern among Alaskan coastal
communities. Both marine biotoxins have been detected in feces from harvested
Alaskan marine mammals—statewide (Lefebvre et al. 2016). Whether customary
cleaning with the traditionally practiced removal of the inner intestinal lining
(mucosa) has the potential to reduce exposure risk to domoic acid and saxitoxin
from consumption of marine mammal (e.g., seal, walrus, and bowhead whales), the
intestines have not yet been explicitly tested (Bering Strait: Walruses and Saxitoxin
2017). Most recently, these toxins have also been detected in Alaskan seabirds (Van
Hemert et al. 2020). Given that seabirds are cherished seasonal resources and
consumed in various ways including (in some cases) whole de-feathered birds
contains a potential exposure risk that should be considered.

3 Use of Beachcast Marine Mammals and Invertebrates

Now some of the young men had gone to Kitigaaryuit for supplies, like tobacco and matches,
and had never shown up again. Their names were Situgatkak, Akauyaluk. the young men
had also taken their wives along and just before getting to Kitigaaryuit, they had eaten
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bowhead whale meat which had gone bad and they died of it from poisoning Joe Nasogaluak
(N-1992-253:3rd Series, Tape 6) as found in Hart and Amos 2004

The use of dead beachcast (stranded) or drifting whales, walruses, or other marine
resources as food is a long-standing practice, but it comes with widely acknowl-
edged risks. Post-mortem decomposition of meat and organs in marine mammals of
good physical condition is accelerated due to the highly insulative properties of
blubber, which slows post-mortem carcass cooling. The post-mortem body temper-
ature of large whales left at sea for 5–6 days remained within �1� of 35 �C (Case
1948). Under these circumstances, whale meat is rapidly colonized by mixed
bacteria flora (commonly sporulating and non-sporulating gram-positive bacilli,
gram-negative bacilli, fecal Streptococcus sp., rarely Staphylococcus albus)
originating from the gastrointestinal tract (Case 1948). Dried cultures of bacteria
isolated from decomposed whale muscle included a mixed flora of clostridia, Cl.
oedematiens (novyi) and Cl. chauvoei (Case 1948). Rare cases of gas gangrene were
reported among Antarctic commercial whaling crews (Case 1948). While the whale
is afloat with decomposing gasses, the outer blubber and skin layer continues to cool
through heat loss to the aquatic environment and undergoes a more limited decom-
position (ageing) process. Inuvialuit elders make reference to the concept that the
outer blubber of whales that is in close (below the epidermis) contact with water is
salvageable (see Hart and Amos 2004). Specific traditional guidelines based on
blubber appearance, color, smell, oiliness, and overall evaluation of beachcast
whales are in place to assess if muktuk (blubber with skin) can still be utilized
from such a whale. Although natural mortality of whales can be caused by disease
and toxins, a variety of other non-infectious causes of death including old age,
predation (e.g., orcas, polar bears, and humans), ship strikes, and entanglements in
marine debris contribute to seasonal availability of floating and beachcast marine
mammals (i.e., Fay et al. 1977; Kalxdorff 1997; Hay 2000; George et al. 2017).
Among bowhead and beluga hunters, it is a customary practice to wait for a few days
until the internal gas from decomposition floats a carcass and then salvage “struck
and lost” animals and harvest muktuk (the epidermis and blubber layer) and baleen
(bowhead whale) only. “Struck and lost” hereby refers to animals that were hit
(struck) by a weapon (rifle, grenade, harpoon) and were not landed for various hunt-
related reasons (NAMMCO 2017). Blubber that has “aged” during the decomposi-
tion process from these whales has its place among other cherished aged foods.
Despite community precautions, isolated historical community outbreaks of Salmo-
nella-associated food poisoning have occurred from consuming blubber and meat
from beachcast dead whales (beluga whale) (Boggild 1969) (unknown whale spe-
cies, Bender et al. 1972). Though not in the Arctic, historic cases of sickness from
consumption of meat from moribund whales (fin and sei whales) have also been
reported from Japan. Isolates from whale muscle included Salmonella and various
Clostridia (novyi, septicum) (unknown whale, Kawamura et al. 1927; bottlenose
whale, Nakaya 1950). Given the traditional practice of food sharing and/or bartering,
providing for those in the community that cannot hunt (i.e., Kishigami 2009; Braund
2018), food poisoning outbreaks, although rare occasions, will often involve large
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numbers of community members. Personal and past community experiences, in
combination with traditional stories and place names, likely remain important
cultural education tools among northern communities to maintain community health
vigilance on the uses of beachcast marine animals.

Unrelated to subsistence hunts, there is a limited body of literature on occupa-
tional human exposure (i.e., veterinarians, wildlife biologists, and marine mammal
trainers) to various marine zoonotic agents (viral, bacterial, fungal) from handling
dead and sick marine mammals (see Geraci and Ridgway 1991; Hunt et al. 2008;
Waltzek et al. 2011; Tryland et al. 2014; Tryland 2018). With the exception of “seal
finger”–associated pathogens, most marine zoonotic agents cause some form of
disease in marine mammals as well (see Waltzek et al. 2011; Hunt et al. 2008).
Given the precautionary nature of traditional health examination of hunted animals,
obvious signs of sickness would preclude further handling of a carcass. Sick and
wounded animals encountered during hunts are generally euthanized and left in the
field even at the risk of opposing mandatory regulatory salvage obligations.

Northern subsistence lifestyle and customary practices have not been exempted
from economic hardship. Monetary and climatic challenges of regional modern
subsistence, such as the increasing cost of fuel and hunting equipment, could result
in individuals and communities being forced to choose between no eating or utilizing
animals that do not pass traditional customary safety practices. During historical
food shortages and recently during the 2011–2016 Alaskan Northern Pinniped
unusual mortality event (https://www.fisheries.noaa.gov/alaska/marine-life-dis
tress/diseased-ice-seals-and-unusual-mortality-events) where hundreds of seals
were affected, some seals that appeared sick were fed to dogs but excluded from
the human food chain (Hart and Amos 2004; Sheffield unpubl. data).

Coastal storms during the summer and fall regularly deposit marine invertebrates
onto northern shores, and these beachcast ocean foods are enjoyed as seasonally
available food resources (see Kuhnlein and Humphries 2017; Rapinski et al. 2018).
Although consumption of shellfish in more temperate regions has commonly
brought the risk for paralytic shellfish poisoning (PSP), few outbreaks related to
PSP from consumption of seafood have been reported in the North (Orlova et al.
2007; Fortune 1975 cited in Himelbloom et al. 1996). With sea surface temperatures
(SST) of the Bering–Chukchi–Beaufort seas (BCB) increasing, risks for harmful
algal blooms (HABs) in the western and northern Arctic are a concern (Anderson
et al. 2018). Hence, exposure to PSP from eating subsistence-harvested seafoods,
gathered from the beach or from the stomach of harvested marine mammals (i.e.
clams from walrus stomach or fish from ringed seal stomachs) may pose an emergent
risk for northern communities (Bering Strait: Walruses and Saxitoxin 2017;
Alexandrium algae, saxitoxin, and clams: Bering Strait and Chukchi Sea 2018–
2019 2020) (Fig. 4). The most recent Alaskan human fatality due to paralytic
shellfish poisoning linked to consumption of locally gathered blue mussels and
marine snails occurred during 2020 on Unalaska Island (https://content.
govdelivery.com/bulletins/gd/AKDHSS-295e317). In Alaska, the Southeast Alaska
Tribal Ocean Research (SEATOR) is currently the only local tribally owned labora-
tory for testing of subsistence-harvested shellfish. Studies to systematically monitor
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the bioaccumulation of marine biotoxins in marine mammal and seabird tissues are
lacking; however, preliminary findings from Alaskan marine biotoxin monitoring
studies suggest limited bioaccumulation in liver tissue of seabirds (Van Hemert et al.
2020) and the meat/blubber of Pacific walrus (Lefevbre and Sheffield unpubl. data).

4 Traditional Food Preservation and Arctic Cuisine

When people gathered together they told stories about the people before them. To hear them
tell these stories one would think our ancestors were rich people never going hungry. Every
bit of food they caught was stored away and nothing wasted. Even the fish they caught every
bit of it they saved. They were scaled and dried into dry fish. The liver, eggs, and gizzards
were all cleaned, dried and stored in bags of fish oil. This was very delicious and one could
not stop eating once he started. How wealthy our people used to live in those days. Amos
Tuma (N-1992-253: Life History # 8) as found in Hart and Amos 2004

Regional insights into the variety of wildlife resources used and their seasonal
importance for northern communities can be gleaned from harvesting surveys,
dietary recall studies, ethnographic accounts, and traditional ecological knowledge
studies (i.e., Wolfe 2004; Council of Canadian Academies 2014; Kuhnlein and

Fig. 4 Harvesting clams
from the stomach content of a
walrus in the Bering Strait
region. Photo: G. Sheffield
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Humphries 2017). Fish, marine invertebrate, animal meats (i.e., muscle, blubber,
organ meat, bone marrow, brain, eye, skin, mammary glands, and blood), oils/animal
fats, plants, and berries are central to northern food systems. Food safety, next to
food quality (i.e., taste, texture, color, smell, nutrient content), is a universal need
and prerogative to regional Arctic cuisines (Food Safety Network 2009). Arctic food
preparation methods encompass universal cooking methods such as boiling,
roasting, grilling, baking, and frying and include northern food preparations such
as raw (fresh/frozen), frozen (raw/aged), dried/smoked (aged) and aged/rendered
(fermented) foods. Furthermore, Arctic traditional cuisine often uses combinations
of preservation methods to control food safety, shelf life, sensory, and nutritive food
properties (i.e., water activity reduction [drying] with cold storage/freezing; fermen-
tation [ageing] combined with cold storage; limiting oxidation by storing various
fresh and dried foods in seal oil combined with cold storage). Multi-targeted food
preservation approaches, called hurdle technology in modern food science, are
known to improve bactericidal or bacteriostatic outcomes (Singh and Shalini
2016). Food properties (i.e., nutritive and sensory value such as lean versus fat,
variable tastes to meat, fat pending what diet the animal utilized), in concert with the
seasonal harvest environment, shape the timing and selection of which preservation
methods are appropriate for which food. Some of these food preparation methods not
only enhance flavors, edibility, and digestibility, but they extend the shelf life of
seasonally available resources (i.e., Jones 2006; Starks 2002, 2007, 2011;Yamin-
Pasternak et al. 2014) and thus are key to seasonal food security, while also
providing dietary variety. Foods are not sterile, and given time, they will spoil due
to present microorganisms and enzymes. With food processing that uses traditional
Arctic food preservation methods (i.e., ageing, rendering oil, drying), community
members, especially elder knowledge holders, possess acute awareness that faulty
processing methods can lead to failure of preservation with outcomes ranging from
food deterioration and spoilage to food becoming extremely hazardous and/or lethal
to ingest. Therefore, like other cuisines, food safety of Arctic traditional food
systems is influenced by (1) the skill and knowledge of who is preparing the food
items, (2) inherent food properties per se (nutritive, physical, physicochemical,
sensory, microbial-death-growth-related properties, health properties, etc.),
(3) food preservation method used, (4) environmental conditions such as climate,
geography, etc., and (5) microbiological contamination (i.e., protozoa, parasites,
zoonotic pathogens, and biotoxins). Elder guidance of best food processing practices
and the education of younger generations are essential components of northern oral
history–based societies. The passing of the keepers of orally transmitted knowledge
has actively contributed to the loss of Arctic food wisdom on how to most effectively
process and store country foods safely (survival knowledge) among northern
communities, thereby contributing to food insecurity. Many northern communities
struggle with food insecurity (i.e., Inuit Circumpolar Council 2012, Wakegijig et al.
2013; Council of Canadian Academies, 2014, Inuit Circumpolar Council-Alaska
2015; Sowa 2015; Kenny et al. 2018; Walch et al. 2018).
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5 Preservation by Heat Treatment

Mom would always boil the fresh smelt and we drank the broth. We ate them with fresh sura
(willow leaves) and oil. Hannah Stalker as found in Jones 2006

Across the North, variations of food heating technologies were used, including
stone boiling (indirect heating of water with hot rocks using clay pottery, baskets,
and animal stomachs as cooking containers), spit-roasting food, cooking meat in
caribou/mountain goat stomach, using hot springs, using hot sand to cook eggs,
using pit ovens, roasting on a flat stone, stone baking, etc. An ancient method of
preservation, heating food is effective in controlling enzymes and heat-sensitive
microbes and parasites in foods by inactivation (Cebrián et al. 2017). Ethnographic
accounts attest traditional “boiled” foods were, in fact, parboiled (Harry and Frink
2009; Starks 2002, 2007). Parboiling, although less effective in inactivating
microbes, protects the natural vitamin content in foods (Fig. 5). Many Arctic animal
meats, including fish, birds, and land- and marine-based mammals, are excellent
sources for vitamins and other micronutrients apart from being good sources of
protein and long-chain n-3 fatty acids (see Canada: Northwest Territories Tradi-
tional Foods Fact Sheets 2002, Nunavut Nutrition Fact Sheets 2005; Alaska: ANTH
Traditional Food guide 2015; Greenland: Pars et al. 2001; Anderson 2005; Deutch

Fig. 5 Bowhead whale blubber and skin (maktak) cut and ready to be boiled for uunaalik during
fall whaling, Utqiaġvik, Alaska. Photo: R. Stimmelmayr
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et al. 2007). Parboiling and simmering of dried and frozen foods among indigenous
northern cooking coexists with prolonged boiling for making meat stews, bird soup,
etc. (Starks 2002). For example, fresh kidneys from hunted bowhead whales are
traditionally boiled so that the center of the serving piece remains pink (Barrow
Whaling Captains’ Wife Association pers. comm.). Although not as effective at
destroying pathogens, parboiling has emerged as a practical and effective commu-
nity method for determining kidney worm infection (Crassicauda sp.) in hunted
bowhead whales. As the kidneys are being warmed, kidney worms will start
migrating out of the kidney (Barrow Whaling Captains’ Wife Association pers.
comm.). An increased anisakid larval migration from the gut to the flesh due to
cold smoking temperatures and brining salinity has been reported (Hauck 1977).
Kidney worm infection is an emerging parasitic disease in the Bering–Chukchi–
Beaufort seas (BCB) population of bowhead whales (Stimmelmayr et al. 2021) and
has direct influence on cultural uses of bowhead whale kidney. Heavily parasitized
kidneys with many worms, granulomas and fibrous nodules throughout are generally
discarded and do not enter the community food chain (Barrow Whaling Captains’
Wife Association pers. comm.).

Undercooking meat and organs poses an infection risk from a range of zoonotic
parasites (e.g., Trichinella spp., Toxoplasma gondii, and anisakid nematode larvae).
Undercooked meats of walruses and polar bears are well-documented reservoirs for
Trichinella nativa and have commonly been the cause of trichinosis outbreaks of in
Arctic communities (i.e., Margolis et al. 1979; Serhir et al. 2001;Møller et al. 2005,
2010; Fearey and Provo 2015; Springer et al. 2017; Uspensky et al. 2019; Martinez-
Levasseur et al. 2020). In Greenland, historic Trichinella outbreaks were also linked
to sled dog consumption (Thorborg et al. 1948). Although not an everyday fare,
ethnographic accounts (Rausch et al. 1956; McManus-Fry et al. 2018) and Yupik-
Eskimo traditional sayings (Mary Pete, pers. comm) on “1, 2, 3 dog trips” (number
of sled dogs that had been killed and consumed) attest to this old northern practice
during food shortage. Interestingly, dog meat consumption continues to play a role
in trichinosis outbreaks in China (Wang et al. 2006). Independent of the animal
species involved, human trichinosis, although infrequent and treatable, remains an
important northern disease. Surprisingly, few regional public health measures for the
control of trichinosis are in place in northern communities (e.g., Nunavik
Trichinellosis Prevention Program, Canada (Larrat et al. 2012; Ducrocq et al.
2020); general game meat inspection in Greenland (Møller et al. 2010); Trichinella
sp. surveillance of subsistence foods, North Slope, Alaska (Seymour et al. 2014;
http://www.north-slope.org/departments/wildlife-management trichinosis).

Antibodies to and occasionally muscle tissue-dwelling cysts of Toxoplasma
gondii have been detected in a variety of northern wildlife species (for review
Miller et al. 2018; Jenkins et al. 2013). The role of marine and terrestrial wildlife
in human infection remains inconclusive for northern communities (Peterson et al.
1974; Messier et al. 2009; Sharma et al. 2018; Reiling and Dixon 2019). A pilot
study using northern village sled dogs fed traditional foods (i.e., caribou, fish, seals,
beluga whales) as environmental sentinels for Toxoplasma gondii confirmed
antibodies in the majority of dogs that were tested (Stimmelmayr et al. 2019). In
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addition to foodborne transmission from uncooked Arctic foods (raw, frozen, dried,
aged), environmental exposure through subsistence harvest activities (i.e., skinning,
butchering, and food processing) and contaminated aquatic reservoirs likely plays a
role as well (for review Jenkins et al. 2013). The use of traditional water sources
(untreated) including gathering ice or snow melt, water from brooks, tundra ponds,
lakes, and rainwater collection is still practiced in many northern communities. The
taste of water gathered from the air, land, and ocean is commonly judged superior to
tap and/or imported bottled water (e.g., Marino et al. 2009; Goldhar et al. 2013).
Good hand hygiene practices during food production and processing are considered
important risk reduction measures. Toxoplasma gondii tissue cysts and oocysts are
heat-labile, and cooking is effective in inactivating the organism (Franssen et al.
2019).

6 Preservation by Drying

We dry smelt whole by stringing a few dozen at a time on a willow stick. We cut last years’
length of willow and poke the big end though their gills. Then tie the small end of the stick
around the large end to form a hoop that we hang up to dry and the drying racks or anywhere.
We turn and move them around each days so they dry faster and more evenly. They get a
little stinky too, which only makes them better (Jones 2006).

Preservation by dehydration is a traditional northern food processing technique
that rests on the principle of reducing water activity (content) through various
thermal drying processes (i.e., sun and air drying or hot/cold smoking). Customarily,
food to be dried (e.g., fish, meat, intestines) undergoes much preparation before the
process begins. Across the North, culture-specific ethnographic accounts showcase a
plethora of regionally specific food-cutting techniques (i.e., slicing, cross-cutting,
and half cutting) and various natural and engineered drying structures (i.e., drying
racks, stringing, wood sticks, natural surfaces, and smoke houses) that are used to
maximize drying of foods under prevailing local conditions (Fig. 6). From a food
quality perspective, the nutrient content of most dried animal foods becomes
concentrated through water reduction. However, as a food preservation method,
drying is generally less effective for inactivation of food-associated enzymes,
microbes, and parasites (see Beuchat et al. 2013; Kuhnlein and Soueida 1992).
Several studies have characterized the microbiological status of traditional dried
foods (Greenland: caribou, muskox, warble larvae, fish, Hauptmann et al. 2020a, b;
Canada: salmon, Allen et al. 2012). Findings suggested that drying methods were
effective in controlling microbial growth. Microbial content of traditionally smoked
salmon (Alaska: lightly brined and air dried) after a 4-day drying period indicated an
increased microbial growth, including Staphylococcus aureus (Himelbloom 1998).
Initial microbial growth was driven by the slow onset of water activity loss. The
recontamination of dried foods from handling was the major reason for the increased
presence of Staphylococcus aureus, the latter being absent in fresh salmon. Thus,
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good hand hygiene is an effective risk reduction measure for avoiding microbial
recontamination.

Botulism outbreaks have been linked to the consumption of dried fish (Botulism
Alaska review 2017). Besides pH and salt, water activity is an important growth-
controlling factor for C. botulinum and other microorganisms. Generally, water
activity below 0.94 inhibits bacteria growth and the germination of bacterial spores
(Zottola et al. 1983). Half-smoked fish, a fish that is brined and then smoked in a
smokehouse for only one day, has a higher water content than smoked fish and may
thus pose a risk, especially if kept at temperatures above freezing (Zottola et al.
1983). Freezing, through crystallization of water, further reduces water activity in
foods. Interestingly, fully smoked salmon samples from the latter Alaskan study that
were analyzed with mouse bioassay for the presence C. botulinum toxin were
negative despite microbial analysis indicating the presence of anaerobic spores
(i.e., C. botulinum, perfringens, sporogenes). Only after enrichment, two samples
demonstrated positive reactions with the mouse bioassay (Zottola et al. 1983).
Findings from this study suggest that spores were not destroyed by the traditional
drying techniques, and incomplete salting or storing at >3.3� could pose a risk from
further anaerobic growth.

As discussed earlier, foodborne transmission of Toxoplasma gondii from
uncooked Arctic foods (i.e., raw, frozen, dried, and aged) is thought to play an
important role (Jenkins et al. 2013). Dried seal meat (nikku, air-dried meat) prepared

Fig. 6 Processing and preservation of meat by drying, Bering Strait region. Photo: G. Sheffield
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from grey seal meat experimentally spiked with Toxoplasma gondii oocysts (swine
origin) and stored at 4�C and bioassayed in cats at 49, 95, and 140 days post
preparation was not infective for cats (Forbes et al. 2009). Very limited data are
available with respect to the effectiveness of methods of drying meat in killing
parasitic nematode larvae (i.e., Trichinella sp., Anisakis sp., and Diphyllobothrium
larvae) (Franssen et al. 2019). For example, cold smoking does not impact the
survival of Anisakis larvae in herring and salmon (Hauck 1977; Gardiner 1990).
Combining drying with the addition of brine (salt solution) appears to be relatively
more effective for inactivating various parasites (Franssen et al. 2019). Salt content
(%) determined in traditionally smoked and half smoked salmon from Alaska ranged
between 1.6 and 2.0 (Zottola et al. 1983). Given the traditional practice to store some
dried foods in meat pits to keep cool during the summer and frozen during the winter
(Starks 2002), the latter cold treatment may further enhance bacterial inactivation
and inactivation of freeze-intolerant parasites, but this hypothesis has not been
tested. Starks (2011) further suggests that during fall fishing, large amounts of fish
would be piled for drying, and under ambient conditions, the outside mound would
freeze while the core would age, adding another layer to the complex food
preparation of drying fish. The use of hurdle technology in modern food science
(multi-targeted food preservation approach) generally improves bactericidal or bac-
teriostatic outcomes (Singh and Shalini 2016).

Effective traditional drying depends on appropriate environmental conditions
(i.e., temperature, wind, humidity, and insect activity) (Starks 2011). Because
ongoing climate change will likely impact all of these parameters, the process of
traditionally drying foods is becoming more difficult, and experimentation with
novel drying methods (i.e., using regular ovens to dry beluga meat (Kristi Frankeson
pers. comm.) and the use of fans for increased air movement for fish drying) are just
some of the mitigation measures that have been attempted in some communities
(Helen Aderman pers. comm). In many instances, the prevailing microclimate may
not only limit when one is able to hunt, but it may also limit food processing (i.e.,
Waugh et al. 2018; Nancarrow and Chan 2010). In summer 2019, multiple cases of
scombroid poisoning from consuming salmon were reported in Alaska (Frick et al.
2019). Scombroid poisoning is caused by fish that have been inadequately cooled
after capture resulting in bacterial overgrowth that converts histidine present in fish
tissue to histamine. Histamine (scombroid toxin) is not destroyed by either cooking,
freezing, drying, curing, smoking, or canning. It is unclear what led to the spike in
Alaskan cases, as previously (2015–2018) only five cases of scombroid poisoning
were reported. Although speculative, higher than normal summer temperatures in
2019 that was Alaska’s hottest year on record could have played a role.

7 Preservation by Cold Treatment

During the whaling season he would dig a pit into which he put whale heads [beluga] and
tails and flippers until the pit was full. Now he covered this up with logs, side by side. These
whale heads remained in there until just before freeze-up. By the time the flippers and whale
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heads and tails had aged. They were taken out. Then he got some grass or hay stacked up and
bailed all the water and oil out of the pit till it was dry. Then he got some nice thick willows
which were clean, and put them in the bottom of the pit as flooring. Then he got the grass
and hay and wiped..the sides of the pit clean of all blubber. Now he got the heads and tails
and flippers. These were washed clean, and then put back into the pit. The logs were put back
and the cracks chinked with grass, and mud was put over this so water and snow would not
go into it. He kept two or three heads out, handy for winter use. What had gone into the pit
was for emergency use. Frank Cockney (N-1992-253:1-44-01) as found in Hart and Amos
2004

Chilling and, ultimately, freezing using traditional Arctic methods (e.g., meat pit,
fish pit, ice houses, and ice cellars) and modern freezers are widely used practices
aimed to preserve Arctic foods and their properties (color, flavor, and texture)
beyond the harvest season. Freezing, in contrast to heat preservation, mostly inhibits
enzyme activity, slows down microbial growth of foods, and is effective in killing
freeze-intolerant parasites. The ability of freezing to kill microbes depends on cold
tolerance of microbes and the duration of frozen storage time. Recurring failures of
modern freezers, as well as a prolonged time between thawing foods and consump-
tion, will result in recovery of microbial growth leading to food spoilage. Infectious
organisms present in the meats and organs reflect pathogens harbored by the animal
(carrier) and any contamination that occurred during harvesting, butchering, and
processing.

Traditional northern freezer technology is based on excavating a compartment in
the upper permafrost (Hart and Amos 2004; Starks 2011; Peterson and Wendler
2011). In general, the deeper the pit, the colder the average temperature at depth.
Although temperature profiles of traditional freezer technology (i.e., ice cellars, ice
houses, and pits) have not been sufficiently characterized, functioning ice cellars in
Utqiaġvik and Kaktovik, Alaska, at a location below the active permafrost layer
maintain fairly constant sub-freezing temperatures (�2 �C to 12 �C) that vary
seasonally (winter versus summer) (Peterson and Wendler 2011; Nyland et al.
2017). Storing meat at temperatures below �18 �C is recommended by the U.S.
Department of Agriculture. Ice cellars have been used for thousands of years, but
climate change and loss of or unfamiliarity with traditional knowledge on how to
construct and maintain traditional ice cellars have led to occasional degradation or
failure in northern Alaska (Osterkamp and Romanovsky 1999; Barrow Whaling
Captains Association pers. comm.; Nyland et al. 2017). Increased rates of food
spoilage caused by saline water intrusion and subsequent mold growth on ice cellar
walls have been reported due to temperature failure during a time of climatic
warming (Brubaker et al. 2009). The use of large-sized electric powered walk-in
freezers by bowhead whaling communities in the North Slope region of Alaska can
be viewed as a temporary fix, until innovative mitigation such as prototypes of
hybrid ice cellar designs using thermal siphon technology with traditional Inuit ice
cellar engineering designs is ready for production (Peterson and Wendler 2011). The
taste of traditional ocean-based foods such as meat and muktuk (whale skin/blubber)
frozen by traditional ice cellar method (slow chilling, which allows for ageing to
occur) is preferred to the taste of traditional foods frozen by modern freezers (rapid
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chilling and freezing) (George Kaleak Sr. cited in D’Oro 2019; Nyland et al. 2017).
It is likely that meat processes, such as cold shortening caused by rapid cooling of
meat, play a role in the noted taste differences (Kadim and Mahgoub 2002). Lastly,
permafrost-driven chilling and freezing technology of foods is uniquely northern,
and the 2005 discovery of whale blubber that had been processed for consumption
and subsequently frozen 1050 years prior (�70 years) was remarkable (George et al.
2008). Although the whale blubber was no longer considered edible, its existence
underlines the unique preservation ability of permafrost-based freezing technology.

Frozen foods (meat, fish, bird) are staples of Arctic cuisine, and organoleptic
assessment (i.e., taste, sound, color, smell, touch) is an important culinary element of
eating Arctic frozen foods (Starks 2002, 2007). Changes in color, smell, consistency,
and taste are valuable indicators for food integrity and general food safety (i.e., food
spoilage and foods that have gone beyond shelf life). Trimming surfaces of frozen
meat and/or blubber and discarding these cuts prior to serving is a customary
practice. Norwegian whale meat hygiene studies (Tryland et al. 2014) provide
evidence that this food practice is an effective risk reduction measure with respect
to surface-associated bacterial flora. The pathogenic significance of Clostridia and
Streptococci isolated from fresh whale meat and organ meat (liver) obtained during
commercial whaling was deemed “no greater than other types of meat” (Cockrill
1960). The microbiological status of raw/frozen meat/blubber (post-harvest/
butchering) from Arctic animals originating from subsistence hunts has not been
characterized.

As discussed earlier, foods that make it into the traditional food preservation
methodology of freezing have already undergone customary food quality assess-
ment. Parasites can be considered a normal finding in wild animals, and customary
assessment of animals for visible parasites is a step in traditional food safety
assessment. In general, known parasites (e.g., worms) within the gastrointestinal
tract are expected and deemed normal. For example, a substantial gastrointestinal
parasite burden in bearded seals of physical good condition (i.e., thick blubber layer
with seal oil running off freely) can be a useful health proxy, indicating that the
animal is healthy and was eating well (Roberta Leavitt pers. comm.). Although
unrelated to parasites, a detailed attention is also paid to the composition of stomach
contents from seals and walruses as they can inform an experienced and well-taught
consumer about diet changes in the marine mammals and, by extension, about the
food web at large. Stomach examination occurs after visceral organs have been
removed from the animal and generally away from the carcass to avoid accidental
tainting of meat. Traditional customary attitudes toward parasites and parasitic cysts
associated with other organs such as the liver, kidney, body cavities, and meat are
conservative and very precautionary. The discovery of these anomalies often results
in discarding the organ, parts of meat, or the entire animal. Very small to micro-
scopic meat-dwelling parasites (i.e., Trichinella sp., Sarcocystis sp., Toxoplasma
gondii, Anisakis sp., and Diphyllobothrium larvae) pose detection problems to
traditional food systems, especially if animals do not show behavioral or clinical
disease symptoms associated with being infected by the parasite. Under these
circumstances, the safety of frozen foods will depend largely on the cold tolerance
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of the parasite. For example, among helminths, freezing survival is high for
Trichinella nativa in traditionally frozen seal walrus meat (Kapel et al. 2003; Leclair
et al. 2004), while freezing survival is low to zero for anisakid (fish roundworm) and
Diphyllobothrium larvae (fish tapeworm) (Franssen et al. 2019). Interestingly,
human infection from either fish parasite is rarely reported in northern communities
despite high fish consumption (Jenkins et al. 2013). Cultural consumption
preferences for raw-frozen, dried, or aged fish versus raw fish may partially explain
the overall low prevalence. The distinction between raw and raw-frozen Arctic foods
is very important, and Starks (2007) speculated that early ethnographic accounts of
raw meat eaten by Arctic peoples missed the subtlety that these foods were probably
quaq (raw-frozen foods). Meat-dwelling Toxoplasma gondii cysts are also sensitive
to low temperature and freezing, albeit inactivation versus killing of tissue cysts
depends on freezing temperature and duration (Alizadeh et al. 2018; Franssen et al.
2019).

8 Preservation by Ageing

Beluga should be aged in a cool place that lets air in. If you are not sure how to prepare
igunaq [aged meat] or other country foods, ask an elder who has this knowledge Department
of Health and Social Services, Government of Nunavut, 2005

Ageing food is a very old food preparation method that improves tenderness and
flavors (Kadim and Mahgoub 2002). Inuit aged food generally does not include the
addition of preservatives or salt and thus differs from other ageing-based food
science technologies. However, whole animal ageing (e.g., seabirds and fish) proba-
bly introduces a suite of unknown components that serve similar purposes. By
definition, fermentation is an enzyme-driven breakdown of tissues with degradation
of carbohydrates to lactic acid, thereby lowering the pH of the aged food. Although
the carbohydrate content of traditional meats, organs, and whole animals used in
ageing has not been characterized, it is generally thought that these foods contain
few fermentable carbohydrates. Given these differences, it has been argued that aged
traditional foods are not true fermented foods, but that they rather reflect controlled
meat putrefaction processes (see Yamin-Pasternak et al. 2014). Under carbohydrate-
limited conditions, ageing-related reductions of pH in aged foods are expected to be
minimal. Low pH (acidic foods) limits growth of foodborne pathogens, especially
C. botulinum. Few studies have characterized pH in traditionally aged foods, such as
fresh salmon eggs (pH 4.2–5.1), freshly fermented salmon eggs (pH 5.9; Hauschild
and Gauvreau 1985), and mikiyuk (aged bowhead whale meat, Inupiaq) (pH 4.58;
Zottola et al. 1983). Based on the findings of the latter study, mikiyuk (alternatively
mikigaq) reached a pH that is outside the pH range (6.5–7.5) for optimum growth of
C. botulinum, and subsequent mice bioassay tests were unable to detect C. botulinum
toxin (Zottola et al. 1983). Migikak, a cherished aged dish in the North Slope region
of Alaska, is made from blubber with skin, tongue meat, and blood from bowhead
whales. It is “aged” for about 2–4 weeks above ground in an open container that is
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kept in a cool shaded place, turned/stirred by hand, and only covered lightly to allow
for generous air movement (Sarah Skin, Utqiaġvik, Alaska cited in NSB DWM
traditional food recipes). A similar preparation approach (using open containers,
keeping cool and shaded) is taken while rendering seal blubber to make seal oil. The
latter is among the most important condiments and base ingredients for many Arctic
dishes (Starks 2002, 2007, 2011). Immersing foods in seal oil (i.e., bird eggs, dried
fish, dried whale and seal meat strips, and plants) for storage purposes is widely
practiced in some regions (see Hart and Amos 2004; Starks 2002, 2007, 2011;
Dudarev et al. 2019; Gay Sheffield unpubl. data) (Fig. 7). Oil treatment with
commercially available, plant-based oils (i.e., olive oil) of meats in western food
science is known to preserve and alter flavors and prevent oxidation that limits color
changes as well as most microbial growth (although mold and yeast can still flourish)
(Moon et al. 2012). Lastly, direct sunlight alters food properties quickly, and the
customary practice to keep things in cool, shaded places and/or underground helps to
control photodegradation of nutritive food properties (i.e., vitamin loss, oxidative
rancidity, color changes) and therefore maintains high food quality. The majority of
aged Inuit meat dishes (i.e., fish, bird, whale, walrus, and seal) are commonly stored
in the ground. Some meats are sealed in seal pokes (boned out seal skins free of
meat) (Starks 2002, 2007, 2011; Tigullaraq 2008), marine mammal stomach
“balloons” (consisting of the waterproof membrane prepared from the stomachs of
whales, walruses, and seals) (Hart and Amos 2004), and wrapped “meat rolls”

Fig. 7 Seal oil with dried seal meat, Utqiaġvik, Alaska. R. Stimmelmayr
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(Yamin-Pasternak et al. 2014). A detailed knowledge and precise memory of sensory
properties of aged food are needed to properly age the foods and decide when the
product is ready to be eaten versus when it has spoiled. Underground storage time for
aged foods varies by region but can be up to a year. During the preparation of igunaq
(aged meat), gas production occurs during the liquefaction processes, and the
liquefied blubber soaks into the meat and through the seal skin poke (igunaq
Forbes et al. 2003; unknown aged dish Starks 2011). The aroma of igunaq is
described as strong but does not smell of putrefaction (Forbes et al. 2003). Many
botulism outbreaks in Canada and Alaska (Todd 1988; Fagan et al. 2011; LeClair
et al. 2013; Alaska DHSS Epibulletin 2019) have been linked to improperly
fermented (aged) meats (often whales, seals, and fish). Botulism cases in humans
linked to seal oil use are seen less frequently, but this may be a reporting artifact with
seal oil as a primary source being overlooked as seal oil, a common condiment with
dried and aged foods (Funk 1997). A recent collaborative science-to-action approach
between the Maniilaq Association in Kotzebue, Alaska, and academic researchers
was successful in characterizing the food science of regional seal oil rendering
processes. This collaborative effort led to the development of a state-approved
food processing plan to minimize food safety risks from seal oil. As of 2021, the
Maniilaq Association has received authorization to add seal oil to the menu at the
regional Maniilaq Association elder care facility (http://kotz.org/2021/01/28/it-
brings-back-memories-maniilaq-cleared-to-make-and-serve-long-prohibited-seal-
oil-to-elders/).

Today, at least in the Bering Strait region of Alaska, traditional recipes for aged
foods are generally shared within family kinship units, but not with strangers (Gay
Sheffield unpubl. data). It is unclear if this reflects ongoing concerns about the safety
associated with “outside” people learning traditional food ageing preparation in a
transitioning Arctic climate, or if it has always been that traditional customary
practices of Arctic food preparation needed to stay local as they reflect place-based
needs (preferences), seasonal animal resource availability, and specific place-based
environmental microclimate processing conditions and substrates (i.e., temperature,
humidity, direct sunlight, and/or the presence of insects) (Starks 2002, 2007). Where
and when aged foods (i.e., mikigaq, seal oil, and igunaq) are traded and shared in the
communities, as well as the knowledge of who has prepared the food, is a critical part
of the local qualitative food safety assessment; local evidence-based trust is part of
the decision process to enjoy these traditional dishes. Lastly, the transition from
traditional methods (tried and true) to incorporating modern-day tools and equip-
ment has added risks when ageing foods. For example, a higher frequency of
botulism in Alaska has strong epidemiological correlates to the use of tightly
sealable (non-breathable) containers, such as plastic totes/plastic bags, when “age-
ing” fish, fish eggs, whale meat, and walrus meat (Botulism in Alaska- November
2017). Other likely correlates include the loss of the transmission of knowledge to
younger generations; processing food in modern houses that do not have good air
circulation; ageing foods above ground versus underground due to relocation of
people away from coastal villages to more semi-urban settings (i.e., regional hubs)
and/or interior climates, as well as separation from elders transmission of traditional
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food preparation knowledge; ageing meat of animals that are novel due to range
expansion; traditional gender role switching in food processing; and lastly, not
following other traditionally customary guidelines (see Todd 1988; Shaffer et al.
1990; Starks 2002; Yamin-Pasternak et al. 2014; Gay Sheffield unpubl. data).

The resilience of a food preparation method can be crudely gauged by its
effectiveness to inactivate foodborne pathogens and toxins. A few studies have
explored whether traditionally aged food products can inactivate important zoonotic
parasites such as Toxoplasma gondii and Trichinella nativa. For example, seal
igunaq (aged seal dish) prepared from experimentally spiked grey seal meat with
Toxoplasma gondii oocysts (swine origin), stored at 4 �C ,and bioassayed in cats at
49, 95, and 140 days post preparation were not infective for cats (Forbes et al. 2009).
Raw aged sausages prepared from experimentally spiked grey seal meat with
Toxoplasma gondii oocysts (swine origin), stored at �20 �C, and bioassayed in
cats at 49, 95, and 140 days post preparation were not infective for cats (Forbes et al.
2009). Toxoplasma gondii tissue cysts have a high pH tolerance with infectivity not
reduced at a lower pH (pH 5 to 6 compared to pH 7) with exposure for 24–26 days at
4 �C but are freeze intolerant (Franssen et al. 2019). It remains to be seen if Arctic
strains of Toxoplasma gondii are more freeze tolerant. Three traditional marine
mammal dishes, including seal igunaq, nikku, and raw and undercooked sausages
prepared from experimentally spiked grey seal meat with T. nativa, were bioassayed
in cats and mice over a 317-day period (Forbes et al. 2003). Under controlled
laboratory conditions, infective larvae survived for a minimum of 5 months
(153 days post preparation) in these aged foods; however, larvae count and infectiv-
ity declined throughout the experimental period. Given these initial findings, con-
sumption of aged seal food (igunaq and nikku) and raw sausages made from seal
carries a food safety risk. However, as suggested by the authors (Forbes et al. 2003),
more studies are needed to clarify the effectiveness of ageing combined with
freezing on Trichinella inactivation, since subsamples of seal igunaq removed at
219 days post preparation and then stored frozen at –20 �C for 89 to 95 days prior to
being bioassayed in cats and mice did not contain infective larvae. Preliminary
investigation on the infectivity of Trichinella sp. larvae in traditional preparations
of aged walrus meat (igunaq) reported similar findings, stating that “none of the 4–5
and 10-month-old igunaq preparations contained infective T. nativa larvae as
measured by bioassays using mice and guinea pigs at inoculation doses ranging
from 6 to 500 larvae” (Leclair et al. 2004). The authors concluded that “the
degradation process that occurred in the field can be sufficient to either kill
Trichinella larvae or render them non-infective for mice and guinea pigs” but
emphasized that further studies are needed (Leclair et al. 2004).

9 Post Food Processing Quality Measures

. . . we had to go overland to where we had our fish cached. We had a stage after arriving
there, Niulummaaluk and I saw two polar bears. They were eating fish from our stage.
Looking in our sleighs we found that Niulummaaluk had forgotten to take his rifle. The bears

Traditional Conservation Methods and Food Habits in the Arctic 491



had just finished eating. They had also spotted one whale stomach which was filled with
blubber. Once in a while the younger cub, which was about a year old, would stand up on his
hind legs and the mother was stretched out on the ice, for now they were full. Joe Nasogaluak
(ISDP n.d.: Life Story, November 21 to April 1922, 1-1-15) as found in as found in Hart and
Amos 2004

The construction of seasonal and long-term food caches strengthens short-term
and long-term food security in a highly dynamic yet predictable environment.
However, despite robust engineering, meat and fish pits enforced with logs, rocks,
and other natural vegetation are not always able to prevent pilfering by polar bears,
brown bears, wolverines, dogs, and foxes or be resistant to coastal erosion and
flooding. From a food science packaging perspective, traditionally used materials
included animal hides, seal pokes, and marine mammal stomach “balloons.” The use
of such items to contain foods remains an ideal packaging being regionally sourced,
low cost, reusable, biodegradable, and non-toxic. Robust packaging from available
materials (i.e., fish bundles, meat roll packet, pokes, and marine mammal stomach
balloons) allowed for a safe spill-proof transport and kept out most pests such as
insects and rodents.

10 The Future of Arctic Traditional Food Systems

Like other indigenous traditional food systems (Kuhnlein et al. 2009), Arctic food
wisdom is characterized by inherent resilience and vulnerability. Under the Arctic
Anthropocene, the complex nature of climate change shaping the new Arctic is
widely affecting terrestrial and marine habitats, animal ecophysiology, and both
wildlife and human health as we currently understand it. Successful adaptation to
these complex food security and food safety challenges will require novel “science-
to-action” collaborative research that is shaped by Arctic indigenous people’s
perception of food security while maintaining cultural identity—concurrent with
adapting and mitigating to ongoing environmental and ecological transitions.
Actionable One Health research in the Arctic should initiate in-depth research on
Arctic wild foods cuisine. This research should characterize community-based food
science technology while integrating those agencies/entities tasked with wildlife
health monitoring and public health research. Research on Arctic cuisine and food
science technology is critical to generating evidence-based community guidelines
and risk communication strategies under circumstances where climate change–
driven hypothesized pathogen impacts on Arctic food safety seem logical but have
not yet been explicitly and rigorously tested by scientific methods. Evidence-based
approaches are essential due to highly complex and dynamic socio-ecological
contexts of subsistence harvesting, in which food (in)securities have emerged as a
major threat for many northern communities. One epistemology cannot define a
research action framework—as a lack of scientific data in the Arctic does not mean
there is a lack of knowledge (Berkes 1999; Stimmelmayr 2003). Rather, it must be
co-produced by indigenous and western science. The outcomes from such a
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co-produced One Health/Eco-health research effort will equally benefit the northern
communities, essential wildlife resources, and the ecosystems at large.
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Part V

Working with Arctic Communities



Wildlife Health Surveillance in the Arctic

Sylvia L. Checkley, Matilde Tomaselli, and Nigel Caulkett

1 Introduction

1.1 Health Surveillance

Surveillance has been defined by the World Organization for Animal Health (OIE)
as “the systematic ongoing collection, collation, and analysis of information related
to animal health and the timely dissemination of information so that action can be
taken” (OIE 2019). This definition highlights the key components of surveillance,
which are detection of diseases and pathogens, analysis of data, and response to the
information that includes communication and reporting to stakeholders and disease
investigation and/or implementation of disease control measures when indicated.
Surveillance is often described as “Information for Action” (Orenstein and Bernier
1990). Health surveillance could also be called disease surveillance, but using
“health surveillance” clarifies the relationship with health and allows for a broader
definition of health than just the presence or absence of disease. Biosurveillance is a
focus of surveillance that emphasizes characterization of disease outbreaks with a
focus on the infectious processes, in addition to characteristics of the main definition
focusing on detection and response (Wagner 2006). Monitoring is another word that
may refer to a surveillance system, or it may refer to “Ongoing efforts directed at
assessing the health and disease status of a given population” (Salman 2003). It does
not necessarily include a response. Therefore, due to varying definitions, it is
important to clarify meaning when discussing monitoring and surveillance.
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The World Organization for Animal Health (OIE) is responsible for overseeing
animal disease at the global level:

“We ensure transparency in the global animal disease situation, collect,
analyse and disseminate veterinary scientific information, encourage interna-
tional solidarity in the control of animal diseases, safeguard world trade by
publishing health standards for international trade in animals and animal
products, improve the legal framework and resources of national Veterinary
Services, to provide a better guarantee of food of animal origin and to
promote animal welfare through a science-based approach.” https://www.
oie.int/en/what-we-do/

The OIE has listed diseases that are of global concern for which member
countries have to report information about the number of cases in their country
(OIE 2019). Each country therefore has to collect information on these diseases and
infections, using various types of surveillance. Local governments, academia, and
non-governmental organizations also carry out surveillance.

There are several main purposes for surveillance systems: early warning (early
detection of disease), measuring levels of disease along with changing trends, and
demonstrating freedom from disease. Early detection of disease outbreaks is critical
so that rapid response is launched to investigate and control disease outbreaks,
changes in trends or presentation of disease, and new, emerging diseases. Surveil-
lance is also important to understand what diseases are present in a population; with
wildlife populations, this provides information, which might otherwise be missing,
to support conservation and other decision-making. Demonstrating freedom from
disease within livestock populations is important for countries as regulations for
international trade in animal products are based on preventing transmission of
disease between countries (OIE 2019). Adequate surveillance must be in place for
the country to “prove” the country doesn’t have a specific disease. Sometimes
wildlife surveillance might be used to support these claims, depending on the disease
epidemiology within a specific country. Surveillance is also important to generate
data to inform decision-making, risk assessments, emergency management, and
exploratory modelling of pathogen transmission and/or to direct and evaluate
interventions. Another important function of surveillance systems is to provide a
framework from which to launch targeted epidemiological research.

Surveillance systems are often described by the method of data collection, which
varies related to many factors including the purpose, logistics, and population of
interest. For example, sentinel site or sentinel unit surveillance refers to repeated
sampling of healthy test negative animals or humans, possibly chosen to represent a
specific geographic area, in order to identify new disease or seroconversion
representing disease exposure (OIE 2019). This type of surveillance is also important
when trying to prove freedom from a disease or alternately to identify disease
incursion in a specific area. An example of this is West Nile virus surveillance,
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using either captive or free-ranging birds in sentinel sites chosen as probable areas
for early virus circulation, for the purpose of early warning (Komar 2002). Con-
versely, in syndromic surveillance, a real-time analysis of cases with a specific set of
clinical signs is used for early detection of an outbreak instead of waiting for
confirmatory clinical and/or laboratory testing (CDC 2021; Berezowski et al.
2015). For example, coughing, heavy breathing, and/or nasal discharge might be
used to represent a respiratory syndrome. Case definitions are typically utilized in
syndromic surveillance, and they can be more or less specific depending on the need
for increased sensitivity or specificity in the system. Although more typical of public
health surveillance, other surrogate measures of disease can also be used in
syndromic surveillance; for example, increased over-the-counter medicine sales
might be an early indication of an infectious disease outbreak. Syndromic
approaches are also often applied in participatory surveillance together with event-
based or One Health approaches (Smolinski et al. 2017). Participatory surveillance
strongly relies on participatory epidemiology methods, characterized by interviews
with techniques like mapping, diagrams, calendars, and scoring, to gather surveil-
lance information from experts, knowledge holders from a community, or a specific
group of people (OIE 2018, 2019). Participatory surveillance systems exist across
many countries and are a promising approach to improve veterinary surveillance in
the Arctic (Tomaselli et al. 2018b).

Health data sourced from abattoirs and diagnostic labs can also be used for
surveillance for humans and animals as can diagnostic results from environmental
samples like those submitted for drinking water quality testing. Risk-based
approaches to sampling are also used, usually to improve the likelihood of detection
of a rare disease using the most cost-effective method. This is the basis for surveil-
lance systems that aim to identify transmissible spongiform encephalopathies within
high-risk sub-populations of animals showing clinical signs. Data for surveillance of
wildlife can also be collected through surveys and sampling, clinical disease surveil-
lance, laboratory data, and specimen archives. Ideally, other data sources of interest
would be available to provide robust analysis and interpretation of surveillance
information. These might include domestic animal data and public health data,
which could be assessed together along with relevant environmental information
to provide the most robust analysis of the data.

Surveillance can also be described as scanning or targeted, sometimes called
passive and active surveillance, respectively (OIE 2015). Scanning surveillance is
opportunistic, relying on samples collected for other reasons such as routine labora-
tory submissions or sample archives. Targeted surveillance surveillance is focussed
on a specific question often within a specific subgroup requiring specific methodol-
ogy to be implemented to collect the data. Some surveillance systems combine
methods from both approaches.

There are other methods that are intrinsically linked to health surveillance such as
population estimation. The estimates of population size, density, and range and the
proportion of young inform management activities and trigger investigation when
populations are not flourishing as expected. Population decreases may be multifac-
torial, but emerging disease or changing disease patterns is likely involved (Cuyler
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et al. 2020). Health surveillance might also involve tagging animals to follow them
forward through time or using tracking collars to follow their movements for
potential recapture (Clausen et al. 1984; Alasaad et al. 2013). This may be done in
association with relocation efforts. These methods require capture and immobiliza-
tion of the animals using pharmaceutical agents. There are inherent risks associated
with capture and immobilization, and mortalities can occur. In addition, collars and
field operations are expensive so these techniques are only used in specialized
circumstances. Generally, when an animal is immobilized for these purposes,
biological samples (blood, feces) and physiological measurements are also collected
to make the most of the opportunity.

Immobilization of Muskoxen, as an Example
In recent years, there have been many advances in technology that have
enabled surveillance with a more “hands off” approach to the animal. Unfor-
tunately, there are still situations that require the animal to be captured and
immobilized for tissue sampling, marking, or placement of tracking devices.
Fortunately, there have been many advances in capture and supportive care
that have resulted in decreased morbidity and mortality.

Immobilization of muskoxen can be challenging; their thick hair coat can
make it difficult to identify anatomical landmarks for dart placement, and the
dart must be delivered with sufficient velocity to penetrate the coat. Muskoxen
are prone to hyperthermia, regurgitation, and hypoxemia. Captive animals
should be fasted prior to anesthesia to decrease the risk of regurgitation.
Supplemental inspired oxygen is recommended to prevent and treat hypox-
emia. This can be administered by nasal insufflation. Chase times should be
kept to a minimum to avoid hyperthermia, and immobilization should be
avoided on warm days whenever possible.

Muskoxen are best maintained in sternal recumbency to reduce ventilation/
perfusion mismatching. Jugular venous access can be challenging in large
males; the cephalic vein and the lateral saphenous vein are alternate routes for
blood sampling or catheterization.

Calm, captive muskoxen can be immobilized with 0.05–0.06 mg/kg of
medetomidine, combined with 1.5 mg/kg of ketamine. This combination is
suitable for minor procedures, and medetomidine can be antagonized with
atipamezole at five times the medetomidine dose to speed recovery.

Muskoxen have been immobilized with a combination of 0.05 mg/kg
etorphine and 0.15 mg/kg xylazine. This combination was described for
capture of 133 captive muskoxen (Blix et al. 2011). A dose of 0.015 mg/kg
of etorphine combined with 0.1 mg/kg of xylazine has been described for
immobilization of captive muskoxen (Lian et al. 2017). The major side effect
of this combination was hypoxemia. Although hypoxemia was successfully
treated with supplemental inspired oxygen, the authors noted that hypercarbia

(continued)
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became more pronounced during treatment with supplemental oxygen, and
careful tiration of oxygen should be considered to prevent severe
hypoventilation. Etorphine was antagonized with 20 mg naltrexone/1 mg of
etorphine. Xylazine was antagonized with 1 mg atipamezole/10 mg of
xylazine. The BAM combination (butorphanol, azaperone, medetomidine) is
effective in muskoxen; the author has used this combination at a dose of
0.075 mg/kg butorphanol, 0.075 mg/kg azaperone, and 0.1 mg/kg
medetomidine via dart administration in a captive muskoxen. Further research
will need to be performed with the BAM combination to characterize the
efficacy, safety, and dose requirements for captive and wild muskoxen.

1.2 One Health Approaches to Surveillance

One Health has been described as “a transdisciplinary approach to address issues that
emanate from the interfaces of animals, humans and their environment” (One Health
Research Group 2020). A natural application of the One Health approach is animal
health surveillance that can be defined as the “collaborative on-going systematic
collection and analysis of data from multiple domains at local, national and global
levels to detect health related events and produce information which leads to action
aimed at attaining optimal health for people, animals and environment” (Nwafor-
Okoli et al. 2014).

Health surveillance systems are designed to answer different questions so the
implementation methods of the surveillance system and the type of information
generated vary between types of surveillance systems. A recent survey of the global
biosurveillance community aimed to better understand the application, perceptions,
and motivations surrounding the practice of One Health surveillance; over 50% of
participants had implemented aspects of One Health surveillance, while over 85%
saw benefits to the One Health approach to surveillance (Berezowski et al. 2019).
Findings were not affected by domain (animal health, public health, or environmen-
tal health) nor country income status, and all respondents had challenges with cross
domain data access (Berezowski et al. 2019). In addition, survey respondents from
low-income and middle-income countries were more motivated to make
improvements in their surveillance systems and had different priorities than those
from high-income countries (Berezowski et al. 2019).

One Health approaches are needed to robustly address many issues and
challenges at the interface between humans, wildlife, and the environment, which
do not involve zoonotic disease transmission, such as food security, species conser-
vation, and species biodiversity. However, it is prudent to remember that over 60%
of current human pathogens and 75% of emerging and re-emerging human
pathogens are zoonotic or have an animal origin (Stallknecht 2007). Zoonotic
pathogens include, for example, Bacillus anthracis (causing the disease anthrax),
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Brucella suis biovar 4 (causing brucellosis), Echinococcus granulosus (causing
cystic echinococcosis), Trichinella nativa (causing trichinosis), orf virus (causing
contagious ecthyma), and Francisella tularensis (causing tularemia).

1.3 Wildlife Health Surveillance

Wildlife health surveillance, like other types of health surveillance, is important for
early detection of outbreaks or changes in disease prevalence so an early response
can protect wildlife health, domestic animal health, and human health. It may refer to
surveillance for clinical disease in populations of wildlife or for pathogens or other
markers of health in samples collected from wildlife, such as glucocorticoid levels,
as a biomarker of physiological stress (Di Francesco et al. 2021; OIE 2015). Wildlife
health surveillance also informs activities related to species conservation, reservoirs
of zoonotic and livestock diseases, and food security (Watsa 2020; Grogan et al.
2014; Holmes et al. 2019). Food safety is also important with respect to zoonotic
pathogen transmission through hunting, preparation, and ingestion of country (tra-
ditional) foods (Kuisma et al. 2019). This is linked to food habits and food conser-
vation and preparation methods (see Chap. “Traditional Conservation Methods and
Food Habits in the Arctic”). Wildlife can also potentially function as sentinels and
provide biological information on individual-level and population-level health that
could serve as an early warning for climate change informing public health decision-
making (Stephen and Duncan 2017). A role for wildlife health surveillance of
diseases that threaten biodiversity is also proposed (Grogan et al. 2014). This type
of surveillance would focus on identifying emerging diseases and new presentations
of existing diseases that have the potential to impact wildlife populations as has been
experienced with white-nose syndrome in bats, caused by Pseudogymnoascus
destructans, and chytridiomycosis in amphibians, caused by Batrachochytrium
dendrobatidis (Grogan et al. 2014).

Key challenges specific to wildlife health surveillance exist (OIE 2015;
Stallknecht 2007). The close association of humans, livestock, and companion
animals facilitates the early identification of disease in animals, facilitating prompt
treatment. This type of close observation of individuals and populations is lacking
with wildlife surveillance and is often combined with remote geographic locations
where even mass die-offs of animals could go undetected. In addition, diagnostic
tests are often not validated for use in wildlife. There is a lack of existing surveillance
infrastructure from which other programs can be launched, a lack of representative
sampling, and a variety of potential biases. When working with wild species, the
total number of animals is typically unknown, so there is no denominator to make
accurate rate and prevalence calculations.

A strength of wildlife health surveillance is the broad group of stakeholders
that are often involved. Stakeholders in wildlife surveillance often include
representatives from government (possibly at different levels), non-governmental
agencies, academia, community representatives, the broader public, and
organizations that represent and protect the interests of indigenous people from the
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area. However, a large stakeholder platform can also be problematic especially when
the roles of the different groups are not well defined and it becomes unclear who
leads the surveillance activities. In Canada, arctic wildlife are co-managed through a
formal co-management process involving the management board, Inuit
organizations, and government at local, regional, and territorial levels (NWMB
2021). This brings together numerous people with multiple ideas and approaches,
potentially provides more funding options, and often allows collaborative sample
collection and access to wildlife in otherwise inaccessible areas and times of the
year. This strength can also sometimes be a challenge as stakeholders may have
different goals and perspectives. The group must use team-based approaches and
make decisions together about leadership in order to build consensus, work together,
and realize benefits.

1.4 Wildlife Health Surveillance in the Arctic

There is a need for health surveillance of wildlife in the Arctic. Disease investigation
is a critical response arm for surveillance when unusual or otherwise unexpected
morbidity or mortality is identified. Numerous disease outbreaks across the Arctic
have drawn attention to the need for health surveillance to allow for possible
prevention of outbreaks or at least rapid response to outbreak situations including
outbreak investigation. Sporadic anthrax outbreaks in bison in northern Canada over
the past 60 years led to annual surveillance flights over the vast area, diagnostic
testing of carcasses found dead during the high-risk season, and an emergency
response plan to outbreaks that aims to minimize public health risk and reduce
environmental contamination with anthrax spores (Nishi et al. 2007).

Fatal disease outbreaks in muskoxen have occurred in Norway and Canada over
the last two decades. The deaths in Norway were attributed to Mycoplasma
ovipneumoniae and those in Canada to septicemia caused by Erysipelothrix
rhusiopathiae (Handeland et al. 2020; Kutz et al. 2015). Previous mass die-offs of
muskoxen on the remote Banks Island, Northwest Territories, Canada, were
attributed to yersiniosis (Blake et al. 1991). These diseases were not previously
well described in disease outbreaks in wild muskoxen, and the epidemiology was
unknown. These recent outbreaks led to further work to better understand each
outbreak. A serosurvey of muskox blood samples archived from 1976 to 2017
from various locations in northern Canada and Alaska found evidence of
E. rhusiopathiae exposure in the earliest samples with increased seroprevalence
associated with large-scale mortality events in the same area (Mavrot et al. 2020).
Whole genome sequencing provided valuable insight into the epidemiology and
transmission dynamics of E. rhusiopathiae (Forde et al. 2016). Creation of sample
archives is critical to provide a broader picture when diseases appear to emerge;
these samples can be tested later to provide a temporal baseline and allow for
assessment of seasonal and annual patterns of diseases, as well as potential changes
in these patterns (Kutz et al. 2015; Handeland et al. 2014; Tomaselli et al. 2019).
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Further investigation into these outbreaks has underlined the fact that disease in
many arctic species is multifactorial, and there are many potential components that
could be related to the expression of clinical disease. This can be thought of in terms
of the epidemiologic triad, with factors associated with each component:

• Host animal component: age, species, innate resistance, prior pathogen exposure,
behavioral traits, reproductive status, genetics, co-infections

• Pathogen component: dose, virulence, environmental hardiness, infectivity
• Environment component: animal density, animal movements, environmental

conditions, season, nutrition, climate/weather, human activities, air traffic, habitat
changes

To better represent these complex arctic systems, we can add further complexity
to this simple epidemiologic triad accounting for multiple interfacing triads to
representing multiple pathogens or strains of pathogens, multiple animal hosts and
reservoir species, and multiple environments. When considering the system as a
whole, the simple and schematic triad of causation often becomes a more complex
web (Wobeser 2007).

2 Examples of Arctic Wildlife Surveillance Programs

Numerous surveillance systems have previously or are currently collecting data and
samples that will be used to optimize health for various wildlife species. Over the
years, disease surveys have been carried out assessing exposure to key pathogens
such as Salmonella spp. in moose (Alces alces), reindeer (Rangifer tarandus), and
harp seals (Pagophilus groenlandicus) (Aschfalk et al. 2002, 2003; Aschfalk and
Thórisson 2004; Andersen-Ranberg et al. 2018). In Canada, disease surveys have
been centered around commercial or community harvests of arctic ungulates; there is
also a long-running program looking at transboundary contaminants in the arctic
ecosystem (GOC 2021).

Semi-domesticated reindeer herds in Norway and Sweden commonly deal with
infectious keratoconjunctivitis in Eurasian reindeer (Rangifer t. tarandus), a multi-
factorial disease, involving cervid herpesvirus 2, varying bacteria species, and
environmental factors (Tryland et al. 2017). The herders have the opportunity to
observe the animals more closely than other wild populations. They sometimes
corral the animals for supplemental feeding causing additional stress and increased
opportunity for disease transmission between animals. A survey was used to gain
information about this and other diseases as well as management practices, ulti-
mately providing information to herders to improve disease prevention and treatment
(Tryland et al. 2016).

The Northern Contaminants Program (NCP) is an interesting example of One
Health surveillance in the Arctic in many ways (GOC 2021). Since 1991, this
program has used a combination of research and surveillance with the objective to
decrease or eliminate contaminants, such as persistent organic pollutants (POPs) and
mercury, in the arctic environment and in country (traditional) foods. It also assesses
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public health risks associated with contaminants in these foods, in particular
bioaccumulation of contaminants over time and cumulative effects on people.
Information from this program has informed numerous international agreements
concerning regulations surrounding these contaminants. This is a government pro-
gram with formal partnerships between federal and territorial government
departments and representatives of northern indigenous people’s organizations.
Although atmospheric monitoring for contaminants is a component of the surveil-
lance, the NCP has prioritized human health and the environment, including animals
in terrestrial, freshwater, and marine ecosystems. In particular, collaboration with
hunters is key to the long-term surveillance of contaminants in ringed seals (Pusa
hispida), polar bears (Ursus maritimus), caribou (Rangifer tarandus), beluga whales
(Delphinapterus leucas), and various types of fish and seabird eggs. To assess
human health, human dietary surveys are important to estimate contaminant expo-
sure and public health. Country (traditional) food preferences vary in different
communities so this must be assessed locally (GOC 2021; Tomaselli et al. 2018a).
Once results are available, NCP partners come together to provide robust interpreta-
tion of the findings (GOC 2021). Finally, this program also provides training and
capacity building to partnered northern communities, including educational
opportunities for community members and within local schools.

Hunters and researchers from the government, academia, and/or
non-governmental organizations often work together to collect samples for wildlife
surveillance. This is an efficient way to access samples for testing and has the
advantage of building relationships between researchers and community members.
For example, researchers worked with hunters during narwhal (Monodon
monoceros) harvests in Nunavut, Canada, and performed full necropsies on the
harvested animals. This collaborative project informed a baseline for narwhal health
for use in ongoing community-based monitoring (Black et al. 2018).

Early muskox health surveillance initiatives commenced in the community of
Sachs Harbour, Northwest Territories, and in Cambridge Bay, Nunavut, Canada, in
the 1980s with abattoir sampling during hunter-led muskox hunts, processing larger
numbers of animals in local, sometimes portable, abattoirs, with meat inspection, to
allow sale of products within the Territory first and then to southern locales
(Wu et al. 2011; Gunn et al. 1991; Tomaselli et al. 2018a). The initial goal was to
create information about the health of the local muskox populations specifically their
exposure to known diseases and then also to comply with federal inspection
standards to allow for meat export. In Cambridge Bay, abattoir testing was tempo-
rally associated with a decreased population size of muskoxen in the local area;
however, as the surveillance system was set up, it gave no clear warning that
something was going on with the local muskox population. Despite the inability of
the system to detect changes in real time, the creation of sample archives from the
commercial harvests proved important; these samples have later been tested to
provide temporal baselines of diseases of concern, including assessments of their
annual patterns and changes in these patterns (Kutz et al. 2015; Tomaselli et al. 2019;
Mavrot et al. 2020).
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While commercial harvesting of muskoxen has been halted or significantly
reduced, hunter-based sampling methods have been implemented to allow continuity
of surveillance activities in declining muskox populations. Researchers worked with
subsistence hunters to understand barriers and opportunities for field sampling
associated with regular harvesting activities, which resulted in designing light-
weight, prepackaged sampling kits for the collection of a standard suite of samples
and data from harvested muskoxen and caribou as shown in Fig. 1 (Tomaselli 2018;
Tomaselli and Curry 2019). Sample collection techniques have also been modified to
enable ease of blood collection from caribou and muskoxen by hunters in the field
immediately after harvest using Nobuto filter paper strips (Curry et al. 2011;
Carlsson et al. 2019; Tomaselli and Curry 2019).

Surveillance of trichinosis is another important example of wildlife surveillance
in the Arctic that contributes to public health protection. Trichinella nativa is a
zoonotic parasite causing chronic disease in people characterized by swelling,
muscle pain, and/or gastrointestinal symptoms (see Chap. “Trichinella spp. in the
North”). It is found in a number of arctic species that are part of the traditional

Fig. 1 Representation from design to field use of the sample collection kit used in hunter-based
sampling in the context of the participatory muskox health surveillance program implemented in
Cambridge Bay, Nunavut, Canada. Pre-packaged and lightweight kits are designed together with
hunters and include samples and information collected easily in harsh field conditions; once
collected, kits remain relatively light and contained allowing for easy transportation; once samples
are analyzed, results are reported back to the community
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northern diet, and as such, it is a food safety concern (Forbes 2000; Uspensky et al.
2019; Seymour et al. 2014). Surveillance of walrus meat for Trichinella nativa is
important in arctic communities to prevent human trichinosis (Proulx et al. 2002). As
with other arctic-adapted parasites, Trichinella nativa is resistant to freezing
temperatures and only inactivated if meat is well cooked, reaching a core tempera-
ture of not less than 71 �C (159.8 �F) for at least 1 min (Gottstein et al. 2009). Walrus
is often eaten raw or fermented. Although T. nativa is not common in walrus meat, it
is associated with large outbreaks of trichinosis in people as the meat is often shared
through established family and community social networks (Proulx et al. 2002). In
the Eastern Canadian Arctic, hunters collect a tongue sample during butchering that
is sent away for diagnostic testing and the meat is held until results are received,
which typically occurs within days (Proulx et al. 2002). This program demonstrates
characteristics of One Health surveillance with broad stakeholders, community
engagement, a public health education component, and the ability to implement
outbreak investigations as needed.

While wildlife surveillance programs are critical in the Arctic due to the strong
interconnectedness between wildlife and human health, unexpected outcomes can
hinder their effectiveness. For example, hunters’ participation may decrease in
surveillance programs for zoonotic diseases of harvested wildlife due to the possible
stigma associated with “catching the wrong animal” and potentially sharing diseased
meat with family, friends, and the community. This phenomenon may be greater
when the prevalence of zoonotic diseases increases in wildlife and, therefore, when
the surveillance program is needed the most. A rigorous evaluation of the surveil-
lance with the continuous engagement of stakeholders is critical to avoid pitfalls and
negative outcomes.

3 Case Study Illustrating a One Health Approach to Wildlife
Surveillance in the Arctic: The Participatory Muskox Health
Surveillance Program

A project was designed to explore the integration of local and indigenous knowledge
and western science in a community-based participatory muskox health surveillance
system in the community of Cambridge Bay, Nunavut, Canada (Tomaselli 2018).
The purpose of the surveillance was to assess the health status of the local muskox
population while developing a system capable of early detection of new diseases and
changes in disease patterns. The surveillance was designed to include multiple
components that included local/traditional knowledge systems and a more conven-
tional method of surveillance based on diagnostics of samples accessed through
different means (i.e., newly developed hunter-based collections, targeted field dis-
ease investigations, sample archives) as demonstrated in Fig. 2. Interviews of
community members were the foundation of the system as they allowed the collab-
orative research group to understand the local contexts, design conventional surveil-
lance components that were locally adapted thus effective (i.e., hunter-based sample
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collections, Fig. 1), gather missing health data on muskoxen and caribou, and
interpret sample results within context.

Robust qualitative research design was implemented for the interview component
of the surveillance, which was characterized by a combination of individual, group,
and follow-up interviews. Syndromic surveillance approaches and participatory
epidemiology techniques were applied to gather quantitative data on wildlife health
with spatial and temporal resolutions, including population trends, demographics,
body condition status, relative prevalence of diseases, causes of mortality, and
disease outbreaks. For example, community members provided observations that
characterized large declines in muskox and caribou populations and possible reasons
for this, including emerging and re-emerging diseases. Interviews were also essential
to identify large mortality outbreaks that were underdetected by the standard passive
surveillance (Tomaselli et al. 2018b).

Zoonoses such as orf virus infection (parapoxvirus) and rangiferine brucellosis
(Brucella suis biovar 4) were identified through both syndromic approaches and
conventional diagnostics (Tomaselli et al. 2016, 2018b). Samples obtained through
various means where then used in targeted scientific studies that, working in synergy
with the interview data, helped further characterize spatial and temporal trends of
disease. For example, Brucella suis biovar 4 was detected in the muskox population
under surveillance, and its increasing trend was temporally associated with the local
muskox decline (Tomaselli et al. 2019).

Fig. 2 Schematic representation of the participatory muskox health surveillance program
implemented in the community of Cambridge Bay, Nunavut, Canada. The surveillance components
developed draw from different knowledge systems, local and scientific knowledge, and, working in
synergy, allow for a more accurate and reliable muskox health status assessment than single
surveillance components and knowledge systems would have achieved in isolation. Dashed lines
represent how the different components relate and influence each other within the system.
Figure modified from Tomaselli and Curry (2019)
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Overall, the inclusion in the surveillance of local knowledge holders with their
perspectives and rich understanding of local wildlife facilitated the collection of
important data and significantly enriched the interpretation of results. Interview data
utilized in synergy with conventional sample diagnostics have provided rich infor-
mation of more value for early detection of new diseases or changing disease trends.
Bridging and valuing multiple ways of knowing have many benefits overall, and
working together with multiple stakeholders facilitates the application of surveil-
lance interventions (Kutz and Tomaselli 2019). Participatory approaches to wildlife
surveillance, such as the one described here, hold a great potential in the Arctic to
improve surveillance capacity and interventions for both wildlife management and
public health.

4 Conclusions

A One Health approach to health surveillance emphasizing the interaction of
humans, animals, and the environment is clearly a critical component in effective
and efficient health surveillance of arctic wildlife. It is clear that muskox surveillance
in arctic communities is an approach that fully fits within this paradigm. One Health
approaches to any complex problems are not without challenges, and the same is true
for One Health disease surveillance. Challenges include logistical issues, such as
poor performance of electronic data collection devices during field work in the
Arctic and aggregation of data on different spatial scales leading to misalignment
in spatial analysis, barriers to data sharing related to questions about confidentiality
and mandate, and questions about who will lead the initiative. Trust builds as issues
are worked through together; inputs from all stakeholders are valued allowing shared
and more robust data interpretation, information creation, and knowledge transfer
and translation. Within existing health surveillance initiatives that could be consid-
ered to have a One Health approach, human health is usually the goal even when the
surveillance system has a significant wildlife health surveillance outcome in early
warning, species conservation, or other goals. Despite these challenges, wildlife
heath surveillance in the Arctic clearly benefits from and easily demonstrates a One
Health approach, and is expected to be the approach of future surveillance initiatives.
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Dogs and People: Providing Veterinary
Services to Remote Arctic Communities

Tessa Baker, Laurie Meythaler-Mullins, Arleigh Reynolds,
and Susan Kutz

1 Introduction

The relationship between dogs and humans in the Circumpolar North is an ancient
and symbiotic accord. Recent archeological evidence from Eastern Siberia has
revealed the earliest known evidence anywhere of dogs being bred for a specific
purpose (Pitulko and Kasparov 2017; Ameen et al. 2019). This research indicates
that these dogs, which were used for polar bear hunting, were also bred to pull sleds,
suggesting that dogs and people have shared a symbiotic relationship in the North for
over 15,000 years.

Nomadic life centered around taking care of and working with dogs. In the
morning, fires were built to cook for the dogs and people, and then the work of the
day, hunting, trapping, and hauling, was performed cooperatively with dogs, and in
the evening, they were fed again and often shared a campsite. Human and dog lives
literally depended upon each other as they worked together to obtain food and travel
safely over often hazardous and unstable frozen terrain. Even with advances in
modern technology, there is not a machine made that can sense a polar bear in a
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blizzard or unsafe ice on a river or coast as well as an experienced team of sled dogs
(Coppenger 1977).

For millennia, this relationship remained unchanged, with dogs helping with
hunting, draft work, protection and providing warmth for people, whom in turn
provided food and shelter. In northern Europe, the advent of reindeer herding
emerged as another activity shared between dogs and humans (Salmi et al. 2021).
In Alaska, northern Canada, and Greenland, sled dogs remained the most common
means of winter transportation, for Indigenous and settlers alike, until after the
middle of the twentieth century. One of the most famous examples of this is the
1925 relay of dog teams that transported diphtheria antiserum to stem an epidemic in
the gold rush town of Nome, Alaska. The 650-mile route that often took mail teams
2–4 weeks to cover was traversed in less than 6 days under conditions that saw air
temperatures hit �70 �F (�57 �C) and wind chills to �90 �F (�68 �C). This heroic
saga is detailed in The Cruelest Miles by Gay and Laney Salisbury (Salisbury 2003).

The second half of the twentieth century brought rapid social and economic
change to the Circumpolar North. These changes included the settling of nomadic
cultures into permanent communities (Bonesteel 2006), a shift from subsistence-
based toward cash economies and the colonial implementation of western education
and language (Krauss 1980). This forced settlement resulted in improved access to
health care and other government supported services but also imposed changes that
have resulted in loss of language, culture, self-efficacy, and self-determination. For
Alaskan First Nations, the net result has been a tragic increase in substance abuse,
domestic violence, and suicide, all of which were extremely rare conditions before
1950 (Berman 2014).

In many ways, the holistic health of Arctic communities has been closely
reflected by the health of the dogs with which they live. Practices involved in forced
settlement were disruptive to the traditional human–dog relationship. In the Cana-
dian North, government policies around safety and animal control in the 1950–1970s
saw the Royal Canadian Mounted Police destroy hundreds to thousands of sled dogs
kept by Inuit in settlements, limiting Inuit access to the land and increasing their
dependence on cash and services within settlements (QTC 2013). At the same time
that colonial and assimilatory changes were being imposed upon northern Indige-
nous people, the arrival of the snow machine was associated with a dramatic
decrease in the dependence upon and, therefore, the number of sled dogs in these
newly formed communities. The introduction of the snow machine strengthened the
reliance on a cash economy and further decreased the practice of traditional
activities. The irony of this situation is that people now had to work more to support
the purchase, maintenance, and fuel for these machines that left them less time to
participate in traditional subsistence activities (Hueffer and Murphy 2018).

A decrease in the need for dogs and the concentration of people into settled
communities has also been associated with changes in the way people keep and
relate to dogs. In many northern North American communities, these changes have
resulted in health disparities for the dogs and the humans alike. Unwanted feral dog
populations in villages pose significant health threats to the community. For exam-
ple, the Yukon-Kuskokwim Delta of Alaska is an area about the size of the state of
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Louisiana that lies 400 miles from the nearest road system, contains about
50 villages, and is severely underserved in access to veterinary care. This area has
seven to nine times the annual national average of per capita of reported dog bites
upon children (Bjork et al. 2013; Castrodale 2007). This number is likely to be
underestimated as, in order to be reported, a bite has to be severe enough to warrant
travel to a regional clinic for treatment. Overall, Alaska Indigenous children are
hospitalized from dog bites more than anyone else in the Indian Health Service
system (Bjork et al. 2013). Rabies is enzootic in the fox population in this area of
Alaska and elsewhere across the circumarctic and is occasionally transmitted to
susceptible animals, such as unvaccinated dogs (Castrodale 2013). This results in
several people, bitten by dogs, being treated for rabies exposure each year from the
Yukon-Kuskokwim Delta. This is a common concern elsewhere, with similar dog
control and rabies transmission concerns in northern Canada. Other zoonotic health
concerns include parasitic infections such as echinococcosis (Salb et al. 2008).
Furthermore, dogs can be a source of parasites to wildlife populations as well
(Salb et al. 2008).

This relatively recent and rapid change in the relationship between people and
dogs in northern communities has had a far-reaching negative impact upon both
human and canine health. While the risks to human and canine physical health are
easy to document, the impact on human mental and behavioral health may be more
difficult to measure but just as impactful. When a foundationally favorable aspect of
a culture and knowledge structure becomes threatened, this challenges belief
systems and can result in severe and negative impacts on mental and behavioral
health and well-being (Hueffer and Murphy 2018). Community-based One Health
approaches have demonstrated success in restoring the human–canine relationship to
its original mutually beneficial state and resolving physical and mental/behavioral
health issues for the communities involved. The Frank Attla Youth and Sled Dog
Care Program (FAYSDCP), the Alaska Care and Husbandry Instruction for Lifelong
Learning (ACHILL) (see Box 1), and the Sahtu Northern Community Health
Program in the NWT, Canada (Baker et al. 2018a, 2020), are examples of
community-based One Health programs that have helped holistically improve the
health of dogs and humans in remote northern communities and serve as examples of
what can be done when community members, educators, and veterinarians work
together to address the challenges described above.

Box 1 Frank Attla Youth and Sled Dog Care Program
The Frank Attla Youth and Sled Dog Care Program (FAYSDCP) was founded
by the late George Attla Jr. in memory of his son. When George Attla retired
from an illustrious career as a professional dog musher, he returned with his
young son Frank to his home community of Huslia, Alaska, a small village on
the Koyukuk River that lies over 200 km from the nearest road. He moved
home so Frank could have access to traditional ways of knowing and his

(continued)
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Box 1 (continued)
extended family. When Frank died unexpectedly from an asthma attack,
George decided to do something for his community in honor of his son’s
memory. As a child, George had contracted tuberculosis and spent 9 years in a
Native hospital almost 1500 km from home until antibiotics had been devel-
oped that would cure his infection. His left knee and ankle were so badly
damaged by the disease that they had to be fused so he could walk. He returned
a young man who had missed much of his cultural training, lost much of his
language, and felt out of place. He found solace and self-esteem through his
relationship with sled dogs and later from the acknowledgment he received for
his skill in racing with them. Years later, he described his relationship with
sled dogs as literally “saving his life.” When George retired to Huslia, he was
concerned with the state of the youth in the community and the disappearance
of dog teams due to the advent of snow machines. Many students did not finish
high school, and some struggled with substance abuse and suicidal ideation.
Remembering how dogs had helped him through his own troubled youth,
George went to the Tribal Council and the school board and asked if he could
start a program in memory of his late son that would teach sled dog husbandry
in the schools and bring students into the homes and kennels of elders where
they could learn how to care for, train, and race the dogs and in the process
learn their own history.

The FAYSDCP has been transformative not only for the students but for the
community as a whole. Everyone has a job and everyone works together with a
common goal. Young children gather firewood so that older students can build
fires and cook fish for the dogs. The students learn how to catch, cut, and dry
fish for their dogs. They learn how to build dog houses, cut and dry grass for
bedding, feed the dogs, and train them. Elders mentor older students who in
turn mentor younger students (Fig. 1). In daily caring for their dogs, these
students, many of whom were struggling, began to find purpose. No matter
how cold or how dark it was outside, they had to get up, go out, and take care
of their dogs. The dogs were always happy to see them, and as many students
said, they felt the dogs understood them when no one else did. George often
said, “Dogs accept you for who you are,” and for these students, that turned
out to be a powerfully healing influence.

Classroom assignments required students to research mushing in their
community, and they discovered that their valley was a “cradle of champions,”
and each of them had ancestors who were famous champions. This gave them
pride in their heritage and in themselves when their accomplishments were
acknowledged by community members. The community put in trails, held
races, and then bake sales so the students could travel to Fairbanks to race in
and succeed at the highest level. Each student’s success was seen as a success
for the whole community. George told every student that they were a

(continued)
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Box 1 (continued)
champion, and they began to believe in this and in themselves. The FAYSCP
has been so successful in Huslia that it became the inspiration for a large
educational grant (ACHILL), which currently supports similar programs in
17 rural Alaskan communities. Sled dogs have traditionally been a part of the
culture of Northern communities spanning from Russia, across North Amer-
ica, and as far as Greenland. And so similar programs may benefit other
communities across this region. One of the great benefits of this program is
how the revitalized practice of working with dogs has become a platform for
the transfer of traditional knowledge and cultural skills. The dogs serve as a
bridge between modern and traditional worlds where elders and youth can find
common ground and interests.

Fig. 1 Older Frank Attla Youth and Sled Dog Care Program student mentoring a younger student.
Photo Credit: Kathy Turco
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This chapter describes many ways in which healthy dog populations support
overall community health, with a focus on Alaska and northern Canada. As
veterinarians, we are well trained in promoting canine health, and in doing so, we
can also promote physical and mental health of pet owners and communities. We
also value the power of the human–animal bond. Programs highlighted in this
chapter show how this relationship can be healing for whole communities and
why it is so important that underserved regions have access to veterinary care so
these programs and the communities they serve can thrive.

2 Determinants of Health for Dogs

The health of dogs in remote communities can reflect the overall health and well-
being of the community in which they live. Factors that affect the health of people
and communities are often called determinants of health. These factors include the
social and economic circumstances, the physical environment, individual behaviors,
and genetics with which people live (WHO 2017). These factors can also be applied
to animal health (Baker et al. 2018a; Card et al. 2018). Determinants of dog health in
the Arctic include the physical environment in which they live (e.g., exposure to
climate and wildlife), biology (e.g., dog breeds that have evolved in the region are
better suited to the local conditions than many of those brought in from the south),
behavior and animal social factors (e.g., roaming, playing, and guarding behaviors
and interactions with other dogs), human social factors (e.g., husbandry choices,
cultural and social factors that influence their value, community norms), and access
to veterinary care (e.g., remote Arctic communities often do not have access to such
services) (Baker et al. 2018a; Card et al. 2018).

3 Veterinary Services in Remote Arctic Communities

Veterinary services are often inaccessible, unavailable, and unaffordable to residents
of remote northern communities (Brook et al. 2010). Many northern North American
communities are accessible by winter road for only a few weeks of the year or by air,
boat, or snow machine. Thus, veterinary services are limited to those residents who
can afford to send their animal to larger city centers, at a cost of hundreds of dollars,
a prospect unaffordable to the majority of dog owners. Residents of many small,
remote communities across northern North America are relatively poor compared to
those in larger urban centers, with lower household incomes, more families living in
core housing need, and higher rates of unemployment (GNWT 2018; GovYK 2016;
StateOfAlaska 2020). These communities are too small to sustainably support local
veterinary practitioners and the costs associated with travel to the communities make
it economically untenable for the veterinary practices to provide on-site services.
These economic barriers combined with the high cost of living (often 1.5–2 times
that of major city centers) further limit community access to veterinary services.
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Acceptability of veterinary services is also a critical consideration. Some northern
communities have never had access to veterinary care and may not be familiar with,
or value, the services that veterinarians can provide. Different cultural perspectives
and beliefs around dogs and previous experiences and history (e.g., colonization,
residential school) will influence the individual and community-wide acceptability
of services. Acknowledging this history and these perspectives and employing a
culturally sensitive and respectful approach are essential for the veterinary team
when introducing and offering services.

Access to veterinary services is important not only to animal health and welfare
but also to community wellness. Left unchecked, dog populations can grow quickly
and lead to safety concerns, dog bites, disease transmission (including zoonoses),
and noise and waste complaints. The benefits of access to preventative veterinary
services such as vaccinations (e.g., rabies), anti-parasitic drugs, and sterilization
surgeries on animal health and welfare are clear: a more stable population of
healthier dogs that are less likely to act as vectors of zoonotic diseases and less
likely to roam or fight over female dogs in heat. Less appreciated is how services can
also impact public health and community well-being. A considerable emotional
trauma can occur when communities have to make difficult decisions on how to
handle problem dogs or dog overpopulation. In some instances, the emotional stress
caused by the culling of loose dogs has led to teachers leaving the communities
(Brook et al. 2010), and high turnover rates of teachers are a major challenge in
northern communities with negative consequences for educational continuity and
youth learning (Kaden et al. 2016).

The mechanisms for provision of veterinary services in remote northern regions
vary. Services range from fully subsidized to cost-shared initiatives and are generally
delivered by local, regional, national, or even international charity groups or aca-
demic institutions as a component of experiential learning initiatives. Patterns of
delivery also vary, with some programs occurring repeatedly in the same
communities while others serve communities once. There are few examples of
sustainable delivery that do not require some degree of government, charity, or
academic institutional support. Two programs involving different models of
academic–community partnerships are explored in more detail in Boxes 2 and 3.

Box 2 Northern Community Health Rotation, Sathu Settlement Area,
Northwest Territories (NWT), Canada
Where Does It Occur? The Sahtu Settlement Area is a Dene and Metis Land
Claim Area in the NWT, Canada, with five small communities (142–818
people in 2018), accessible only by air or winter road (Brook et al. 2010).
See red shaded area on the map in Fig. 2.

Who Does It? The Northern Community Health Rotation (NCHR) is a final
year veterinary student clinical rotation organized by the University of Calgary
Faculty of Veterinary Medicine (UCVM). The program was initiated in 2008.

(continued)
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Box 2 (continued)
Four final year veterinary students participate in the clinics each year,
benefiting from a unique service–learning opportunity in a remote and cultur-
ally different setting. Extensive pre-trip preparation on the local context and
provision of veterinary services in remote regions is done to prepare the team.
The team works with the government of the NWT, community liaisons, and
the local schools to provide clinics that are built on a One Health model to
broadly benefit community health.

Who Does It Serve? The NCHR provides annual preventive veterinary
services to the communities of the Sahtu Settlement Area. This program was
developed in collaboration with the communities after a need assessment
identified a desire and demand for veterinary services in the region (Brook
et al. 2010). Local youth are involved in the clinics, and outreach sessions are
done in the classrooms to raise awareness of health sciences education and
animal health and husbandry.

When Does It Occur? Every February when the winter roads to each of the
community are open.

What Services Are Provided? The program provides wellness
examinations, core canine and feline vaccinations, deworming medications,
and surgical sterilization. The clinics are hosted in schools and community
halls and have a strong youth outreach and engagement components (Fig. 3).

How Is It Funded? The program is funded through a combination of
university funding, local community government, corporate, and charity
funding and material donations, and in-kind support from the communities
for accommodation, food, and clinic space.

What Has It Accomplished? Prior to the start of the program, few dogs
were vaccinated against rabies and other canine viruses or dewormed against
parasitic infections, including zoonotic worms, and less than one quarter of
dogs had been sterilized (with community members commenting there were
too many dogs in their communities) (Brook et al. 2010). A program assess-
ment conducted after a decade of services, through household questionnaires,
community dog censuses, and a chart review, found that as veterinary service
uptake increased, there were improvements in dog population health and
welfare indicators, changes in the husbandry of dogs, and differences in
community concerns about and relationships with dogs since the start of the
program (Baker et al. 2020). Significant improvements in dog vaccination and
deworming rates led to a better overall dog health and a reduced public health
risk of rabies and zoonotic parasites from dogs (Baker et al. 2020). An increase
in both the proportion of dogs described as sterilized and the median age of
dogs suggests a better control of dog population size and increased stability
and fewer puppies and more longer living dogs in the communities compared
to in 2008, both of which benefit dog health and public health and well-being

(continued)
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Box 2 (continued)
(Baker et al. 2020). Community members felt there were no longer too many
dogs in their communities and attitudes toward dogs were generally more
positive across communities. Interviewees perceived improvements in how
dogs were cared for, less fear of dogs, fewer problem dogs in the communities,
and more access to options, other than culling, for residents who could no
longer care for their animal. In addition, most residents described their dog as a
companion and a part of their family. However, some concerns remained,
including the ongoing occurrence of roaming dogs and how these dogs were
dealt with by the community (Baker et al. 2020). Notably, the positive findings
documented were contingent on the long-term commitment of the program.

Fig. 2 Map showing the location of the Sahtu Settlement Area, Northwest Territories, Canada
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Box 3 Hub Outreach Project, Yukon-Kuskokwin Delta, Alaska, USA
Where Does It Occur? This rural area of Southwest Alaska is comprised of
58 federally recognized tribal communities, ranging in size from 25 people to
1000 people, with the exception of the larger regional service and transporta-
tion hub of Bethel. See map highlighting this area in Fig. 4.

When Does It Occur? Year round. These communities are completely off
the road system, only accessible by small plane, boats in the summer, or snow
machines in the winter.

What Services Are Provided? The program provides wellness
examinations, core canine and feline vaccinations, deworming medications,
and surgical sterilization.

How Is It Funded? The program is funded through a combination of
university funding, local community government, corporate, and charity

(continued)

Fig. 3 Elementary students watching a clinical examination in the Sahtu Settlement Area. Photo
Credit: Susan Kutz
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Box 3 (continued)
funding and material donations, and in-kind support from the communities for
accommodation, food, and clinic space.

What Has It Accomplished? The Hub Outreach Project (HOP) access to
veterinary care model was designed with input from the regional health care
provider, the Yukon-Kuskokwim Health Corporation, following their human
health care model. With the design of a hub-and-spoke model, strategically
identified communities are travelled from the “hub” of Bethel, and veterinary
field clinics are set up in the smaller outlying “spoke” communities. Each of
these “spoke” communities are accessible to 5–10 other smaller outlying
communities. This brings a high-quality preventative veterinary care directly
to those in the Southwest Alaska who previously lacked access due to trans-
portation, socioeconomic, and geographic barriers. Surveys are completed that
address the real needs that exist in these communities and provide a metric for
demonstrating improvement.

The costs associated with travel and treatment for rabies exposure, and the
mental and behavioral health impacts associated with dogs are significant. In
remote underserved areas, the most economically feasible solution to these
issues is to bring the clinic to the pet owners rather than have them travel
individually to distant centers where veterinary services are available. For this
region, having the HOP model in place far outweighs the cost of the
consequences that would ensue in its absence. It is a framework for areas
lacking access to veterinary care, which helps control zoonotic disease, as well
as negative human health impacts resulting from dog overpopulation. By
improving the lives of animals, the lives of people are improved, not only
physically but also through well-being and mental health.

A One Health model for program sustainability was developed for the Hub
Outreach Project that highlights four goals to engage stakeholders in the
development of a holistic and sustainable veterinary program that
demonstrates impacts to animal, human, and environmental health through
stakeholder participation and knowledge sharing (Fig. 5).
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4 Key Principles for Successful Subsidized Veterinary
Programs

Considering the broad impact that healthy dogs can have on a community, a One
Health approach to veterinary service delivery is key to program success and
sustainability. There are several overarching principles to consider when developing
subsidized veterinary programs to ensure the long-term success for animals, people,
and the environment.

4.1 Has a Need for Veterinary Services Been Identified by
the Community as a Priority?

Using a One Health model, a crucial first step is to understand the community needs
and plan for service provision relevant to each specific community context. Input
and direction from community elders, local government, schools, and health
providers can guide this. Taking the time to understand local needs will ensure the
team and services provided are trusted and welcome. For example, the community of
Aniak, Alaska, requested a pet first aid class, and the local school in Nunapitchuk,
Alaska, requested education on rabies and the threat to human and animal health.

Napakiak
Bethel

Oscarville

Akiachak
Kwethluk

Akiak Tuluksak

Upper Kalskag Aniak
Chuathbaluk

Napaimute

Crooked 
Creek Georgetown

Red 
Devil Sleetmute

Stony River

Lime Village

K U S K O K W I M  R I V E R

IN
N

O
K O  R

I V
E R

H
O

L I T
N

A
 R

I V

E
R

Nunapitchuk

Atmautluak
Kasigluk

Eek

Quinhagak

Platinum
Goodnews Bay

Kwigillingok
Kongiganak

Kipnuk

Chefornak

Umkumuit

Tununak
Mekoryuk

Newtok

Chevak
Hooper Bay

Paimute Scammon 
Bay

Nunam 
Iqua

Alakanuk
Emmonak Kotlik

Billmore Slough
Hamilton

Mountain Village

Pitka’s 
Point

St. Mary’s
Andreafski

Pilot Station
Marshall

Ohogomuit Russian Mission

Anvik

Grayling

Shageluk
Y U K O N  R I V E R

Toksook 
Bay

Nightmute

Tuntutuliak

McGrath

Chuloonawick

Lower 
Kalskag

Holy Cross

Eek

Mountain Village

Tuntutuliak
Napaskiak

Sub-Regional Clinic 
Service Areas
Aniak
Emmonak
Hooper Bay
St. Mary’s
Toksook Bay

Yukon-Kuskokwim 
Health Corporation
Service Area

 0 25 50 75 100

miles

Fig. 4 Map of Alaska showing the Yukon-Kuskokwin Delta

532 T. Baker et al.



Fig. 5 The Hub Outreach Project’s One Health model for sustainability
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Both community requests were met by offering an evening pet first aid class in Aniak
and lecturing to a class during the school day in Nunapitchuk.

4.2 Spend Time Building Collaborative and Trusting
Relationships with Communities

It is clear that relationship building is essential for effective provision of veterinary
services in northern communities. These relationships are established far before the

Fig. 5 (continued)
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first mobile veterinary clinic and, ideally, lead to long-term community partnerships
that facilitate local trust and buy-in, enhance program uptake, and ensure
sustainability. Community partners can include the local governments, schools,
businesses, and individual community members. Partnership support can be
provided in the form of food and accommodation, a location for a clinic venue,
administrative support, logistical and financial support, and liaising with the com-
munity. For example, the Hub Outreach Project (HOP) works with each
community’s tribal council to discuss when the veterinary clinic visits will be the
most beneficial and to consider when access to the community would be most
practical for the mobile veterinarian. The tribal councils also help secure space for
the mobile clinic, transportation upon arrival in the community, and advertising of
HOP services. HOP also engages with each community’s Village Safety Public
Officer, who oversees the handling of unowned dogs in these communities.

In the Sahtu, community liaisons, which can include dog owners, teachers,
government employees, or others, act as champions for the program and play an
essential role in program implementation. These liaisons are integral for distributing
program information, booking appointments, and liaising between the clinic team
and the community in the interim months.

4.3 Secure a Long-Term Commitment to Providing Services
and Develop a Sustainability Plan

Delivery models vary from providing the services in one large community and
serving anyone who comes from the surrounding communities (i.e., hub and spoke
model) to traveling to and setting up in each community. Funding also varies with
support received from charities, academic institutions, and different levels of gov-
ernment. Services are often offered as subsidized services where clients do not pay,
but donations are encouraged. Regardless of the delivery or funding model, a long-
term commitment and a sustainability plan are required as they are important to
maintaining continuity of services and community support for the program.

The positive impacts of the program on both animal health and welfare and
community health and well-being can take several years to become evident, espe-
cially if animal turnover is initially high. Thus, the continued commitment to
communities to return at least annually is important to effect changes in dog
population health and welfare and community concerns about dogs. A sustainability
plan to ensure the continuity of the services that communities come to rely on is
important for programs funded and delivered with significant charity and academic
institutional support. The long-term vision should include transferring to more
support from local and regional partners and decreasing the reliance on external
charities. This is also important to supporting community capacity development. For
example, the Hub Outreach Project in Alaska hopes to demonstrate to governments
that the cost of providing services is less than paying for the consequences of not
having the program (e.g., providing post-exposure rabies prophylaxis or wound care
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to a dog bite victim), leading to the incorporation of the program into local health
services’ budgets and planning.

4.4 Have an Interim Plan in Place for the Time When the Clinics
Are Not in the Community

For the communities that are provided with veterinary services annually or on
occasion, dog health is often improved through decreased infectious disease occur-
rence, improved body condition, reduced fecundity, and longer survival. However,
between veterinary visits, community members are left without on-site veterinary
services to respond to emergency needs or ongoing medical problems. While local
animal health advocates may be able to respond to minor needs, engaging vets in
“nearby” urban centers can improve continuity of care. These practices may be the
first point of contact that could see animals in the interim months if the owners can
afford it and also may be able to provide remote support in a telemedicine-type
framework.

Emergency situations, such as if a dog is hit by a car, can be incredibly difficult
for community members to deal with. They may consult with veterinarians at urban
veterinary clinics or humane societies, but the difficulty of getting the animal to the
clinic for care remains. The use of telemedicine and teletriage are options in these
emergency situations. As a long-term plan, engaging local youth to pursue careers in
the veterinary field, like as a registered animal health technologist, could provide a
knowledgeable individual in the community to provide first aid and consult with a
regional center vet to determine the best course of action. Community-based animal
health workers (CAHWs) trained to vaccinate, provide treatment, and perform
disease surveillance under the guidance of a veterinarian through teleconsultation
provide essential care to animals in remote and underserved areas of some countries
(AMRRIC 2019), particularly developing countries (Catley et al. 2004). This model
of care, while difficult to implement under the current professional regulatory
restrictions in some Arctic jurisdictions, deserves further exploration.

4.5 Perform Regular Program Evaluations to Assess Value
and Progress

Evaluations of long-running subsidized veterinary programs for their value to
stakeholders are rare, particularly in Indigenous communities (Baker et al. 2018b).
Evaluations provide important information about program uptake, reach, and
barriers, vaccination and sterilization rates, and acceptance of services such as
surgical sterilization. Assessments also provide information on community
perceptions of critical changes, such as overall dog welfare, the numbers of roaming
or packing dogs, and the sense of safety in the community. Information from regular
evaluations can be used to further tailor a program to community needs and reduce
barriers to care and to better reach public, animal, and community health goals.

536 T. Baker et al.



4.6 Be Flexible and Adaptable

While a careful and detailed planning for mobile clinics is important, flexibility,
creativity and adaptability are essential for success. It is not unusual for community
working locations to have unreliable power sources and limited availability or no
access to running water. Unplanned community events, such as a death of a
community member, can take priority over, and conflict with clinic dates and
times. Of utmost importance in these situations is respecting the local customs and
taking guidance from community partners on how to proceed.

5 Practical Considerations for Provision of Subsidized
Veterinary Services

Despite the remoteness of the clinics, a commitment to providing the best standard of
care for that animal and client within the socioeconomic and cultural context in
which the services are being provided is key to any subsidized veterinary clinic. The
services should be delivered professionally, with a high regard for both the quality of
care provided to the patient and the interactions with the client. Furthermore, the
highest standard of clinic equipment and protocols should be used that can be
reliably, safely, and affordably delivered in the community setting. Financial, logis-
tical, and practical considerations mean that ancillary diagnostic testing may be
limited, and the veterinary team must rely on a thorough history and physical
examination in order to develop a differential diagnosis list. Treatment plans also
must take into account and work within the client’s financial and logistical
limitations, such as the inability to do regular follow-up testing.

There are many practical considerations to successfully operating a subsidized
veterinary clinic in remote Arctic communities.

5.1 Veterinary License Regulations

Veterinarians and technicians participating in the clinics are often licensed
professionals from other regions who are volunteering their time to provide services.
Jurisdictions in the Arctic have their own regulations around professional licensing
that must be respected. It is important to contact the professional licensing body in
the state or territory of interest well in advance of the clinics to ensure appropriate
licensure.

5.2 Animal Health Care Needs

5.2.1 Diseases
Key viral diseases of concern in northern and Arctic regions include canine distem-
per virus (CDV), canine parvovirus (CPV), and rabies virus. A combination
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vaccination (e.g., DA2PP or DHPPi) provides protection against CDV, CPV, and
canine adeno- and parainfluenza viruses. Rabies virus vaccination is provided
through another vaccine. CDV and CPV cycle through wild canid species (e.g.,
Arctic fox, red fox, and wolves) and can pass to domesticated dogs through contact
with respiratory secretions (CDV) and diarrhea (CPV) (Beineke et al. 2015; Steinel
et al. 2001). Rabies virus (Arctic strain) is endemic in fox populations in some parts
of the Arctic and spillover events can occur with domesticated dogs (Filejski 2016).
This poses an increased risk to people in communities that then come into contact
with the dogs. Vaccination against all these diseases is very effective to reduce the
risk of disease in dogs and people (i.e., rabies).

Dogs and cats are host to a variety of parasites in the Arctic. For dogs, the most
common parasites include (i) the tapeworms Diphyllobothrium spp., Echinococcus
spp., and Taenia spp., (ii) roundworms and Toxocara canis spp., Toxascaris leonina,
and Uncinaria, (iii) the fluke Alaria, and (iv) protozoa Giardia duodenalis, Crypto-
sporidium spp., Sarcocystis spp., Neospora caninum, and Cystoisospora spp. (Salb
et al. 2008; Jenkins et al. 2013). Many of these parasites have complex, predator–
prey lifecycles, and dogs can acquire them through diets of country foods such as
fish (Diphyllobothrium) and wild game (Echinococcus canadensis or granulosus,
Taenia, Sarcocystis, Neospora), by ingestion of small mammals (Toxocara,
Toxascaris, Cystoisospora, Echinococcus multilocularis) or amphibians (Alaria),
or through direct transmission from mother to fetus/pup (Toxocara). Several
parasites are also acquired through environmental contamination (Giardia,
Cystoisospora, Cryptosporidium, Toxascaris, Uncinaria, Toxocara). Several other
parasites, including Eucoleus, Strongyloides, eggs of the family Physalopteridae,
lungworms (Oslerus, Crenosoma, and Filaroides), and various trematode and pro-
tozoal species have also been reported in Arctic fox, wolves, or dogs in boreal to
arctic regions and may also be expected (Kapel and Nansen 1996; Elmore et al.
2013; Mech and Luigi 2010). For cats, Taenia spp., Toxocara cati, and Toxoplasma
gondii are likely the most common parasites. Unlike in more temperate and tropical
parts, ectoparasites do not tend to be a major issue for most northern dogs or cats,
although juvenile demodicosis and fleas are occasionally observed, and lice is a
known problem in wild canids in the north (Woldstad et al. 2014).

Some parasites infecting dogs and cats in the Arctic are important zoonoses,
perhaps the most important and common of which are Echinococcus spp. Dogs
acquire Echinococcus spp. through ingestion of hydatid or multilocular cysts in the
lungs, liver, or abdomen of ungulate or rodent species, respectively. Adult parasites
develop in the canid small intestine and produce eggs that are shed in the feces.
These eggs are environmentally resistant and are immediately infective to people,
manifesting as cysts in the liver, lungs, and occasionally elsewhere in the body.
Echinococcus multilocularis is the most pathogenic of these parasites in people
(Jenkins et al. 2013). Other zoonotic parasites to which people may be exposed
through eggs/cysts excreted in dog feces and subsequently available in the environ-
ment, including water systems, include Toxocara, Cryptosporidium, and Giardia.

In cats, Toxoplasma is the most important zoonotic parasites of concern. Toxo-
plasma is an increasing concern in the Arctic, with seroprevalence in people ranging
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from 8% to 60% (Reiling and Dixon 2019) and detection, primarily through serol-
ogy, in several subsistence wildlife species (Reiling and Dixon 2019; Jenkins et al.
2013; Kutz et al. 2012). Although there is little to no current evidence of domestic
cats in the Arctic being a source of exposure for people, an increased broader
concern about the parasite in Arctic wildlife requires that veterinarians are aware
of the parasite and can appropriately communicate risks to owners. Prevention of
human exposure to zoonotic parasites of dog or cat origin is best accomplished
through good hygiene practices and reducing the burden of parasites in peri-
domestic animals.

Parasite control for dogs in the Arctic should take a multi-pronged approach that
addresses both exposure risks and pharmaceutical treatment options. Appropriate
hygiene should be encouraged, especially for dogs that are maintained outside in
enclosures or on chains where accumulation of feces can lead to substantial environ-
mental contamination. For most parasites transmitted through food sources (i.e.,
predator–prey lifecycle), freezing can destroy the infective stages from the interme-
diate (prey) hosts. Raw fish is a common food for many traditional dogs but is also a
risk for infection with Diphyllobothrium. To mitigate this risk, freezing below�4 �F
(�20 �C) for 7 days or below �31 �F (�35 �C) for 15 h is recommended (see
Chap. “Zoonotic Marine Helminths: Anisakid Nematodes and Diphyllobothriid
Cestodes”) (FDA 2020; Wharton and Aalders 2002). Freezing of Echinococcus
cysts is thought to kill the parasites (�112 �F (�80 �C) for 2 days (Krauss et al.
2005; CFSPH 2011)), but the general recommendation is to not feed organ meat
(lungs or livers are the most common location for hydatid cysts) to dogs. However,
exposure to E. multilocularis for dogs that roam also occurs through hunting wild
rodents.

Selection of anti-parasitic drugs should be done with the goal of reducing the
burden of the most common and important parasites. For general preventive treat-
ment, a single-dose, broad-spectrum anthelmintic, with efficacy against Echinococ-
cus, is the best choice, taking into account housing environment and whether there
are other dogs on the premise that should be treated as well. Appropriate protocols
for puppies and lactating bitches should be developed using established guidelines
such as those outlined in the Canadian Parasitology Expert Panel Guidelines for the
Management of Parasites in Dogs and Cats produced by the Canadian Parasitology
Expert Panel and updated regularly (Conboy et al. 2019). This is particularly
important for the zoonotic parasite Toxocara canis, where the burden in puppies in
the first few months of life can be high, continued transmission can occur from the
mother to pups through milk, and environmental contamination with resistant eggs
can build up. An individualized risk assessment should be performed for each dog,
with recommendations for follow-up deworming taking into account the dog’s
lifestyle (source of food, housing, etc.), accessibility and affordability of appropriate
parasiticides, and the owners’ means and needs.

5.2.2 Nutrition and Husbandry
The climate in the winter months in the Arctic is cold and harsh. Many dogs continue
to be kept outdoors as has been done since relationships with dogs in the region
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began. Some dogs are provided with dog houses or other forms of shelter against the
elements. An important component of thriving through the winter is access to foods
that are high in fats. Traditionally, dogs in the region were fed fish, wild game, and
table scraps. In some regions, relationships with dogs, and the type of dogs being
kept, have changed from that of a working relationship with working breeds to
relationships that are more companion based with a variety of imported breeds.
These changes along with social, economic, and cultural shifts have resulted in more
dogs being fed store-bought commercial dog foods. Feeding this type of food may
make it challenging for owners to provide sufficient calories to maintain a healthy
body condition for dogs that continue to live outside through the winter months.
Furthermore, the moisture content found in traditional diets is important when water
left in a bowl would quickly freeze. A consideration for adding moisture to commer-
cial dry dog food diets must be made. Discussions around diet and body condition of
dogs and appropriate shelters suitable to the local context and resource limitations
are important conversations between veterinary professionals and clients.

5.2.3 Euthanasia
Access to humane euthanasia becomes more complicated as traditional techniques of
shooting a dog to euthanize them if they are seriously injured, sick, or old are less
palatable if dogs are considered family members. The ability to provide a peaceful
euthanasia for a pet is an important act that a veterinarian can provide when they are
available. In some communities where organizations provide services on an annual
basis, community members will often wait until the veterinarians are in their
community to euthanize their pet. This can result in them having to wait longer
than they would otherwise be comfortable with or to make the decision sooner than
they want to, just to be able to access the service in their community.

When euthanasia with injectable barbiturates, which provides a quick and pain-
less death, is performed by a veterinarian, the ability to safely dispose of the animal’s
body is often an added difficulty in small, remote communities, particularly in the
winter months. The accumulation of barbiturates in the body after death makes the
body a risk to any animal who may scavenge on it through secondary poisoning. As
such, any animal euthanized in this way should be either completely cremated,
ideally through incineration, or buried at least 4 feet deep. These requirements are
difficult to achieve when euthanasia is performed in the winter months since most
communities do not have an incinerator but can be accomplished by educating
owners about how to build a pyre and can even become a type of funeral for the pet.

5.3 Providing Preventive Veterinary Services in Remote
Communities

Subsidized veterinary clinics typically provide wellness examinations (Fig. 6), core
vaccinations, anti-parasitic treatment, and sterilization surgery for a few days, once
or a few times per year. This makes in-person follow-up after surgical procedures
and booster doses of vaccine or regular deworming treatments difficult. To address
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these challenges, veterinary service providers and clients need to work together to
adapt medical and surgical protocols and procedures so that they are most appropri-
ate in the given context (e.g., animal age/sex/species, client’s situation, geographic
location, and availability of other supports).

During the wellness examination, the veterinarian discusses with the owner the
animal’s history, diet, and housing situation and any concerns that the owner may
have. If the animal is deemed to be healthy, core vaccinations are given and an anti-
parasitic medication is chosen based on the risk of parasites from the history and diet.
With the limited equipment available to mobile veterinary clinics, tests to confirm
the presence and type of parasites in feces are not routinely done. Fecal testing is
recommended, when possible, to clearly dictate anti-parasitic treatment. While
services are only provided to people who bring their animal to the clinic, the
recommendation from the World Health Organization (WHO) and the World Orga-
nization for Animal Health (OIE) to prevent the spread of rabies virus (canine
variant) to people is to vaccinate at least 70% of the dog population (WHO and
OIE 2016). In the Arctic, achieving this level can provide herd immunity in the dog
population to prevent spillover of rabies from wild canids to people through
domesticated dogs.

Surgical sterilization is offered as a means of population control. A female dog
can have up to 2 litters of puppies per year with as many as 12 puppies per litter.
Depending on her size, a female dog will begin cycling around 6 months of age. As a
result, many remote communities have issues with dog overpopulation. Dogs in
these communities can form packs that are dangerous to people, result in dog bites
and noise complaints. A sterilized dog is often more docile and less dominant,
wanders less, and requires fewer calories (Root Kustritz 2012).

Fig. 6 Completing a wellness examination on a puppy in the Yukon-Kuskokwin Delta, Alaska
(left), and completing a wellness examination on a dog living outside in the Sahtu Settlement Area,
NWT (right). Photo Credit: Laurie Meythaler-Mullins (left) and Tessa Baker (right)
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The type of sterilization procedure performed (ovariohysterectomy versus ovari-
ectomy, flank versus midline approach), pre-operative preparation, and post-surgical
care requirements will depend on community setting, time of year, dog lifestyle
(indoor or outdoor), and the client’s ability to provide post-operative care.
Pre-operatively, clients should be clearly informed about the minimal post-operative
requirements for the dog to ensure that a plan can be developed to ensure animal
welfare. Preparation for surgery should take into account how much hair to clip to
balance both the maintenance of aseptic technique and the protection of exposed skin
from frostbite or flies, depending on the time of year. Minimizing the length of the
abdominal incision and the length of the procedure through experienced surgical
technique or selecting a different procedure (e.g., choosing to do an ovariectomy in a
young healthy prepubertal dog) is particularly important if animals have a higher risk
or minimal post-operative care. Post-operatively, there should be clear communica-
tion with the client about the care the dog needs for at least the first few days and to
develop a plan that works for their living situation and the dog’s lifestyle.

An alternative to surgical sterilization is the hormonal implant, deslorelin, which
can stop a female dog from cycling for approximately 1 year. This procedure
eliminates the invasiveness, equipment, and personnel intensiveness of surgery.
While a promising technique, it is off-label use (the implant was originally devel-
oped to suppress fertility in male dogs), and there is variation in how female dogs
react. For example, depending on where a dog is in its cycle, the implant may induce
an estrus cycle prior to being effective (Lucas 2014; Marino et al. 2014). For
communities where the turnover of dogs is high due to a high mortality rate
(predation, vehicle accidents, or community culling events) or the cost or logistics
of a full surgical team are prohibitive, the hormonal implant is an option that could
help curb reproduction and build community support until surgical sterilization
becomes feasible and acceptable.

The intermittent or annual nature of service provision requires adapting standard
vaccination and deworming protocols that are quite intensive until about 16 weeks of
age (Ford et al. 2017). Vaccination protocols require a full series of shots as puppies,
again at 1 year old, and then most vaccines are labelled for every 3 years (Ford et al.
2017). Because of the variable survival of dogs, difficulty tracking individuals that
change ownership, the infrequent or unpredictable frequency of clinics, and the high
risk of spillover of rabies and other diseases from wild canids, annual vaccination
against CDV, CPV, and rabies virus (the key viral diseases of concern in the region)
(e.g., DA2PP) may be considered. Training of the owner or other willing community
members on how to properly store, prepare, and inject the vaccine subcutaneously is
an option for vaccinating against these viruses to ensure that puppies are given
boosters at the appropriate intervals. This approach may not be broadly applicable
for rabies due to laws that limit delivery of rabies vaccinations by veterinarians only.
However, due to the remoteness of Arctic communities and the inaccessibility of
veterinary care, both Canada and the USA have an exemption to allow for a trained
rabies lay vaccinator to administer rabies vaccines (provided by the territorial or state
government) in their community in the absence of a veterinarian (Middaugh and
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Ritter 1982; GNWT 1996). Unfortunately, a consistent rabies lay vaccinator is not
always available in each community.

5.4 Remote Veterinary Clinic Planning

Detailed planning for preventive veterinary clinics in remote Arctic communities is
essential as veterinary supplies are not available locally and shipment of supplies
from major centers may take several weeks. Travel to communities is often by plane,
boat, or snow machine (Fig. 7), as is the case in the Yukon-Kuskokwim Delta,
Alaska, or on winter roads (Fig. 8), as is the case in the Sahtu Settlement Area, NWT.
This requires that equipment is carefully chosen and packed to withstand freezing
temperatures and rough transport conditions, and that weight and size are minimized.

Flexibility with veterinary procedures is also important. Unreliable power sources
and no access to running water are situations that may be encountered, requiring
pre-planning for alternate methods to anesthetize and safely perform surgical
procedures. The Hub Outreach Project in Alaska uses an injectable anesthetic
protocol and brings pre-autoclaved surgery packs for surgery in the communities
they serve. This eliminates the need to travel with an anesthetic machine and an
autoclave. A portable oxygen concentrator has been used by the Sahtu program to
provide inhalational anesthesia. In this case, a small oxygen tank is carried as a

Fig. 7 Arriving by small plane and continuing travel via snow machine to Nunapitchuk, Alaska.
Photo Credit: Laurie Meythaler-Mullins
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backup in case of a power outage, and the team is prepared to use injectable
anesthesia only if required. Small oxygen tanks are important regardless of anes-
thetic protocol, for ensuring patient safety and standards of care. Contributions by
communities, such as tables, blankets for patient recovery, paper towels, and garbage
bags, can cut down on packing. A typical clinic packing list is outlined in Table 1
and can be modified based on clinic location and needs.

Prior to arrival, every community must secure a location for the veterinary clinic.
These may include the local community center, curling arena/sports complex,
government lab, or school. In addition to each community, providing tables at the
veterinary clinic location, wooden blocks, or other materials should be available to
raise the tables to a proper surgical height, to save the surgeons’ backs during long
working days.

Upon arrival at the community mobile clinic location, the veterinary team
evaluates the space and sets up designated areas as best as possible. These include
Animal Intake, Examination/Appointment area, Anesthesia & Surgery Prep, Sur-
gery, and Recovery/Discharge. Intake, anesthesia, surgery, and post-operative
protocols, any required paperwork (examination forms, discharge instructions,
etc.), and consistent client communication protocols should be prepared in advance.
In general, patients present for wellness examinations, vaccinations, anti-parasitic
treatments and sterilization surgeries, although other needs can be addressed. Physi-
cal examinations, vaccinations, and anti-parasitic treatments are completed in
appointment area, and those that will be undergoing surgery are then moved to the
anesthesia area where the pre-anesthetic assessment is completed. Sturdy but fold-
able kennels (necessary for traveling) are a great asset to hold the animals pre- and
post-surgery, as kennels are often scarce in most communities. When surgical
patients are able to walk on their own, they are discharged. Upon discharge, owners
are given oral and written and pictorial discharge instructions that clearly outline
what care an animal requires after surgery and what to watch for that might be of

Fig. 8 Convoy of three trucks used to transport veterinary clinic equipment and personnel between
the communities in the Sahtu Settlement Area, NWT. Photo Credit: Susan Kutz (left) and NCHR
2020 veterinary student participant (right)
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Table 1 A typical remote veterinary clinic packing list

Animal intake and
appointments

Anesthesia
and surgery
prep Surgery

Emergency
box Other

Intake and consent
forms

Injectable
anesthetics
and spare O2

tank

Surgical caps
and masks

Endotracheal
tubes

First aid kit

Stethoscopes Or: Anesthetic
machine and
gas

Disposable
surgery
gowns

IV fluids and
lines

Euthanasia
solution

Clipboards and pens Oxygen
concentrator

Sterile
gloves

Catheters Surgical
instrument
cleaning
solution

Scale Spare O2 tank Disposable
surgery
drapes

Emergency
drugs

Dental kit

Tape Premedicant
drugs

Battery-
operated
head lamps
with batteries

Handheld
manual
resuscitator

Bandaging
materials

Non-sterile gloves Medicine
dosage charts

Autoclaved
surgical
packs

Surface cleaning
solutions

Non-sterile gauze Battery-
operated
SpO2 monitor
with extra
batteries

V-tray for
patient
placement

Otoscope

Sharps container Doppler Surgical
blades and
suture
material

Ophthalmoscope

Syringes and needles Ophthalmic
lubricating
solution

Formulary Blood collection
tubes

Lint rollers Surgical prep
scrubs and
alcohol

Tissue
adhesive

Cleaning
supplies

Nail trimmers Hydrogen
peroxide

Tattoo gun
and ink

Duct tape

Vaccinations (DA2PP,
rabies)

Or:
Microchip
installer,
microchips,
and reader

Tool box

Anti-parasitic
treatments

Hand
sanitizer � Portable

autoclave

(continued)
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concern. Language and literacy can be a barrier, so attention should be paid to
ensuring that discharge instructions are understood. Translation of the discharge
instructions into the local language may be appropriate in many cases.

6 Conclusions

While improved access to veterinary care will not solve all health disparities in
remote northern communities, it may help improve well-being for people and
animals in many ways. When provided respectfully, consistently, and over the
long term, veterinary services can be well accepted by communities and result in a
broad vaccination and anti-parasitic coverage and a more stable local dog population
through increased sterilization. These changes can reduce the risk of rabies in dogs
as spillover events from wildlife and, therefore, human exposure from dogs, reduce
zoonotic parasite risk and environmental contamination from local dogs, and lead to
fewer negative dog encounters as the dog population stabilizes. A more stable dog
population with fewer roaming dogs can also improve the sense of safety in the
community, making residents feel more comfortable getting outside for activities.
Furthermore, a more stable dog population can change how the community deals
with loose and roaming dogs (i.e., fewer culls), which can have positive implications
for mental health.

These positive changes, however, can only occur with continued commitment to
provide services over the long term. In addition, provision of veterinary services in
remote communities can be resource intensive. Therefore, evaluations of programs
to understand if they are meeting the stated program and stakeholder goals are
necessary to sustain funding support, the commitment of personnel, and community
buy-in. Engaging community members on multiple levels ensures program

Table 1 (continued)

Animal intake and
appointments

Anesthesia
and surgery
prep Surgery

Emergency
box Other

Battery-operated
clippers, extra batteries

Or: Surgical
hand scrub

� Portable kennels for

surgical recovery

Pain
medications

Animal handling
equipment (e.g.,
leashes, collars, and
muzzles and cat
gloves)

Medications (e.g., ear
and eye medications,
antibiotics, anti-
inflammatories)
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sustainability as residents participate in the planning and implementation of clinics,
fundraising, and as program liaisons.

Lack of access to veterinary services is common in remote communities across
the Circumpolar North, and the benefits of provision of these services on dog health
and welfare and community health and well-being are clear. While a one-size-fits-all
approach will likely not be successful when implementing programs in communities
requesting services, important considerations include first assessing community
needs and priorities, approaching program delivery with a no-pressure approach to
build trust and understanding of the services being offered, and regular evaluations
that involve the community to ensure that goals and expectations are being met. In
this way, a sustainable community-specific dog management plan is developed with
community buy-in and support.
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Semi-Domesticated Reindeer, Health,
and Animal Welfare

Morten Tryland

1 Introduction

Reindeer and caribou (Rangifer tarandus), often called just Rangifer, are distributed
throughout the northern Holarctic, a zoogeographical region comprised of the two
continents that once were connected by the Bering land bridge and have closely
related faunas. The Rangifer species belongs to the Cervidae (deer) family of
ruminants.

The evolutionary history of Rangifer has been highly influenced by glacial and
interglacial conditions (Lorenzen et al. 2011; Yannic et al. 2014). At the time of the
last glacial maximum (25000–19,000 years before present), Rangifer existed south
of the ice cover in North America, in Eurasia, and in Beringia, encompassing most of
Siberia and the Bering land bridge including parts of Yukon and Alaska (Yannic
et al. 2014; Røed et al. 2014). Due to genetic diversity, this species has been able to
adapt to local environments and to evolve, thus forming the different Rangifer
ecotypes and subspecies present today.

The use of two vernacular names, Caribou for wild animals in North America and
Reindeer for wild and semi-domesticated animals in Eurasia, has contributed to
confusion regarding the number of subspecies. However, it is clear that some major
ecotypes exist and that these are adapted to their environmental conditions, namely,
the Arctic or High Arctic type (e.g., R. t. platyrhynchus and R. t. pearyi), the
mountain type (e.g., R. t. caribou), the migratory barren ground or tundra type
(e.g., R. t. granti, R. t. tarandus), and the boreal forest or woodland type (e.g., R. t.
fennicus) (Røed et al. 2019).
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For tens of thousands of years, Rangifer has been an important resource for
people in the northern regions of the world, and this animal has had a major impact
on human migrations and settlements, both in Eurasia and Northern America. The
majority of Rangifer in North America are wild and, in total, are approximately
2–3,000,000 animals (Røed et al. 2019). However, these populations have been
declining the past decades (Vors and Boyce 2009; Solveig and Boyce 2009). Most of
the 3–4,000,000 wild and semi-domesticated reindeer in Eurasia belong to the
Eurasian tundra reindeer subspecies, Rangifer tarandus tarandus (Røed et al.
2019), which is also the basis for the semi-domesticated reindeer and the Sámi
reindeer herding in Fennoscandia, that is, Norway, Sweden, and Finland, as well as
the Kola Peninsula and Karelia in Russia. Genetic characterization of the different
subspecies has suggested that this subspecies originated from a glacial refugium in
southern Europe and not from the Beringia refugium (Røed et al. 2019). When the
ice retreated approximately 10–12,000 years ago, reindeer increased in their northern
distribution. To illustrate, there is evidence of the existence of reindeer in Denmark
dated approximately 14,700 years ago (Aaris-Sørensen et al. 2007), whereas in
Norway, the oldest remnants of reindeer are estimated to be approximately
14,000 years old (Lie 1986).

2 Semi-Domesticated Reindeer and Reindeer Herding

Archeological evidence, as found in Combe Grenal and Vergisson caves in France,
have suggested that reindeer was hunted at least 45,000 years ago. Reindeer have
constituted the main game species from many peoples in different geographical
regions, as indicated by remains of bones, tools, hunting pits, and fences for wild
reindeer hunting (Nieminen 2019). The close tie between reindeer and man has also
been reflected in the traditions, culture, and religion of many peoples. Although
exactly when domestication of reindeer occurred is disputed, several theories exist.
Domesticated animals were used as decoys when hunting wild reindeer and later as
draught and milking animals. Later, people held larger numbers of reindeer as semi-
domesticated herds. The domestication of reindeer has taken place already some
thousand years ago, probably originating at different times and in different geo-
graphical regions (Nieminen 2019; Istomin and Dwyer 2010; Bjørklund 2013).

Reindeer represent not only food but also fur and warm clothes and other valuable
materials, and its importance is thereby reflected among many peoples and their
cultures. Although reindeer herding originated in Eurasia, it is today practiced in
10 countries and by about 30 different ethnic and arctic peoples, engaging about
100,000 people in different kinds of reindeer husbandry (Nieminen 2019). Reindeer
herding has its core distribution in northern parts of Russia (from west to east) as
well as in Fennoscandia. In addition, there are smaller reindeer herding units in
Alaska (USA), China, Mongolia, and Greenland. Russia is hosting about 1.6 million
semi-domesticated reindeer, which is approximately 70% of the semi-domesticated
reindeer in the world.
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It has been assumed that a nuclear family was able to herd and manage a herd size
up to 30–40 animals, and up to the nineteenth century, herd size in the Sámi reindeer
herding was usually below 100 animals (Bjørklund 2013). Reindeer herding was
conducted in combination with fishing, hunting, and trading (Hansen 2008) and was
organized in Sámi herding siida consisting of several households sharing the work
with the herd (Bjørklund 2013). The tundra type of reindeer herding, characterized
by long seasonal migrations of reindeer, became the dominant type of herding in
Norway and Sweden and the northern part of Finland. However, a coastal type (local
seasonal migrations; Norway) and a taiga type (small scale in forested areas; Finland
and Sweden) also exist (Riseth et al. 2019). Reindeer herding was originally
performed on a small scale only producing meat and milk for subsistence. However,
during the first half of the twentieth century, a transition to a more extensive reindeer
herding occurred and included larger herds and herders establishing permanent
settlements in houses. During the second half of the twentieth century, increased
motorization, such as the use of snowmobiles and all-terrain vehicles for herding,
helicopter for gathering animals, and trucks and barges for transport, took place. The
reindeer herding switched from production for subsistence to production for profit.

Reindeer herding in Fennoscandia today is based on the semi-domesticated
reindeer. Every semi-domesticated reindeer is owned and is identified (tagged) by
the owner. Although these animals are not entirely wild, the degree of domestication
varies, and they are seldom referred to as tame (Skarin and Åhman 2014). In
2019–2020 (after slaughter, before calving) about 214,000 semi-domesticated rein-
deer existed in Norway, 240,000 in Sweden and about 195,000 in Finland (Anony-
mous 2020) (Fig. 1).

3 Historical Reindeer Epizootics

Early historical sources from the eighteenth and nineteenth century from Norway
and Sweden have documented that infectious diseases could be devastating to both
reindeer herds and the small vulnerable communities that were dependent on them
for subsistence. Knowledge of infectious diseases, what caused them and how they
spread, was scarce, as were the ideas of prophylaxis and treatment. From some of the
sources and seen in the light of the knowledge and methods we have today for
characterizing diseases and infectious agents, it is not always evident which infec-
tious disease they were reporting.

One example is the “reindeer pest.” This disease was reported from Jokkmokk,
Sweden, in 1896. It was highly contagious, had a high mortality, and caused acute or
peracute disease. Reindeer were observed with an unstable walk and lagged behind
the herd. Animals were found dead with foul-smelling mucopurulent discharge from
the mouth and nose and having dark, thick blood with gas bubbles. Further,
subcutaneous gas bubbles and enlarged liver and spleen were observed (Nordkvist
1960). Several of the old epizootics are called “reindeer pest,” and a clostridial
bacterium (Clostridium septicum) has been suggested as the causative agent. How-
ever, the documentation is rather scarce, and it is likely that different diseases and
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infectious agents were classified as pests among reindeer in these old reports
(Josefsen et al. 2019).

On the other hand, different clinical appearances caused by the same infectious
agent could sometimes be described as different diseases and epizootics. The
bacterium Fusobacterium necrophorum is one example. This bacterium is found
in the alimentary tract of many ruminant species, including reindeer (Aagnes et al.
1995). Through abrasions in the skin, it may cause severe infections and swellings,
usually on the distal parts of the feet of reindeer. This disease is called slubbo in the
Sámi language, meaning “club,” and could be highly transmissible. Slubbo is not
currently reported in the semi-domesticated reindeer herds but was recently reported
as outbreaks among wild reindeer (Handeland et al. 2010).

Anders Eira, as referred to in Qvigstad’s report on reindeer diseases (Qvigstad
1941), explained:

If a reindeer has slubbo and is licking the lesions, it will get ruodno and dies (Translated from
Swedish, from Qvigstad 1941)

While slubbo today is called digital necrobacillosis, or sometimes “foot rot,” the
terms “ruodno” and “ruodnovihki” are called alimentary necrobacillosis. The latter is
caused by the same pathogen but instead causes lesions in the mouth and digestive

Fig. 1 A. Semi-domesticated reindeer are gathered in roundups only a few times a year. In
the working fence, herders can inspect animals closely and conduct antiparasitic treatment.
(Photo: Morten Tryland)
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tract. Thus, when necrobacillosis was identified in the mouth, the disease could also
be called “njalbmevihki,” meaning disease in the mouth. However, it seems like the
digital form, often associated with keeping reindeer in corrals for milking,
represented the form of the disease that caused the largest and most severe disease
outbreaks.

Anthrax, caused by the bacterium Bacillus anthracis, was described by Nils
Gissler in 1759:

Ten years ago, a disease appeared among the reindeer in Jukkasjärvi, that was called redock-
tauta or redock-maine by the Sámi people. The disease spread to all the herds in Torne
Lappmark in Northern Sweden. The disease could kill two-thirds of the herds. It caused
poverty and within four years, more than 100 persons had left the village, most of them
migrating to Norway to live from the fisheries (Extracted sentences translated from Swedish,
from Qvigstad 1941).

This description also indicates how important reindeer herding was for these
northern Sámi communities. The disease described is similar to what is observed
during anthrax outbreaks today (see chapter “Anthrax in the North”).

Infectious keratoconjunctivitis (IKC), called Čalbmivihki in the Sámi language
and meaning eye disease, is a transmissible eye infection that can cause uni- or
bilateral blindness. It has been shown that the reindeer alphaherpesvirus (Cervid
herpesvirus 2, CvHV2) can cause the disease (Tryland et al. 2009, 2017) by
producing mucosal lesions in the eyes, which may rapidly be colonized by patho-
genic or opportunistic bacteria. Bacteriological cultivation has revealed a variety of
bacteria but no firm conclusion with regard to being causative agents of this disease
(Sánchez Romano et al. 2018).

Professor Arvid M. Bergman (1872–1923) reported some serious outbreaks
among reindeer herds in Sweden during the fall in 1909 and in the spring and fall
1910. Clinical signs started with increased lacrimation and then mucopurulent
secretions in the medial eye angle, followed by corneal edema and a whitish
appearance of the cornea—the disease is also called “kvitøye,” which means white
eye (Norwegian). The disease can heal itself from this stage or progress to
panophthalmitis, a stage involving the several structures of the inner eye and the
orbit, leading to permanent blindness. Bacteriological cultivation revealed a variety
of bacteria and no firm conclusion with regard to the causative agent was drawn.
Bergman reported from two herds in Arjeplog, Sweden:

In one of the herds, about 90% of the calves were affected, 20% of them in both eyes, and
about 40% of all the calves were lost. Only 10% of all the calves of the year remained
healthy. In the other herd, 58 calves were affected. The disease spread to other herds, and the
herders tried to manage the outbreak by slaughtering the sick animals and dispersing the herd
on the mountain pasture. The disease appeared in calves only and was spread from calf to
calf, but in 1910 also in older reindeer. (Extracted sentences translated from Swedish;
Bergman 1912.)
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4 Health and Diseases Today

In contrast to the historical reindeer epizootics discussed above, which could affect
hundreds and sometimes thousands of animals and spread to many herds, disease
outbreaks among reindeer today seldom affect so many animals. One exception,
however, is anthrax. In 2016 on the Yamal Peninsula in Russia, anthrax caused the
death of about 2000 reindeer and led to the culling of about 200,000 animals
(Hueffer et al. 2020) (see chapter “Anthrax in the North” for further details).

4.1 The Loss of Reindeer

During the reindeer herding year 2019–2020, the annual loss of reindeer in Norway
was reported to be 38% for calves and 10% for adult animals (Tveraa and Kulseng
2020). Starvation, predation by large carnivores, extreme weather events, and
accidents are identified as the main causes of reindeer loss (Nybakk et al. 2002;
Tveraa et al. 2014).

Of the annual reported losses, reindeer herders report the majority of loss (96% in
calves and 86% in adults) from predation (Anonymous 2020). Semi-domesticated
reindeer are found on about 40% of the land areas of Norway, Sweden, and Finland,
and predator type and density vary largely between regions. In Norway and Sweden,
the wolverine (Gulo gulo) and the Eurasian lynx (Lynx lynx) are regarded as the most
important predators of reindeer, and conversely, reindeer represent the most impor-
tant prey for these predators in many areas. In contrast, the numbers of brown bears
(Ursus arctos) and wolfs (Canis lupus) are scarce; brown bears are present in some
reindeer herding districts and may be predating on reindeer calves, whereas the wolfs
for the most part are distributed in regions with little or no reindeer herding.
However, eagles, in particular the white-tailed eagle (Haliaeetus albicilla) but also
the golden eagle (Aquila chrysaetos) and the red fox (Vulpes vulpes), are quite
numerous and widely distributed and may prey on reindeer, in particular calves
during their first weeks of life (Nieminen et al. 2011; Skonhoft et al. 2017).

Except for the red fox, these predator species and populations are for the most part
protected in Fennoscandia, a condition which has contributed to higher predator
populations and thus more interactions with the reindeer herding (Hobbs et al. 2012).
To be compensated for reindeer loss due to predators (protected under law), herders
must collect proof that a dead reindeer has in fact been killed by a predator. Because
predators often hide the remnants of their prey and because these remnants also
quickly attract scavengers, such documentation is often difficult.

Although recent research on the Norwegian herds of semi-domesticated reindeer
confirms that many reindeer are taken by predators, it also emphasizes the impor-
tance of the weight of the animals. Light-weighted females may die, abort their
calves, or lose their calves during the first weeks or months of life, whereas heavier
females are more likely to survive and produce a fit calf that can survive the winter
(Tveraa et al. 2014). However, these mechanisms are complicated and may vary
geographically and over the years, and the role of predators and pasture resources on
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the loss of reindeer are disputed (Tveraa et al. 2014; Skonhoft et al. 2017; Eilertsen
and Riseth 2021).

From the annual statistics for Norway (Anonymous 2020), only 2% of the calves
and 5% of adult reindeer were lost due to unknown causes. Many different factors
and complex interactions may be hidden in these figures. Although the epizootics
described in historical sources do not take place anymore, health and diseases,
beyond what can be explained by predators and starvation, are definitely involved.
However, in the same way as for confirming the loss of animals due to predators, it is
challenging to document losses due to health and diseases in reindeer. Veterinarians
and management bodies are used to become involved and take action when large
disease outbreaks appear, particularly those that can cause severe loss and spread to
other herds or to livestock and humans. These diseases are therefore also diagnosed
and appear in the statistics. However, there is little focus on conditions and infections
that have less obvious impacts, such as those causing reduced fitness or poor
reproductivity. If these subtle conditions affect a large number of animals, they
may actually have much more impact on the population and the herding industry
over time than the regular and identified disease outbreaks.

4.2 Loss of Pastureland, Climate Change, and Reindeer Feeding

One of the most critical challenges for reindeer herding today is fragmentation and
loss of pastureland, which with few exceptions is a non-reversible process (see
chapter “Loss of Untouched Land”). Modern forest management eliminates lichen
resources that are an essential feed for reindeer and has thus impacted reindeer
herding, especially in Sweden and Finland (Kivinen et al. 2010, 2012; Horstkotte
et al. 2020). Furthermore, the establishment of roads, cabins, windmills, and mining
is increasing, which impacts reindeer habitat use and migration (Skarin et al. 2015;
Vors and Boyce 2009; Riseth and Johansen 2019). Another major challenge, today
and in future generations, is the climatic changes, which are expected to impact the
Arctic and northern regions to a larger extent than other regions of the world (see
chapter “Climate Change in Northern Regions”). Higher winter temperatures and
more frequent temperature fluctuations combined with increased precipitation as rain
during winter will create ice-covered winter pastures for reindeer (Moen 2008;
Forbes et al. 2016; Box et al. 2019). These changes in climate during winter may
also cause lakes and rivers not to freeze over and thus affect reindeer migration
routes in spring and autumn. The forecasted future changes from climate change
have contributed to stress and anxiety among reindeer herders, some fearing that
they represent the last generation practicing reindeer herding (Furberg et al. 2011).

Starvation may be an important cause of loss of reindeer in certain regions,
especially in snow-rich winters and in winters with unfavorable weather conditions
and ice-locked pastures. Feeding of reindeer was traditionally conducted when animals
were held for draught and milking or if the herd was corralled over a number of days.
However, during the last decades, knowledge on how to successfully feed reindeer has
increased, along with the availability of suitable reindeer feed (Åhman et al. 2019).
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Dry hay is rarely used as reindeer feed today, but silage bales and pelleted feed, the
latter adapted to the digestive system of reindeer and their needs, are common, as well
as different species of lichens, when available. In 2020, approximately 3600 tons of
reindeer pelleted feed were sold in Norway (Felleskjøpet, Norway) increasing from
less than 1000 tons before 2016 (Fig. 2).

This indicates that feeding has become an important measure to avoid starving
during challenging winter conditions. Feeding during late winter and early spring
may be especially relevant for pregnant females at a time when energy reserves are
diminishing (Turunen and Vuojala-Magga 2014; Horstkotte et al. 2020). Feeding is
also practiced in some herds that are corralled during calving, to prevent or restrict
heavy predator losses of newborn calves. Feeding may also be used to keep the
reindeer herd more gathered and controlled over a period of time.

Fig. 2 Supplementary feeding has become more common. Pelleted feed designed for reindeer can
be dispersed directly on the snow. (Photo: Morten Tryland)

558 M. Tryland



Feeding reindeer has undoubtedly saved many animals from starvation and
emaciation. With the right knowledge and experience, suitable feed, and a good
feeding regime, reindeer may be fed full rations over longer periods of time. This
strategy is increasingly being used as a supplement to natural pasture resources
(Horstkotte et al. 2020). In addition, economic compensation for feeding is offered to
herders when reindeer pastures are exploited for other purposes, such as
constructions of windmill parks, roads, and other infrastructure.

However, feeding may also have other consequences. Feeding animals over time
may increase their tameness. While this makes them easier to handle, they may also
start to approach snowmobiles and other motorized vehicles as well as humans as
they associate all these things with food. This can make them less alert and could
increase conflicts with people, dogs, and settlements and increase the number of
animals hit by car or train. Long-term feeding may also change their foraging
behavior. In Finland, a high degree of permanent feeding has been adopted (Turunen
and Vuojala-Magga 2014). An animal that early in life has learned that food is
always easily available may keep waiting for the feed to appear instead of searching
and digging in the snow for natural forage. In addition, the survival strategies of
large ungulates involve a following behavior (Fisher et al. 2002), whereby the
offspring follow the mother, often during the whole first year of life, and during
this time, they learn foraging techniques and migration patterns. Post-weaning care
is important for reindeer calf survival during their first winter when food sources are
patchy and covered with snow (Holand et al. 2012). In contrast to reindeer bulls,
female reindeer keep their antlers throughout winter and defend feeding craters for
themselves and their calves. In a natural foraging system, the calf will learn from its
mother how to find and defend forage. Long-term feeding may thus have severe
effects on the calves’ future foraging performance, and feeding may also change or
even eliminate the reindeer’ spatial foraging and migration patterns.

Herders across Fennoscandia also fear that an increased use of supplementary
feeding will erode traditional and experience-based knowledge, regarding for
instance how to use and protect winter pastures in the best way (Horstkotte et al.
2020). Herders have across generations gained knowledge about the interactions and
dynamics between the landscape, animals, and people. With less time spent in the
landscape and more time devoted to feeding the herd, there may be less time to focus
on herding culture and knowledge, reducing the coming generation’s ability to use
these pastoral landscapes.

4.3 Digestive Disorders Associated with Feeding

The Rangifer subspecies has adapted to many different types of forage throughout
their distribution including grasses, graminoids, lichens, mosses, willows, and
shrubs (Åhman and White 2019). However, when fed with supplemental feed, the
forage may be very different from natural forage, and the availability and intake may
be restricted to only a few short periods during the day, which may impact the rumen
microbiota and the digestion. The animal needs time to adapt to a new diet and
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“forage strategy” to handle the transition. Therefore, when trying to save starved
reindeer by feeding, it is necessary to start feeding before the body condition is too
poor to allow time for the animal and the rumen microbiota to adapt to and utilize the
nutrients in the feed.

Sometimes, poor quality feed or quick changes may cause health problems
associated with dysfunction of the digestive system. For instance, diarrhea is one
condition in reindeer that is almost exclusively associated with feeding, mostly
through the use of reindeer pelleted feed, but also to some extent when feeding
with ensilage (Åhman et al. 2019).

Ruminal acidosis, which may also cause diarrhea, is a result of high intake, and
sometimes too rapid increase, of easily digestible carbohydrates so that the rumen
microbiota is not able to adapt fast enough. This condition favors the growth of
lactobacilli (Lactobacillus spp.). A rumen microbiota dominated by these bacteria
causes rumen digestion to stop because the content has become too acidic, dropping
from a normal pH of 6–7 to a pH of 4–5. Acid is absorbed from the rumen and may
exceed the buffering capacity of the blood, leading to acidosis with a poor prognosis
(Åhman et al. 2019).

When animals are fed with fiber-rich hay or silage, this food material can
accumulate in the rumen and stop or slow the digestion process. Still, the appetite
of the reindeer remains, and the animal continues to fill the rumen with fodder.
Digestion is, however, poor and will not be able to provide the animal with energy
and nutrients. The animal enters a negative energy balance and may face emaciation
if the feed is not changed. This condition illustrates that reindeer are sensitive to
rough forage with a high fiber content (Åhman et al. 2019).

A condition called “wet belly” has also been observed associated with feeding.
The reindeer fur, typically in the axilla and lower parts of thorax and abdomen and
on the legs, becomes wet. The reason for wet belly is unknown, and it has not been
associated with any specific types of feed (Åhman et al. 2019).

4.4 Some Infectious Diseases in Semi-Domesticated Reindeer

Feeding reindeer full rations during longer periods of time creates increased animal-
to-animal contact and challenging hygienic conditions, which may facilitate patho-
gen transmission and disease outbreaks (Tryland et al. 2001, 2019a; Sànchez
Romano et al. 2019).

Contagious ecthyma (CE) is a disease caused by orf virus (ORFV), which is a
zoonotic parapoxvirus within the family Poxviridae. The virus has a worldwide
distribution, affecting primarily sheep and goats, but also many wild ruminant
species and people. In reindeer, ORFV causes the disease contagious ecthyma
(CE). In Norway, CE was first documented in Hattfjelldal in 1999, among reindeer
corralled in a fence previously used for sheep, and several animals died (Tryland
et al. 2001). Whereas there have been a few outbreaks in Sweden (Tryland et al.
2019b), severe outbreaks have been reported in Finnish reindeer herds since the
winter of 1992–1993, when about 2800 animals were affected and 400 died (Büttner
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et al. 1995). In Finland, pseudocowpox virus, a close relative to ORFV, has also
caused contagious ecthyma in reindeer (Tikkanen et al. 2004). While ORFV may
only produce a single or only a few proliferative nodules that may not significantly
affect the animal, these nodules may also develop on the gingiva and the palate,
making it difficult to feed and causing the animal to die from starvation. ORFV
lesions in the mucosa may also become the port of entry for other pathogens, such as
Fusobacterium necrophorum.

The bacterium Fusobacterium necrophorum is a part of the normal reindeer
rumen microbiota (Aagnes et al. 1995). The bacterium is thus normally present in
the environment but needs a lesion or abrasion of the skin or mucosal membrane to
be able to start an infection (Josefsen et al. 2019). As mentioned above, the digital
form (“slubbo”) was associated with reindeer in corrals but disappeared when the
practice of milking reindeer stopped around the 1950s. In contrast, disease outbreaks
with the alimentary form (“njalbmevihki”) seem to be increasing, as reported from
Sweden among animals that have been corralled for supplementary feeding (Tryland
et al. 2019b). As with parapoxvirus infections and contagious ecthyma, severe
outbreaks of alimentary necrobacillosis may be associated with secondary infections
and death or euthanasia. Oral necrobacillosis is regarded as one of the most common
diseases in corralled reindeer in Finland (Laaksonen 2019).

Outbreaks of the transmissible eye infections (IKC) discussed above still appear
in Fennoscandia today and appear in a similar way as described from the 1909
outbreak in Sweden (Sánchez Romano et al. 2018, 2019). The virus CvHV2 is
enzootic in the Fennoscandian reindeer herds. As with other herpesviruses, CvHV2
may establish latency, a dormant stage of the virus. During latency, the virus does
not produce any clinical signs but can be reactivated upon stress (i.e., immunosup-
pression) and other stimuli. When active, the virus causes clinical lesions very
similar to the herpes simplex virus, which causes recurrent cold sores in humans.
When the reindeer herpes virus is spread to immunologically naïve calves, it
replicates in the cell lining of cornea and conjunctiva in the eyes and can be followed
by secondary bacterial infections of many kinds (e.g., Moraxella bovoculi, Chla-
mydia pecorum) (Sànchez Romano et al. 2019). In fact, IKC outbreaks are most
often seen in young animals (calves) that have been gathered, transported, and
placed in a new environment. As these calves are assumed to be exposed to the
virus for the first time, it can take 8–10 days to mount an antibody response (Das
Neves et al. 2009). In the meantime, the disease is developing in one or both eyes and
sometimes progressing to involve several inner structures of the eye (e.g.,
panophthalmitis) and permanent blindness. Infectious keratoconjunctivitis is a pain-
ful disease that represents an animal welfare issue and an economical loss for the
herder. Treatment consists of cleaning the eye and the surrounding area with sterile
saline and the use of an antibiotic eye ointment against bacterial infections.

The bacterium Pasteurella multocida is an opportunistic pathogen, present in the
upper respiratory tract (e.g., tonsils) of many animal species. It sometimes causes
pasteurellosis, a disease which is characterized by septicemia and severe pneumonia.
Outbreaks of pasteurellosis causing the death of more than 1000 reindeer have been
reported (Josefsen et al. 2019), outbreaks being associated with stress factors such as
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insect harassment, heat, and drought (Nordkvist and Karlsson 1962; Dwyer and
Istomin 2006). The disease has also been associated with the presence of lungworms
(Dictyocaulus sp.) and the throat bot fly (Cephenemyia trompe). Pasteurellosis is
most severe in calves and animals in poor condition (Josefsen et al. 2019).

4.5 Parasites in Semi-Domesticated Reindeer

More than 45 species of helminth, protozoal, and arthropod parasites have been
reported in wild and semi-domesticated reindeer (Kutz et al. 2019). Parasites may
impact reproduction, survival, behavior, and overall population dynamics of a host
population. In a natural population, parasites tend to be unevenly distributed with
few animals hosting the majority of the parasites. Most of the animals will experi-
ence few to no effects; however, individuals with a high parasite burden likely
experience reduced fitness and even elimination from the population, particularly
when parasite effects are combined with other factors such as predation, stress, and
starvation. In semi-domesticated reindeer herds, animals may be sheltered from
many of these challenges, particularly as seasonal roundups and physical handling
of the animals enables antiparasitic treatment. Consistent parasite treatment over
time may contribute to parasites becoming more evenly distributed in the population
as compared to a wild population (Kutz et al. 2019), which will reduce the loss of
heavily infected individuals but may instead create a herd with constant, subtle
effects from parasitism.

4.5.1 Ectoparasites
Ectoparasites are parasites that live on or in the skin of their host. The most
eye-catching reindeer parasite in the Sámi reindeer herding is the larval stage of
the warble fly or reindeer bot fly, Hypoderma tarandi (Diptera, Oestridae), as it
grows big under the skin and prepares to leave the host in the spring (Fig. 3).

At that time, the larvae are about 2.5–3 cm long, weigh approximately 1.5 grams
each, and may count from a few to many hundreds, thus representing a considerable

Fig. 3 (a) The warble fly (Hypoderma tarandi) lays eggs in the haircoat of reindeer during
summer. Upon hatching, the larvae penetrate the skin and live under the skin during the winter.
(b, c) In late May–early June, the larvae, now about 2.5–3 cm long, make a hole in the skin, which
they use to leave their host. (Photo: a Arne C. Nilssen, b, c Morten Tryland)
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biomass. At this stage, the larvae have established a breathing hole through the skin
and start the process of exiting the host. The yellowish, soft larvae drop to the ground
and become dark brown pupae, which then develop into warble flies in July. The
animals are free of larvae during only a short period of time from late May to July. A
new generation of bot flies deposit their eggs on the haircoat of the reindeer in July–
August. After these eggs hatch, the larvae penetrate the skin and establish them-
selves subcutaneously over the back and sides of the animal where they overwinter.

The throat bot fly, or nose bot fly, Cephenemyia trompe, is also a very common
finding in semi-domesticated reindeer. Both the warble fly and the throat bot fly
appear very similar to each other as adults (15–18 mm long) and resemble
bumblebees with a gold and black haircoat. The life cycles are also similar, but
instead of depositing eggs in the haircoat like the warble fly, the female throat bot fly
sprays live larvae on the nose and mouth of the reindeer. The larvae migrate into the
nasal passages and live in the nasal sinuses over the winter before migrating to the
pharynx and attaching with hooks. Although larvae of different sizes may be found
in the same animal, most larvae grow to around 4 cm in length by the late spring. In
the period late April to June–July, they are ejected from the host. This process is
often associated with transient coughing and sneezing that may be confused with
infections in the upper respiratory tract or pneumonia. The larvae bury themselves in
the soil, become pupa, and develop to flies after 4–5 weeks depending on the
temperature (Kutz et al. 2019).

These two types of bot flies represent a significant cost to reindeer herding. Fly
harassment stresses the reindeer and causes continuous restlessness and fleeing
behavior. This has a negative impact on grazing and resting time and thus the
animals’ ability to build winter reserves. In high numbers, the larvae themselves
create a considerable energy and nutrition demand on the host. In addition, the
breathing holes of the warble fly larvae may cost the reindeer heat loss, and the open
holes are also at risk of infection.

The deer ked, Lipoptena cervi (Diptera, Hippoboscidae), has expanded its geo-
graphic range in Fennoscandia and is establishing itself as a new ectoparasite in
semi-domesticated reindeer and other cervid species (Välimäki et al. 2010; Madslien
et al. 2012). Adult flies develop from pupae on the ground in late summer and
autumn. When they find a new host, the flies detach their wings to live in the haircoat
of the new host through the winter and to feed on blood and interstitial fluids (Kutz
et al. 2019). The fly is viviparous and deposits larvae that, after becoming pupae,
drop to the ground to develop further into adult flies. In the southern reindeer herding
regions of Finland, the deer ked has become a common finding, sometimes number-
ing many hundreds on one animal. Similar to the effects in moose, hair loss, heat
loss, and energy costs are likely effects of heavy infestations (Madslien et al. 2011).

Several species of ticks are associated with different Rangifer subspecies. In
Fennoscandia, new tick species such as the taiga tick (Ixodes persulcatus), are
emerging and are expanding their distribution ranges (Kjær et al. 2019), although
Ixodes ricinus remains as the most common tick in this region. Having a distribution
mostly in southern and coastal regions, I. ricinus has not been associated with
reindeer to a large extent historically. However, the distribution of this tick species
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is changing. The increased presence in northern regions and from the coast to inland
ecosystems are likely due to higher winter temperatures and increased deciduous
woodland, which favor the survival of the ticks (Medlock et al. 2013; Jaenson et al.
2012; Hvidsten et al. 2015; van Oort et al. 2020). Thus, I. ricinus has also emerged in
the semi-domesticated reindeer herds in some areas (Tryland et al. 2019c). Ixodes
ricinus has been identified as the likely vector of two bacterial infections, which
affect both humans and animals, namely, Borrelia burgdorferi s.l., which causes
borreliosis (Lyme’s disease) and Anaplasma phagocytophilum, which causes ana-
plasmosis (tick-borne fever). These ticks may also cause these and other diseases in
reindeer (Stuen et al. 2013; Tryland et al. 2019c).

4.5.2 Endoparasites
Endoparasites live inside their host, and reindeer can be a host for many different
species. Endoparasites are associated with most organ systems of reindeer, such as
the respiratory tract (nematodes and cestodes), the gastrointestinal tract (nematodes,
trematodes, and protozoa), the peritoneal cavity (nematodes and cestodes) and liver
(trematodes and cestodes), the heart and skeletal muscles (protozoa and cestodes),
the central nervous system (CNS, nematodes and protozoa), and other tissues (Kutz
et al. 2019). However, it is beyond the scope of this chapter to present or discuss all
of these parasites in detail. Because reindeer herding is for the most part based on the
utilization of natural pastures and because reindeer are usually gathered only a few
times during the year, the observation and diagnosis of clinical aspects of infections,
including parasites, are challenging. Heavy parasite burdens can be observed in
some individuals. This is presumably a result of high infection pressure, lack of
immunity (particularly calves), poor nutritional status and body condition, and/or
other factors making the animal more prone to suffer from parasites. Based on the
diversity of parasite species that are commonly found in reindeer, it is obvious that
these parasites have evolved as integrated parts of the life of their host. It has, in fact,
been shown that a high richness in parasite diversity is associated with a reduced
disease risk (Morand 2015). Furthermore, parasite richness has been positively
correlated with host density (Waller 2005).

An endoparasite that has received increased interest due to climatic changes is the
filaroid nematode Setaria tundra. The adult worms (males 35 mm long, females
67 mm long) inhabit the abdominal cavity of reindeer. Clinical signs include
peritonitis, ascites, fibrin deposits and adhesions, and findings of live worms at
slaughter. Animals with a high intensity of infection may have reduced body
condition. These findings may result in carcasses being condemned for human
consumption. The adult worms produce microfilaria that are picked up by blood-
sucking mosquitos (Aedes spp. and to some extent Anopheles spp.). Although the
development of larvae to the third developmental molt stage (L3 larvae, infective
stage) is halted at 14 �C, it only takes 2 weeks to develop at 21 �C (Laaksonen et al.
2009). Thus, warmer summers due to climate change may promote mosquito
populations and the development and transmission of this parasite and its clinical
impact in reindeer (Laaksonen et al. 2009).
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Another parasite linked to climate change is the nematode Elaphostrongylus
rangiferi (brain worm, meningeal worm). This nematode has an indirect life cycle
with snails and slugs as its intermediate host. When reindeer ingest the intermediate
host through grazing, they also ingest the infective stage (L3 larvae). The larvae
migrate from the gastrointestinal system of the reindeer to the CNS where they
develop to adult threadlike brownish worms, 3–7 cm long, on the subdural and
epidural surfaces. During their development here, the larvae may cause inflamma-
tion, which generates neurological signs, such as weakness, poor coordination,
hindlimb paresis, and ataxia. The animals may not be able to stand or may sit like
a dog and then rise up as if normal again but with relapsing poor locomotion.
Animals may also stand with a bent neck, fixed to one side, and exhibit circling
behavior. Lying animals may also display a kicking and circling action, leaving
characteristic traces on the ground or in the snow. Healing may occur but may take
months, and affected animals are often lost or euthanized (Kutz et al. 2019). The
larval stages outside the reindeer are temperature dependent, and cooler temperatures
(below 8–10 �C) halt or slow development (Josefsen et al. 2019). Climatic
conditions thus influence the survival of the larvae, their development within the
intermediation host and the survival of the gastropod host itself. Therefore, warm
summers may be followed by an increased disease prevalence the following winter
(Davidson et al. 2020). Elaphostrongylus rangiferi larvae may also cause consider-
able pathology in the lungs (Davidson et al. 2020). Even when such changes are
compensated for and produce no obvious clinical signs, they may affect respiration
and represent a complicating factor during chemical immobilization procedures
(Tryland et al. 2021) or other types of stressful situations for the animals.

The impact of endoparasites may also be affected by increased feeding of semi-
domesticated reindeer (Davidson et al. 2020). Thus, climate change, which is often
mitigated by supplementary feeding, may indirectly impact the parasite burden of the
animals.

4.5.3 Antiparasitic Treatment
Antiparasitic treatment will always be a cost-benefit calculation and should take into
consideration not only economical aspects but also animal welfare aspects, such as
the cost for the animal to live with a high burden of parasites. Herders need to
consider several factors when evaluating whether or not to treat including the
practicality of the treatment regimen in relation to administration method (e.g.,
oral/pour-on), frequency, and financial gain in relation to expected production
increase. Expected financial gain may also vary depending on if the herder chooses
to treat all animals or chooses to focus on selected groups of the herd, such as the
calves, which are usually more vulnerable to parasite burdens. Many different
antiparasitic drugs have been experimentally tested in reindeer, but currently, the
macrocyclic lactones Ivermectin and Doramectin are the only anthelmintics licensed
for use in reindeer in Fennoscandia. Although these drugs are only labelled to use
against bot fly larvae, these drugs may also have effect on many other parasites. Still,
like other macrocyclic lactones, these drugs have poor blood–brain barrier penetra-
tion and, therefore, likely have little effect on brain worm larvae in the CNS
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(McKellar and Gokbulut 2012). Nevertheless, Ivermectin treatment has been shown
to reduce the brain worm burden in the lungs as compared to untreated control
animals (Nordkvist et al. 1983). Antiparasitic treatments are usually conducted by
trained herders during reindeer roundups. Because of the extensive growth of warble
and throat bot larvae in late winter and spring, treatment should be conducted in
autumn or early winter to avoid a large biomass of dead and decomposing larvae
under the skin and in the throat in spring.

4.6 Diseases of Zoonotic Concern

Reindeer herding, handling, and the consumption of reindeer meat and products are
not associated with a high risk of zoonotic infections in Fennoscandia. The
zoosanitary situation in livestock and wildlife in this region is generally favorable,
and reindeer do not under normal circumstances act as the main host or main
reservoir of human pathogens. However, there are still a number of pathogens that
can be transmitted from reindeer to humans given the right circumstances.

Contagious ecthyma, caused by orf virus (ORFV, genus Parapoxvirus), is a
known zoonotic infection with a worldwide distribution in sheep and goats, which
can also infect a wide range of wildlife species. During the severe outbreak among
reindeer in Finland in 1992–1993, more than ten human cases were reported (Büttner
et al. 1995), which demonstrates the zoonotic nature of this pathogen. ORFV causes
local skin infections on fingers and hands, which are painful, but heals spontane-
ously within a few weeks (see chapter “Parapoxvirus Infections in Northern Species
and Populations” for more details). Parapoxvirus-specific DNA has been
documented in reindeer found dead on the mountain pastures and from nose swab
samples from live animals in Finnmark, Norway, despite the fact that this disease has
hitherto never been reported in reindeer from this region. This indicates an ever-
present zoonotic risk when handling reindeer, especially with contact with the mouth
and saliva, even from animals with no clinical signs of contagious ecthyma.

Toxoplasma gondii is an obligate intracellular protozoan with a worldwide
distribution and the causative agent for the disease toxoplasmosis. Felids are the
only known definitive host, in which the parasite can undertake sexual reproduction.
However, the parasite may infect virtually all warm-blooded animals. People are
infected by consuming raw or undercooked meat containing tissue cysts or by
ingesting oocysts through contaminated water or poorly washed vegetables or by
exposure to cat (felid) feces. Most infections in humans are asymptomatic, but if
infected for the first time during pregnancy, toxoplasmosis may cause abortion,
stillbirth, or malformations. It has been shown that T. gondii may cause encephalitis
and placentitis in reindeer, leading to stillbirth (Dubey et al. 2002), and experimen-
tally also fatal enteritis (Oksanen et al. 1996). Antibodies have been detected in wild
cervids in Norway, including wild reindeer (Vikøren et al. 2004).

The tape worm Echinococcus granulosus uses dogs and wolves as its definitive
hosts but may produce tissue cysts (metacestodes) in other animals, such as in
reindeer and humans. In western Finnmark, Norway, cysts were found in about
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10% of the animals in the 1950s. Parasite treatment of dogs and an increased
awareness to not feed raw reindeer meat or organs to dogs during slaughter have
resulted in a decline, and cysts have not been found during meat control of reindeer
in Norway and Sweden since the 1990s (Kutz et al. 2019). Humans are considered an
accidental parasite host, and in humans, the disease is called cystic echinococcosis
(hydatid disease). Cysts may develop in the lungs and other organs after the
ingestion of eggs from dog feces. These cysts can reach a size of 20 cm and can
be fatal to the host, particularly without treatment (Eckert and Deplazes 2004).

The warble fly (H. tarandi) may deposit its eggs on humans, causing human
myiasis. A total of 39 human cases was reported in Norway in 2011–2016
(Landehag et al. 2017). Clinical manifestations included migratory dermal swellings
of the face and head, periorbital edema, and regional swelling of the lymph nodes
(lymphadenopathy). Ivermectin treatment is recommended to avoid larval invasion
of the eye (ophthalmomyiasis) but has not always been successful.

The oral form of necrobacillosis (F. necrophorum) is increasingly diagnosed in
semi-domesticated reindeer in Fennoscandia. This bacterium may also be a human
pathogen, causing abscesses and throat infections or life-threatening systemic
infections (Brazier 2006), but there are no reports of this disease in humans that
have been associated with disease outbreaks in reindeer.

Chlamydia pecorum (family Chlamydiaceae) is an obligate intracellular Gram-
negative bacterium that was recently isolated from reindeer with infectious kerato-
conjunctivitis (IKC) in Sweden (Sànchez Romano et al. 2019). Other chlamydia
species, that is, Ch. abortus and Ch. psittaci, are known zoonotic pathogens, but
little is known about the zoonotic potential of Ch. pecorum (Longbottom and Coulter
2003).

Brucellosis (Brucella suis biovar 4) and anthrax (Bacillus anthracis) are two
zoonoses that can be associated with Rangifer, and both are discussed in detail in
other chapters.

Chronic wasting disease (CWD) is a transmissible spongiform encephalopathy
(TSE) affecting cervids. It is caused by a prion, which is a misfolded prion protein
that is highly transmissible and resistant in the environment. Since 2016, CWD has
been diagnosed in wild reindeer in Norway, and there is a risk that it may spread to
adjacent herds of semi-domesticated reindeer (EFSA 2017). The zoonotic potential
of CWD remains uncertain, but available data suggest that the risk of transmission of
CWD to humans is low but not negligible (Osterholm et al. 2019).

5 Addressing Health and Diseases in Reindeer Herding

About 95% of the semi-domesticated reindeer in Norway are owned by Sámi people.
As with other indigenous peoples, there have been historical conflicts when outsiders
(in this instance, Norwegians) colonized the land and thereafter. Closing of country
borders in the north of Fennoscandia for border-crossing reindeer husbandry
(approximately 1850–1920) hindered the traditional migration routes for the semi-
nomadic reindeer herding, and from the start of Norwegian colonization, the Sámi
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people were continuously exposed to “Norwegianization” with regard to religion,
language, and the way of living. The semi-domesticated reindeer is privately owned,
and as with other livestock, it is the duty of the animal owner to maintain healthy
animals and good animal welfare. However, reindeer herding is not a large industry,
and in contrast to the production systems for, for example, pigs, poultry, and farmed
fish, there are no organized health services for reindeer. Reindeer health is thus the
responsibility of the herder, with support from local veterinarians. Even though
most, if not all, Sámi people today speak Norwegian, historical conflicts from the
“Norwegianization” periods may still to some extent be relevant today, as some
reindeer herders are, for various reasons, reluctant to involve a veterinarian or to be
involved in specific research projects addressing reindeer health. Reindeer herders
may also evaluate the skills of veterinarians as insufficient to successfully treat
disease conditions in reindeer, as veterinarians receive poor education in reindeer
health and often lack experience with reindeer practice.

Traditionally, reindeer are marked by owner. Marks are performed by cutting a
specific pattern, unique for each person who has the right to own reindeer, in the ear
cartilage of the animals. This is still practiced for most of the herds, but some herders
also use plastic tags or are testing the use of electronic tags (chips) that are injected
under the skin, usually in addition to the ear tagging. With the two latter techniques,
it is possible to identify reindeer by individual, which may enable a more systematic
overview of the herd. From a veterinary point of view, individual marking also
facilitates records for medical treatment, which is useful if an animal has been treated
and then subsequently is sent to slaughter.

Reindeer health is, in general, a challenge for today’s veterinarians (Fig. 4). With
the exception of the antiparasitic drug Ivermectin, there are no drugs registered for
use in reindeer today (2021), and dosages and treatment regimens of any drugs used
must be improvised based on comparative aspects and experience with other species.
Reindeer will always represent a very small part of the clinical work of a veterinar-
ian, and building experience with the species may take many years. Furthermore,
reindeer herding, reindeer as a production animal, and its health and diseases
presently occupy a very little part, if any, of the veterinary education in the
Fennoscandian countries. This results in new generations of veterinarians with not
only restricted knowledge but also restricted interest and understanding of reindeer
diseases, Sámi reindeer herding, reindeer population dynamics, and the reindeer
needs and welfare demands.

Today, reindeer meat ranks highly in people’s attitude and experience due to
several factors. Reindeer meat has a characteristic reindeer taste due to the animal’s
natural foraging and comes from free-ranging animals harvested from mountain
pastures not exploited by other means. People also view reindeer meat as free of
pathogens and drugs and therefore healthy and safe to eat. However, it cannot be
taken for granted that these positive aspects of reindeer production will hold true in
the future. With the increased practice of feeding, traditional herding is changing
more and more toward farming. Free-range grazing is becoming restricted to corrals
and fenced areas, and consumption of natural foods is instead switched to ensilage
and pelleted feedstuff. Finally, with this change of husbandry comes the emergence
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of different health and disease challenges and possibly increased medical treatment
of the animals.
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