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Abstract: Caribou and reindeer migrations are the tip of
the iceberg when one considers migration among the 70
species of Arctic terrestrial mammals. About 26% of species
indeed have migratory individuals, while 33% are non-mi-
gratory and 41% are data deficient. Such figures demon-
strate the need to both better document and better under-
stand seasonal movements in these vertebrates. Whereas
spatiotemporal variations in resources are key drivers
of Arctic terrestrial mammal migrations, the changes of
water phase around 0°C, from liquid to solid and vice
versa, have considerable impacts given that liquid water,
snow, and ice differ so strongly in their physical proper-
ties. We explore how the interplay between resources and
water phase shape Arctic terrestrial mammal migrations,
demonstrate that a rich set of research questions emerges
from this interaction, and introduce new concepts such
as the micro-migrations of small mammals. We also list
key questions about the migrations of Arctic terrestrial
mammals, with emphasis on the impacts of climate
change. We conclude by arguing that the strong exposure
of the Arctic to climate change, combined with the quick
development of biologging techniques, rapidly increase
both the need and the capacity to enhance our knowledge
of migration in Arctic terrestrial mammals.
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1 Introduction

Nearly 70 species of terrestrial mammals occur in the
Arctic at least seasonally [1]. They belong to carnivores,
ungulates, shrews, lagomorphs and rodents. Species
richness falls dramatically from low to high Arctic, the
latter being inhospitable or inaccessible for most species.
Terrestrial locomotion is the main mode of movement in
Arctic terrestrial mammals. There are no flying species,
and swimming is used occasionally but has high energetic
cost in cold water [2]. As a result, water bodies such as
oceans and large rivers often form species distribution
limits [3].

Herbivores comprise the majority of Arctic terrestrial
mammals. Small herbivores such as lemmings (Discros-
tonyx sp. and Lemmus sp.) are the most abundant, while
large herbivores such as caribou and reindeer (Rangifer
tarandus) are essential food species for Arctic peoples [1].
Plant growth and thus herbivore biomass are low in the
tundra (although herbivores can gather in huge numbers
at specific times and places), so that terrestrial carnivores
are rare, highly mobile and mostly solitary. Some carni-
vores such as the Arctic wolf (Canis lupus arctos) and
brown bear (Ursus arctos) can compete with humans
and receive a high spiritual and cultural value [4]. Some
species of Arctic terrestrial mammals attract strong scien-
tific attention because they are keystone species of tundra
ecosystems or present conservation concerns [3].

A key characteristic of the Arctic environment is the
omnipresence of snow and ice. This has generated many
specific adaptations in Arctic terrestrial mammals, includ-
ing fur structure and color, foot morphology, and behavior
[5]. For example, the freezing of water around 0°C allows
the smallest species to escape the cold by living under
the snow, whereas all species can literally walk on water
when ice forms on water bodies. Ice gives animals access
to habitats and resources unavailable during summer,
such as Arctic foxes (Vulpes lagopus) using sea ice as for-
aging and migrating platform [6], and caribou using it as
a bridge to migrate seasonally across habitats [7]. Frozen
water is thus key to any discussion about the movement
ecology of Arctic terrestrial mammals. However, the quan-
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tity and quality of snow and ice are rapidly changing [5],
justifying increased attention to the movement ecology of
Arctic terrestrial mammals, including their migrations.

Migration is much less prevalent in terrestrial
mammals than in birds, given the constraints to long-dis-
tance movement generated by terrestrial locomotion. Yet,
as shown below, migration does occur in many terrestrial
mammals, and millions of individuals rely on migration
to complete their annual cycle. We consider migration as
one of three dominant movement syndromes [8]: range
residency (individuals keep the same home range year-
round), nomadism (individuals move unpredictably with
little to no site fidelity) and migration (individuals move
with persistence from one habitat area to another, bi-di-
rectionally and with temporal predictability). Migration
distance can be short, allowing individuals to exploit alti-
tudinal gradients or local habitat heterogeneity, but we
follow Gnanadesikan et al. [9] in excluding from the defi-
nition of migration all movements < 10 times the length of
daily movements. Migration within a population can be
complete (all individuals migrate) or partial (only some
do).

Here we comment on 1) the occurrence of migration
in Arctic terrestrial mammals, 2) the factors shaping these
migrations, with special emphasis on the role of water
properties, and 3) priority research directions regarding
Arctic terrestrial mammal migrations, with emphasis on
the impacts of climate change.

2 Occurrence of migration in Arctic
terrestrial mammals

Gnanadesikan et al. [9] categorized 5,420 extant mammal
species as migratory, possibly migratory, non-migratory,
or data deficient. We extracted from this list the 70 species
recognized as Arctic terrestrial mammals by Reid et al. [3],
who used the definition of the Arctic adopted by the Arctic
Biodiversity Assessment [10]. This definition follows the
Circumpolar Arctic Vegetation Map [11] and does not
include the tree-covered sub-Arctic habitats. We updated
Gnanadesikan et al.’s categorization based on recent lit-
erature and our expert knowledge (Table 1, Appendix 1).
This yielded 18 (26%) species with confirmed (14 species)
or suspected migration (4 species), 23 (33%) species clas-
sified as non-migratory, and 29 (41%) species being data
deficient (Table 1).

Species with confirmed or possible migration belong
to 8 (57%) of the 14 families of Arctic terrestrial mammals
(Table 1). All Arctic ungulates have migratory popula-
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tions, which is not surprising since ungulates as a group
are highly migratory [9]. Among them, caribou are well-
known long-distance migrants [12, 13]. Several carnivores
also migrate. Wolverines (Gulo gulo) can shift from high
elevations in summer to low elevations in winter [14, 15].
Other carnivores may move over large areas during winter,
following migratory herds of caribou (wolf Canis lupus
[16]) or foraging on the sea ice before returning to their den
in spring (Arctic fox [17]). Some rodents (Lemmus sp. and
Adodemus sp.) migrate over a few kilometers. Norwegian
lemmings (Lemmus lemmus) migrate in autumn to alpine
tundra where they overwinter in snowbed habitats, and
move in spring to forested moist habitats located up to 3
km away and 200 m lower [18, 19]. Similarly, brown lem-
mings (Lemmus trimucronatus) use low-lying wet tundra
during summer and mesic tundra during winter [20].
These micro-migrations are often overlooked in studies
of mammal migration (e.g., [21]), although they perfectly
fit most definitions of migration as long as movements
across habitats are performed by individuals and not only
observed across generations. At large or small scales,
terrestrial migrations are therefore relatively common in
Arctic mammals.

A major difference between most Arctic breeding birds
and Arctic terrestrial mammals is that mammalian migra-
tion appears to be a flexible conditional tactic (rather than
a genetically fixed strategy), where individuals migrate
or not depending on a complex combination of genetic,
environmental, and demographic correlates [21, 22]. Fac-
ultative or partial migration seem very common in Arctic
terrestrial mammals, since 214 (77%) of the 18 migratory
or possibly migratory species include populations with
facultative or partial migration (Appendix 1). The pro-
portion of migratory individuals may vary widely across
populations (likely increasing with latitude), and some
individuals may show migratory plasticity by alternating
between seasonal migration and year-round residency
[17, 23, 24]. Such plasticity, combined with the technical
hurdles of studying movement in small species, explains
why > 40% of species are still data deficient.

3 Mammal migrations shaped by
resources and water properties

Building on the classic work of ornithologists such as Lack
[25], MacArthur [26] and Alerstam et al. [27], a formalized
view of the evolution of mammal migration was proposed
by Holt and Fryxell [28] and Fryxell and Holt [29]. This
view predicts the existence of migration or partial migra-
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Table 1. Number of species in each of the 14 families (5 orders) of Arctic terrestrial mammals for which migration is confirmed or suspected
(Migratory, n=18), absent (Non-migratory, n=23), or unknown because of lack of data (Data deficient, n=29). Migration is considered
confirmed or suspected for a given species when occurring or suspected in = 1 population. The list and classification of Arctic terrestrial
mammals follows Reid et al. [3] and the data presented were updated from Gnanadesikan et al. [9]. See Appendix 1 for species data, sup-

porting references, and updates provided by this study.

Order Family N species Migratory Non- Data defi- Confirmed and suspected migratory species
migratory  cient
Carnivora Canidae 4 3 1 0 Canis lupus, Vulpes lagopus, V. vulpes
Felidae 2 0 2 0
Mustelidae 5 1 4 0 Gulo gulo
Ursidae 2 2 0 0 Ursus americanus, U. arctos
Total 13 6 7 0
Cetartiodactyla Bovidae 3 3 0 0 Ovibos moschatus, Ovis dalli, O. nivicola
Cervidae 3 3 0 0 Alces alces, A. americanus, Rangifer tarandus
Total 6 6 0 0
Eulipotyphla Soricidae 14 0 6 8
Lagomorpha Leporidae 4 2 1 1 Lepus arcticus, L. timidus
Ochotonidae 3 0 2 1
Total 21 2 9 10
Rodentia Castoridae 1 0 1 0
Cricetidae 24 3 3 18 Lemmus lemmus, L. sibericus, L. trimucronatus
Dipodidae 1 0 0 1
Muridae 1 1 0 0 Apodemus sylvaticus
Sciuridae 3 0 3
Total 30 4 7 19
Grand total 70 18 23 29

tion in a wide variety of ecological conditions, as long as
two available habitats show seasonal variation in fitness
and the benefits of migration exceed its costs. Interest-
ingly, the model also predicts the common coexistence
of several strategies, such as migration and residency.
Avgar et al. [21] followed up in suggesting that benefits
of mammal migration belong to four categories : energy
intake (increased food quantity or quality, decreased con-
specific food depletion), energy expenditure (increased
thermoregulation, decreased parasitism), predation
(decreased adult or juvenile predation), and mating
(increased mate finding). However, a good understanding
of mammal migration must also integrate Nathan et al.’s
conceptual framework for movement ecology [30], where
four mechanistic components (external factors, naviga-
tion capacities, internal state, motion capacities; Figure 1)
interact to generate movement, and thus migration. How
can the above theory help us think about Arctic terrestrial
mammal migrations, and the impacts of climate change
on such migrations?

We have explained in Berteaux et al. [5] the main char-
acteristics, seasonal changes, and longer-term changes of
snow and ice in the Arctic tundra. We have also reviewed
the mechanisms linking the permafrost system (includ-
ing snow and ice) to the ecology of tundra wildlife, with
emphasis on the impacts of water phase transitions

around 0°C. Case studies provided in [5] highlight that
critical places and times play a disproportionate role in
the ecology of tundra wildlife, because these places and
times are characterized by water phase transitions. For
example, spring snowmelt has strong effects on small
mammal ecology because of dramatic changes in ther-
moregulation and predation risk. Berteaux et al. [5] did
not focus on mammal movement, however. Our central
point here is therefore that one category of external
factors, namely the state and properties of water, dispro-
portionately affects the costs, benefits, and mechanisms
of migration in mammal species living in the Arctic. In
short, we propose the general hypothesis that most effects
of climate change on Arctic mammal migration involve the
changing Arctic cryosphere.

The importance of the cryosphere for northern wild-
life is well recognized [5, 31, 32], but the specific links
between water state and Arctic terrestrial mammal migra-
tion have never been reviewed. Figure 1 (top left) lists most
characteristics of liquid and frozen water with potential
cascading effects on the mechanisms of animal move-
ment. These factors can all impact the navigation capaci-
ties, internal state, or motion capacities of individuals, as
illustrated in Figure 1 (light-yellow boxes) and below.

Navigation capacity — Changes in water phase fre-
quently offer navigation cues used to determine the timing
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Examples: Liquid water: distribution in space
and time. Snow: snowfall timing, snowmelt
timing, duration, distribution, depth, surface
crust presence, depth hoar presence, hardness,
reflectance, insulating capacity. Ice: phenology,
thickness, concentration, distribution, velocity,
direction, reflectance, surface melting.

External
factors

£

Internal
state

Examples: 1. Flooded

Locked ice pastures

of predation risk.

How to move?

Examples: 1. Snow depth and density determine if
lemmings travel by walking above the snow or by,
tunneling through it. 2. River water temperature
and velocity detemines whether caribou can cross
by swimming. 3. Snow density and depth interact
with foot load to determine running speed.

subnivean space increases
thermoregulation costs. 2.

increase hunger. 3. Snow
depth affects perception

Motion capacity
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Examples: 1. Snow phenology
provides migration initiation
cues. 2. Array of ice patches
differing in density indictates
traveling route. 3. Water

bodies affect route choice.
Navigation

capacity

W e/when

?

Migration
patterns

Movement
path

Figure 1. Conceptual framework for the movement ecology of Arctic terrestrial mammals, modified from Nathan et al. [30] and Morelle et al.
[45]. External factors (biotic and abiotic), navigation capacity (cognitive and sensory machineries processing information), internal state
(affecting motivation and readiness to move), and motion capacity (individual characteristics enabling movement) interact to determine
the movement path, and ultimately migration patterns. Blue arrows indicate processes at play in the movement (feedback processes not
represented). Examples of external factors linked to water state and characteristics are provided in the white box, while examples of water-
related processes affecting navigation capacity, internal state, and motion capacity of individuals are provided in the light-yellow boxes.

Picture of traveling Arctic fox: Clément Chevallier.

and direction of movement. For example, the spring melt
of snowbeds, which floods underground tunnels, triggers
lemming movements to summer habitats [19]. Conversely,
the first substantial snowfalls in autumn trigger small
mammal movements to the sites where winter nests can
be established [33]. The receding edge of the melting snow
acts as an environmental cue tracked by some caribou
populations, allowing them to reach calving grounds on
time to synchronize parturition with the peak of plant
growth [34].

Internal state —~Phenotypic traits, physiology, or moti-
vation can interact with snow and ice conditions to influ-
ence migration parameters. For example, physiological
condition may change with age and impact migration
costs, as seen in moose (Alces alces) where propensity to
migrate and migration distance decline in older individu-
als inhabiting areas where snow depth is high (and thus
movement and thermoregulation costs are important)
[23]. Nutritional stress induced by icing events rendering
forage inaccessible (“locked pastures”) may induce range
displacement in normally sedentary Svalbard reindeer (R.

tarandus plathyrynchus) [24], although migration was not
demonstrated in this particular example.

Motion capacities — Water state strongly impacts loco-
motion mode and speed. Although terrestrial migrants
can cross open water by swimming, they clearly prefer
to get around [35] or use ice bridges [2]. As such, caribou
from the Dolphin and Union herd migrating from Victo-
ria Island to the mainland may be forced to stage along
the coast during several weeks, until suitable sea ice is
formed [7]. Small mammals may travel a few kilometers
by running on top of the snowpack or by digging tunnels
through the snowpack, potentially depending on snow
depth and hardness [36].

Published correlations between water characteris-
tics and animal movement do not always indicate which
mechanisms are at play. For example, snow depth varia-
tion along a 1,100-km latitudinal gradient best explains
the proportion of migratory moose in Swedish popula-
tions [23], but multiple processes could link snow depth to
annual movement strategy. Also noteworthy is the strong
bias of Arctic ecology away from the frozen season, due
to logistic difficulties and the reduced primary production
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and animal activity. As a result, the links between water
properties and Arctic terrestrial movements are largely
understudied, despite their importance in a rapidly
changing climate.

In closing this section, we note that although we
emphasized the effects of the cryosphere on the mech-
anisms of animal movement, the conditions of the cry-
osphere also strongly impact the difference in fitness
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realized by migrating animals between the two seasonal
habitats. As such, how the cryosphere influences both
the origin and destination of a migratory event is critical.
We provided a few examples focused on the origin (e.g.,
spring melt floods underground tunnels) rather than the
destination of migration, but both must be considered as
important.

Table 2. Priority research (with emphasis on climate change effects) regarding the description, understanding, forecasting, and manage-
ment of migration in Arctic terrestrial mammals. Research directions are sorted into: 1) techniques and methodology, 2) research at the
population or species level, and 3) research requiring integration of knowledge across species. Research most directly linked to water

properties (particularly water phase) is identified with a star.

o0
= -
- [
Priority research regarding ‘E E E’ g
migration in Arctic terrestrial mammals 2 @ § )
2 3 8 £
& 5 & =
Techniques and methodology
e Develop tracking devices allowing the study of small mammal micro-migrations. X
o* Develop biologging techniques allowing the integrated recording of animal movement and snow properties, XX
particularly depth and hardness.
o* Develop some experimental protocols to assess the costs and benefits of movement under varying snow and ice X X
conditions.
e* Enhance modeling and prediction of snow properties over large areas using remotely sensed data. X X
e Further develop online platforms and data repositories, such as the Arctic Animal Movement Archive in Movebank X X X
[44] to facilitate the management, sharing, analysis, and archiving of animal movement data.
Population or species level
e Complete the inventory of migrating populations of Arctic terrestrial mammals. X
o* Assess which of the main migratory routes of long-distance migrants rely on seasonal ice bridges. X X X
o* Evaluate whether some of these ice bridges are at risk of rapid degradation from climate change and ship traffic, X X
and how can management mitigate the problem.
* Examine the demographic effects (if any) of loss of migration. X X
o* Better assess the navigation cues, including the phenology of water phase transitions, used by migrating Arctic X X
terrestrial mammals.
® *Assess via non-lethal methods how snow and ice conditions affect the internal state of animals (e.g., stress level, X X
energetic state, metabolic rate) and ultimately their migratory patterns.
e Develop flexible management regimes to accommodate changing migration routes or summer and winter grounds, X
particularly in long-distance migrants.
e Clarify the roles of learning and genetics in driving individual migrations. X X
o |dentify differences (ontogeny, fitness, etc.) between migrants and residents in populations with partial migration. X X
Integration of knowledge across species required
¢ Assess the biological significance of the high frequency of partial migration in Arctic terrestrial mammals. X X
e Determine whether there are currently some generalized shifts in the distribution of summer grounds, winter X X X X
grounds, or migration routes.
¢ Determine the extent to which spring and fall migration phenology is shifting, and what is the variability across X X X X
populations.
o* Assess whether some populations are developing mismatches between their phenology of migration and the X X X X

phenology of resources, snow and ice.
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4 Priority research directions given
climate change

We generated priority research directions regarding
migration of Arctic terrestrial mammals, after considering
1) our current knowledge on the occurrence and charac-
teristics of migration in of Arctic terrestrial mammals, 2)
our understanding of the role of temperature-dependent
water properties in shaping Arctic wildlife ecology, 3) the
extraordinary exposure of the Arctic to climate change,
and 4) the technical advances in biologging currently rev-
olutionizing movement ecology (Table 2).

We recognize that evaluating priority research is a
subjective exercise biased by the authors’ experience, in
our case ecological research on small and medium-sized
Arctic terrestrial herbivorous and carnivorous mammals.
For example, many questions dealing with the ecophys-
iology of migration in Arctic terrestrial mammals, or the
importance of learning for efficient navigation, are also
highly relevant but we are not qualified to list them. Our
list of research directions thus mostly offers a stimulus
and framework for additional thinking.
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5 Conclusion

The Arctic Biodiversity Assessment [1] made clear that
climate change is by far the most serious threat to Arctic
biodiversity and exacerbates all other threats. Chang-
ing air temperatures indeed have considerable impacts
on snow and ice [37], with extensive effects on ecologi-
cal systems, including wildlife [38-40]. Our review also
makes clear that migration is common in Arctic terres-
trial mammals, more so than often thought, and that its
parameters depend strongly on water state and snow and
ice characteristics. In a global context where remnant
long-distance terrestrial mammal migrants are disappear-
ing at an alarming rate and are thought to have poor long-
term prospects [41, 42], the question thus arises: How will
migrations of Arctic terrestrial mammals fare in the next
100 years?

A first step to answer this question is to better doc-
ument and monitor migrations in Arctic terrestrial
mammals. The existence of migration is still not ade-
quately tested in many species (Figure 2), variation
in movement patterns across populations is usually
unknown, and micro-migrations of small mammals are

Figure 2. The existence of seasonal migrations is strongly suspected but still not demonstrated in some Arctic terrestrial mammals. Such is
the case for these Arctic hares photographed in late October 2020 at Canadian Forces Station Alert (Ellesmere Island, Canada), 817 km from

the North Pole. Picture: CFS Alert personnel.
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often overlooked. Technical solutions to track individ-
uals year-round are quickly spreading, which offers one
obvious direction for progress. A second step is to better
understand and model how the changing cryosphere
impacts Arctic terrestrial mammal migrations, knowing
that perfect projection of the effects of climate change on
mammals is out of reach [43]. A third step consists in iden-
tifying management options that can help sustain Arctic
terrestrial mammal migrations. Options are likely few but
mitigation may exist for specific populations facing clear
migration constraints in environments that can be manip-
ulated by humans. Finally, all the above highlights once
again the importance of relentlessly promoting the rapid
halt of climate warming through the stabilization and
then decline of greenhouse gas concentrations. Perhaps
ironically, Arctic mammals, which are marvels of adapta-
tion to life in the cold, snow and ice, offer useful examples
of what is at stake if we continue to mismanage our planet.
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Supplementary Material

The Excel file named “Berteaux and Lai_SuppMat” con-
tains two sheets in addition to the ReadMe sheet. The
sheet named “Movement type categorization” shows
the movement type (M = migratory, N = non-migratory,
U = unclear movement pattern but possibly migratory,
D = data deficient) of the 70 species of Arctic terrestrial
mammals recognized by Reid et al. [3]. Data come from
Gnanadesikan et al. [9], expect for updates made by us
which appear in red characters. Red characters in the
Movement type column indicate both our updated data
and, in parentheses, the original data from Gnanadesikan
et al. [9]. References cited in the “Movement type categori-
zation” sheet are available in the “References” sheet.
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