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Abstract. Fossorial locomotion is often considered as the most energetically costly of all terrestrial loco-
motion. Small arctic rodents, such as lemmings, dig tunnels not only in the soil but also through the snow-
pack, which is present for over 8 months of the year. Lemmings typically dig in the softest snow layer
called the depth hoar but with climate change, melt-freeze and rain-on-snow (ROS) events are expected to
increase in the Arctic, leading to a higher frequency of hardened snowpacks. We assessed the impacts of
snow hardness on the locomotion of two lemming species showing different morphological adaptations
for digging. We hypothesized that an increase in snow hardness would (1) decrease lemming performance
and (2) increase their effort while digging, but those responses would differ between lemming species. We
exposed four brown lemmings (Lemmus trimucronatus) and three collared lemmings (Dicrostonyx groen-
landicus) to snow of different hardness (soft, hard, and ROS) during 30-min trials (1 = 63 trials) in a cold
room and filmed their behavior. We found that the digging speed and tunnel length of both species
decreased with snow hardness and density, underlining the critical role of snow properties in affecting
lemming digging performance. During the ROS trials, time spent digging by lemmings increased consider-
ably and they also started using their incisors to help break the hard snow, validating our second hypothe-
sis. Overall, digging performance was higher in collared lemmings, the species showing more
morphological adaptations to digging, than in brown lemmings. We conclude that the digging perfor-
mance of lemming is highly dependent on snowpack hardness and that the anticipated increase in ROS
events may pose a critical energetic challenge for arctic rodent populations.

Key words: Arctic; burrowing behavior; digging; fossorial; hardness; lemming; locomotion; rain-on-snow; rodent;
snow; subnivean; tunnel.
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INTRODUCTION and Smith 1990) but also entails some costs. Fos-
sorial locomotion is considered to be the most

Life beneath the ground provides many bene- energetically expensive type of terrestrial loco-
fits to fossorial animals (Nevo 1979, Reichman motion (Seymour et al. 1998). When digging
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burrows, rodents first have to shear the soil and
then push the loosened soil to empty the tunnel,
an energetically expensive sequence of move-
ments (Lovegrove 1989). Species living in soft
soil mainly use their forelimbs to shear the soil
(i.e., scratch-digging), but others occupying
harder types of soil have evolved the chisel-tooth
digging behavior, which consists in shearing the
soil with their incisors (Stein 2000). Depending
on soil type and species, fossorial rodents either
push the loosened soil with their front or back
legs to compress it into the tunnel walls (e.g., Lin
et al. 2017) or they evacuate it at the surface of
the ground (e.g., Vleck 1979). The energetic cost
of such actions for rodents is influenced by soil
conditions as it increases with soil hardness and
density (Vleck 1979, Ebensperger and Bozinovic
2000, Luna and Antinuchi 2006).

In northern regions, fossorial animals dig not
only in the soil but also in the snowpack that
forms every year, a very different medium to dig
in. Lemmings are arctic rodents that live in the
snowpack for over 8 months of the year and are
known to reproduce under the snow if they have
enough energy (Millar 2001, Duchesne et al.
2011). Lemmings are divided into two genera,
Dicrostonyx and Lemmus, with the former being
considered more adapted to life in the snow due
to its white fur color and the growth of large
bifid claws in early winter that likely facilitate
scratch-digging (Hansen 1957, Zimova et al.
2018). The snowpack protects lemmings against
predators hunting on the surface of the snow and
against cold temperature (Reid et al. 2012, Bilo-
deau et al. 2013). However, lemmings need to
dig a network of tunnels in the snow to access
the ground vegetation upon which they feed, or
to escape from some predators. Heterogeneous
and changing snow conditions due to local
topography or weather patterns could impact the
intranivean locomotion of lemmings. However,
the impact of snow physical properties on the
digging behavior and locomotor efficiency of
lemmings remains undocumented.

Typically, the top layer of the arctic snowpack
is a hard wind slab composed of snow grains
compacted by the wind, a consequence of the
absence of erect vegetation (Domine et al. 2002).
The wind also redistributes the snow, leading to
a shallow snowpack on humps and a deeper and
often softer snowpack in hollows (Pomeroy and
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Brun 1990, Domine et al. 2002). Soft depth hoar
usually forms in the basal layer of the snowpack.
This snow type is comprised of loosely bonded,
large and hollow faceted crystals that grow due
to upward water vapor fluxes induced by a
strong vertical temperature gradient within the
snowpack (Sturm and Benson 1997). Events such
as above-zero temperature or rain-on-snow
(ROS) episodes, especially in fall, can also alter
the snowpack. When wet snow refreezes, it
forms hard melt-freeze layers due to the forma-
tion of large melt-freeze clusters (Pomeroy and
Brun 1990). In extreme ROS events, large
amounts of water infiltrating the snowpack can
lead to the formation of thick ice layers (Pomeroy
and Brun 1990). ROS events are becoming more
frequent in the Arctic due to the exacerbated
impact of global warming at high latitudes (Lan-
glois et al. 2017, Peeters et al. 2019) and are
thought to be a major threat for small mammals
living inside the snowpack (Berteaux et al. 2017,
Domine et al. 2018b).

Recent studies have shown that lemmings dig
their tunnels in the top portion of the soft depth
hoar, just beneath harder wind slabs, regardless
of its height above the ground (Poirier et al.
2019). Such use of the snowpack is indicative of
specialized locomotion related to snow physical
conditions, but to our knowledge, no dedicated
study has investigated the digging behavior of
lemmings within the snowpack, except for some
anecdotal observations (Sutton and Hamilton
1932). Increased snow hardness due to more fre-
quent ROS events in the Arctic has been sug-
gested as a potential mechanism behind the
collapse of small mammal population cycles in
some regions of Scandinavia (Aars and Ims 2002,
Ims and Fuglei 2005, Kausrud et al. 2008). If
moving through harder snowpack requires more
effort and increases energy expenditure, this
could compromise survival or winter reproduc-
tion of lemmings (Kausrud et al. 2008, Krebs
2011, Fauteux et al. 2015). Considering that lem-
mings are short-lived, multivoltine species,
delayed or missed reproduction events can have
a strong impact on their population dynamic.

In this study, we experimentally assessed the
effect of snow physical properties on lemming
locomotion and behavior within the snowpack.
First, we hypothesized that lemming digging
performance should decrease with an increase in
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snow hardness. We predicted that, in hard snow,
their digging speed would decrease, and the total
length of their tunnels and vertical movement
through the snowpack would be shorter com-
pared with soft snow. Second, we hypothesized
that if lemmings need to deploy more efforts to
dig in hard snowpacks, they should adjust their
behavior and digging technique accordingly. We
predicted that exploration time and use of their
teeth to break the snow should increase with its
hardness. Third, due to morphological differ-
ences, we hypothesized that the performance of
Dicrostonyx such as digging speed should be less
impacted by hard snow than Lemmus.

METHODS

Study area and study species

We performed the study at the Canadian High
Arctic Research Station (CHARS) in Tkaluktutiak
(Cambridge Bay), Nunavut (69°07" N, 105°30'
W), in November 2019. Mean temperature in
November is —22.3°C (Government of Canada,
https://climate.weather.gc.ca) and the average
snow depth is 15 cm in flat terrain (GRIMP,
https://grimp.ca/data/cambridge-bay-1). Two
lemming species are found in this region, brown
(Lemmus trimucronatus) and collared lemming
(Dicrostonyx  groenlandicus). Both species are
widespread in the Canadian Arctic, but collared
lemmings have the northernmost distribution
(Jarrel and Fredga 1993).

We live-trapped lemmings in August 2019 on
two 100-trap grids located ~4-5 km from CHARS
and captured only four brown and three collared
lemmings due to their low abundance that year
(average population density was estimated at
0.46 ha™'). Trapped lemmings were carried to
CHARS and kept in individual cages with cotton
bedding, hamster chow (Living World 60362),
alfalfa, and water ad libitum in a cold room
maintained at 4°C. Starting in mid-October,
crushed ice was provided daily in the cages as
we noticed that lemmings readily consumed it.
From August to November, we simulated sea-
sonal change in photoperiod by gradually
decreasing the amount of light every week to fol-
low the natural photoperiod (hours of illumina-
tion: from 16 h on August 16 to 3h on
November 19). The simulation was successful in
inducing the normal seasonal morphological
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changes in both lemmings (bifid claws and white
fur in collared lemmings; longer and thicker fur
in brown lemmings). All were adults with a body
mass between 57 and 88 g. Manipulations were
approved by the Canadian Museum of Nature
animal care committee (protocol 2018.02.001).

Experimental setup

To collect snow samples and perform the
experiment, we built two narrow observation
boxes (100 x 31 x 8 cm, length x height x
width) with windows on each vertical side to see
lemmings while digging in the snow (see
Appendix S1: Fig. S1 for more details). The floor
of each box could be removed to allow us to
push it through the snowpack and collect an
undisturbed snow sample down to the ground
level.

For our experiments, we categorized the snow-
pack in three main types: soft, hard, and ROS.
We obtained samples of soft and hard undis-
turbed snow at different locations <200 m from
CHARS, near slopes conducive to snow depths
of 20-30 cm. Considering that the arctic snow-
pack is vertically heterogeneous (i.e., harder at
the top, softer at the bottom), the type of snow
was determined according to its top layer. Soft
snow was found in areas protected from the
wind (e.g., depressions in the ground) and hard
snow in areas exposed to the wind. Snow sam-
ples were not collected randomly but in similar
sites, close to each other, to obtain relatively
homogeneous samples for every snow type.

Before collecting a snow sample, we per-
formed a visual stratigraphy at the site based on
size and shape of snow grains (Pielmeier and
Schneebeli 2003). In every case, visual observa-
tion led to the identification of three main snow
layers: top (A), middle (B), and bottom (C), with
each layer about ~10 cm thick. We considered
the vertical arrangement of those three layers
throughout the experiment (Fig. 1). We mea-
sured the hardness of each snow layer with a
thin-blade penetrometer (resolution: 0.1 N; certi-
fied accuracy of £0.6 N (Borstad and Mcclung
2011)). This instrument measures the force
required to drive a blade 6 cm deep into the
snow. Strictly speaking, hardness should be the
force applied divided by the surface area of the
contact between the instrument and the snow
(1.4 cm?). For simplicity, we just report here the
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30 cm

Fig. 1. Observation box used to collect snow sam-
ples and conduct digging trials. The sampled snow-
pack was divided into three different snow layers (A,
B, and C) based on visual stratigraphy (see
Appendix S1: Fig. 52) and on differences in hardness
and density (see Fig. 2). Here, a trial with a collared
lemming (located at the surface of the snow) is pre-
sented.

force indicated by the instrument (N, Newton)
but it can easily be converted to pressure (Pa,
Pascal) by dividing the value by 1.4 x 10~* m?
We also measured snow density by weighing a
fixed volume of snow (100 cm’) sampled with a
box cutter (Conger and McClung 2009).

We simulated the rain-on-snow (ROS) type of
snow in the laboratory by creating a 2- to 3-cm
melt-freeze layer (i.e., clustered snow crystals) on
top of snow samples categorized as hard in our
observation box. First, we placed the sample in a
room at ambient temperature (~18°C) and we
heated the top layer with a heat gun for 5-10 s.
Second, we added a thin snow layer of about
1 cm. Third, we heated again for 5-10 s. Fourth,
we sprayed a small amount of warm water. We
repeated steps 2—4 four times. We then moved
the sample back in the —20°C freezer to allow
the melted snow to refreeze. We avoided heating
the snow too fast or spraying too much water to
prevent accumulation of meltwater that would
have led to the formation of a thick ice layer. We
measured the hardness of this ROS layer, but its
density could not be measured because the box
cutter could not be introduced properly in the
observation box.

Course of the experiment

The digging experiment was conducted in the
last 2 weeks of November 2019. Each trial lasted
30 min and started by introducing a captive lem-
ming on top of a snow sample in the observation
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box (see Video S1). Each lemming (n = 7) was
tested on each snow type (soft, hard, and ROS)
three times (different snow samples each time)
for a total of 63 trials. Two trials were conducted
simultaneously in two observation boxes, and a
camera filmed the whole trials. The boxes were
placed one above the other on a shelf to make
sure lemmings could not see each other. The
experiment took place in a walk-in freezer at
—20°C to limit snow metamorphism that would
have modified its physical properties. A new
snow sample was usually collected prior to each
digging trial and kept in a freezer at —20°C. Dur-
ing some trials, lemmings barely scratched
through snow samples (Hgoft =2; Mhara = 3),
which allowed us to reuse them for a second
trial. For ROS samples, 17 of them were created
from hard snow samples with minimal distur-
bance and four were reused ROS samples. A
total of 37 snow samples were collected in the
field.

Video analysis

During the video analysis, we continuously
recorded the lemming behavior using the eight
categories defined in Table 1 (behaviors lasting
<2 s were ignored). When needed, we used the
zoom to enlarge the image.

We also compiled other behaviors and perfor-
mance indicators for each trial:

1. Time elapsed since the beginning of the trial
before reaching snow layer B for the first
time (i.e., layer A had been crossed).

2. Time elapsed since the beginning of the trial

before reaching snow layer C for the first

time (i.e., layers A and B had been crossed).

Time spent under the snow.

4. Time spent using their teeth while digging
or scratching the snow.

5. Tunnel length: total length of the tunnel at
the end of the trial, measured in cm.

®

We also measured the instantaneous digging
speed of lemmings while in a specific snow layer
(A, B, or C). The speed was calculated either
from a unique sequence or as the mean of up to
three sequences when possible. We chose
sequences of continuous digging (minimum of
6 s to a maximum of 13 s) during which we mea-
sured the distance traveled and divided it by the
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Table 1. Description of the eight main behaviors of lemmings identified during the trials (see Video S2).

Behavior Description
Digging Efficient: Continuous digging with front and hind legs in the snow for >2 s and progression in the snowpack
Inefficient: Continuous digging with front and hind legs in the snow for >2 s and without progression

in the snowpack

Scratching Scratching at the surface of the snow with only the front legs for <2 s at the same spot but constantly
changing spot

Exploring Walking on top of the snow, looking around or standing on its hind legs

Traveling Walking through a tunnel that has already been dug

Resting Sleeping or being inactive

Grooming Grooming or scratching itself

Unknown Hiding in the snowpack (i.e., observer cannot see its behavior)

sequence duration to obtain speed (cm/s). We
selected sequences where we could easily deter-
mine lemming starting and ending points. A
scaled picture of the observation box, corrected
for distortion with Adobe Lightroom, was used
in Image] software (Schneider et al. 2012) to
accurately measure the distance traveled.

Statistical analyses

We used linear models to assess differences in
hardness or density of the top layer (A or AA for
ROS) between snow types (soft, hard, and ROS)
or differences between layers (A (and AA for
ROS), B, C) within every snow type. A square
root transformation was used for hardness data
to enhance normality and homoscedasticity.

During trials, lemmings often moved across
snow layers while digging, which prevented us
from associating most behavioral aspects with a
specific layer (except digging speed). We there-
fore examined the link between behavioral vari-
ables and the snow type (soft, hard, and ROS) of
the top layer, which was the first layer encoun-
tered by lemmings during trials. Because the
same animals were used repeatedly in several tri-
als, we used animal ID as a random factor. All
statistical analyses were performed using the R
software (R Core Team 2020).

We used linear mixed-effects models to exam-
ine the relationship between digging speed and
either density or hardness of the snow layer, lem-
ming species, and their interactions. Generalized
linear mixed-effects models (GLMM) with a
gamma distribution and a log-link function were
used to handle the variance structure when ana-
lyzing the influence of snow type, lemming spe-
cies, and their interaction on the time spent in
different behavior, tunnel length, and time spent

ECOSPHERE % www.esajournals.org

under snow during each 30-min trial. The excep-
tions being the time spent on exploration behav-
ior, which was modeled using linear mixed-effect
model, and traveling behavior and time spent
under snow, which were modeled using the
function Varldent implemented in the nlme
package in R (Pinheiro and Bate 2021), with
snow type and species as grouping variables. For
time spent under the snow, we removed trials
where lemmings did not go under the snow.

We used GLMM with a binomial distribution
to determine whether snow type and lemming
species affected the probability of reaching layer
B or C (scored as 1 if they reached it, otherwise 0)
during a trial. When a model did not converge
well, potentially due to low sample size, we
increased the number of nodes in the quadrature
formula to two instead of one using the nAGQ
argument (Bates et al. 2015). For trials where
lemmings reached layer B or C, we also exam-
ined if snow type or lemming species affected
the time taken to reach those layers using a
GLMM with a gamma distribution. For all statis-
tical analyses, we used the second-order Akaike’s
information criterion (AICc) to select the most
parsimonious model. Means are presented with
their respective standard error (SE) and slope
parameters (B) with their 95% confidence interval
throughout. When relevant, R?, (variance
explained by fixed factors) and R?. (variance
explained by both fixed and random factors) are
given (Nakagawa and Schielzeth 2013).

REsuLTS
Snow physical properties

We found strong variations in hardness and
density between snow types (soft, hard, and ROS)
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Fig. 2. Mean hardness (top) and density (bottom) of the different layers of the three types of snow
(ROS = rain-on-snow) in which lemmings dug, n = 21 measurements per layer and type of snow. Error bars rep-
resent SE. AA = surface layer hardened by experimental rain-on-snow (~2-3 cm); A = top layer; B = middle
layer; C = bottom layer. It was impossible to measure snow density of the AA layer.

and between layers that we visually determined
within snow types (Fig. 2; see Appendix S1:
Fig. 52 for examples of snow stratigraphy). As
expected, hardness of the top layer was highest for
ROS, intermediate for the hard snow and lowest
for the soft snow (Bharasort = 5.92, CI = [5.24, 6.60];
Broshara = 2.70,  CI=[2.02, 3.38]). Density
showed a similar trend, being denser in the top
layer of hard snow compared with soft snow
(Bhard-soft = 102.40, CI =[79.38, 125.44]). Within
snow types, the top layer (i.e., wind slab) was the
hardest and densest and the bottom layer (ie.,
depth hoar) the softest and least dense, except for
the soft snow type (Fig. 2; Appendix S1: Table S1).
Snow density and hardness were positively related
although hardness increased rapidly only when
snow density exceeded ~300 kg/m> (Appendix Sl:
Fig. S3).

Digging speed

In all 63 trials, lemmings instinctively dug in
the snowpack. However, we observed large dif-
ferences among individuals of the same species
with some being active during most of the trials
while others being often immobile.
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We found an inverse, non-linear relationship
between lemming digging speed and both snow
density (Bgensityr2 = —3.40E—06, CI = [~4.28E—06,
—252E—06]) and hardness (Bhardnessros = —0.06,
CI=[-0.08, —0.04; Fig.3; Appendix Sl:
Table S2). Digging speed started to decline more
rapidly when snow density was above ~275 kg/
m’ (about 60% of maximum value). Regarding
snow hardness, lemmings dug at a wide range of
speeds below ~10 N (about 12% of maximum
hardness) but speed declined sharply above
this value. Collared lemmings had a digging
speed slightly faster (1.25 times) than brown lem-
mings regardless of snow density (Bspecies = 0.09,
CI =1[0.00, 0.18]) or hardness (Bspecies = 0.09,
CI = [0.00, 0.18]; Fig. 3).

Behavior

We found several behavioral differences between
lemming species and snow types (soft, hard, or
ROS; Fig. 4). There was no difference in the time
spent digging (efficient + inefficient) between spe-
cies, but time spent digging was higher in ROS
than other snow types (B = 0.42, CI = [0.10, 0.74]).
Inefficient digging almost never occurred in soft or
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collared lemming. Dotted lines are 95% CIL.

hard snow, but it was common in ROS (50-75% of
the time). Collared lemmings spent less time
scratching than brown lemmings (B = —0.93,
CI =[-1.13, —0.73]), and both lemmings spent
more time scratching in hard and ROS snow types
than in soft snow (Bna..q = 0.43, CI =[0.19, 0.67];
Bros = 0.39, CI=[0.15, 0.63]). Collared lem-
mings also spent less time exploring than brown
lemmings (B = —4.80, CI = [-9.56, —0.04]). Time
spent traveling decreased in hard and ROS snow
types compared with soft snow (Bhara = —1.31,
CI=[-231, —031]; Bros=—144, CI=[-248,
—0.40]). Finally, time spent resting decreased in
ROS compared with soft snow in brown lem-
mings (f = —0.55, CI = [-0.88, —0.22]) but resting
increased in hard and ROS snow types compared
with soft snow in collared lemmings (Bparg = 0.87,
CI = [0.34, 1.40]; Pros = 1.09, CI = [0.56, 1.62]).

Tunnel length and time spent within the snow

Tunnel length of lemmings decreased in hard
and ROS snow types compared with soft snow
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(Bhara = —1.07, CI = [~1.56, —0.58]; Pros = —1.40,
CI =[-191, —0.89]; Fig. 5) but did not differ
between species (B =0.93, CI=[-0.15 2.01])
despite a trend for longer tunnels in collared lem-
mings. The time spent within the snow was higher
for collared lemmings than brown lemmings
(B =12.07, CI = [7.82, 16.32]), but did not differ
between snow type (Bpara = 1.93, CI=[-1.62,
5.48]; Pros = 1.48, CI = [-1.50, 4.46]; Fig. 6).

Vertical movement

The probability of reaching layer B was lower
in hard and ROS snow types than in soft snow
(Brara = —2.23, CI =[0.54, 3.92]; Pros = —1.96,
CI = [-3.59, —0.33]), but did not differ between
species (Fig. 7a). The probability of reaching
layer C was lower in hard and ROS than in soft
snow type for brown lemmings only, but this
result was not statistically significant (Fig. 7b).
Lemmings took more time to reach layer B or C
in ROS snow than in soft snow (f = 0.87,
CI =10.01, 1.73] and B = 0.74, CI = [0.19, 1.29],
respectively; Fig. 8). Collared lemmings took
less time than brown lemmings to reach
layer C (B = —0.90, CI = [-1.37, —0.43]) but no
difference was found for layer B (Fig. 8).

Digging technique

While digging, lemmings used their front
paws to tear the snow at high speed (scratch-
digging technique) and their hind legs to kick the
loosened snow behind them. However, in some
cases, they used their incisors to tear the snow,
corresponding to chisel-tooth digging technique
(see Video S3, e.g., of the two digging tech-
niques). In soft snow, lemmings never used their
incisors to dig and rarely did so in hard snow
(4% of the time in brown lemmings). However,
in ROS snow, brown and collared lemmings used
their incisors 71% and 30% of the time when dig-
ging or scratching, respectively.

DiscussioN

Our experiment provides compelling evidence
that lemming locomotion through the snowpack
is affected by its physical properties. First, the
digging speed of lemmings was reduced by
increasing snow hardness and density within
the natural range observed in this study. Their
progression (i.e., tunnel length and vertical
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Fig. 5. Mean length of tunnels dug by lemmings in
each snow type (soft, hard, and ROS). Black = brown
lemmings (n = 36), gray = collared lemmings (n = 27).
Error bars represent SE.

movement) in the snowpack was also hampered,
which is consistent with the predictions of our
first hypothesis. Snow hardened by our experi-
mental simulation of a ROS event had an even
stronger impact on lemming locomotion and
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behavior, and forced them to use a different dig-
ging technique involving their teeth, which sup-
ports predictions of our second hypothesis
regarding an increased effort in harder snow
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types. Finally, the digging performance of col-
lared lemmings was less impacted by hard snow
than brown lemmings, which supports our third
hypothesis. To our knowledge, this is the first
experimental study showing that hard snow, and
especially ROS events, considerably reduces the
digging performance of lemmings and affects
their behavior.

Digging performance and effort in hard snow

Hard snow strongly hampers movements of
lemmings using the scratch-dig technique with
their front claws. Digging speed decreased as
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snow hardness increased but more rapidly at
low hardness values, suggesting that the shear
resistance is the most limiting factor for digging.
As snow density increases, lemmings must
loosen a greater mass of snow crystals per unit
volume when digging, resulting in an increase in
the quantity of material they have to push out
with their hind feet. A similar reduction in per-
formance was observed in moles digging in
dense soil (Lin et al. 2017). When kicking the
loosened snow with their hind feet, lemmings
may be compacting the snow around them as
grains sliding against each other will tend to fill
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the empty space between them and lead to a
tighter arrangement of snow grains (Anderson
and Benson 1963). This snow compaction may
allow lemmings to clear their tunnels from loos-
ened snow with less effort compared with other
rodents that have to transport the loosened soil
to the surface of the ground (Vleck 1979). How-
ever, beyond a certain density, snow grains are
arranged more tightly against each other, which
makes compaction less likely (Arnaud et al.
2000) and could explain why digging speed
declined more rapidly at high values of snow
density. Unfortunately, we could not measure
digging speed in our ROS layer due to insuffi-
cient progression of lemmings in this type of
snow. However, the drastic increase in inefficient
digging in ROS suggests that speed may be very
low and close to 0 cm/s at 95 N, the mean hard-
ness of the ROS top layer.

The strong effect of snow hardness on digging
speed can explain why tunnel length dug by lem-
mings during the experiment decreased almost
linearly across snow types of increasing hardness.
Also, in response to a slower progression in the
ROS snow, lemmings apparently compensated by
increasing their time spent digging. However, a
large proportion of that digging time was ineffi-
cient (i.e., no progression in the snowpack). Before
initiating digging, lemmings typically explored
and scratched the surface of the snow at many
places in the experimental box. The increased time
spent scratching in the presence of hard snow
suggests that lemmings were sampling snow
repeatedly and possibly looking for softer snow
to initiate digging. Our results also show that lem-
mings were more reluctant to dig deeper in hard
than in soft snowpacks and fewer of them reached
the deepest and softest snow layer when they ini-
tially encountered a hard layer, especially in ROS
snow. All these results are consistent with field
observations showing that lemming tunnels are
almost always found in the softest layer of the
snowpack (Poirier et al. 2019).

Lemmings showed flexibility in their digging
technique by using their incisors when scratching
or digging in the hard ROS snow. The chisel-tooth
digging technique is thought to have evolved pri-
marily in fossorial species living in hard soil types
(Stein 2000), but it is not unusual to observe it as a
secondary digging mode in other species when
facing harder soils (Lessa and Thaeler 1989).
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However, considering that this behavior was only
observed when lemmings attempted to dig
through the hardest snow, chisel-tooth may be
less efficient and/or more energetically costly than
the more common scratch-digging technique.
Despite this switch of technique in the presence of
ROS, a large proportion of the time spent digging
remained inefficient and their progression in the
snow was very slow. Collectively, these results
suggest that animals experiencing ROS events
under natural conditions will need to spend con-
siderably more effort to fill their basic needs (e.g.,
accessing food) whenever they have to move
through hardened snow. Ultimately, this should
increase their energy expenditure as reported
in fossorial rodents that need to dig in hard
and dense soils (Vleck 1979, Ebensperger and
Bozinovic 2000, Luna and Antinuchi 2006).

Interspecific differences in locomotion efficiency in
the snowpack

Overall, collared lemmings were more efficient
than brown lemmings when moving in the snow
as their digging speed, proportion of efficient
digging among total digging time, tunnel length,
and probability of reaching the deepest layer in
the presence of hard snow were greater than for
brown lemmings. Some of the differences
observed between the two species were not
always statistically significant, probably due to
our small sample size and sometimes to large
individual differences. Nonetheless, all trends
detected were always in favor of a higher perfor-
mance in collared lemmings, never the opposite.
This difference is not surprising since collared
lemmings develop large claws on their front legs
in early winter, unlike brown lemmings (Hansen
1957, Fuller et al. 1975). The specialization of
forelimbs for digging could also explain why col-
lared lemmings used their incisors less than
brown lemmings in the presence of hard snow.
In contrast, brown lemmings spent more time
exploring and scratching the surface of the snow,
possibly to probe for softer snow. The skull of the
two lemming species also presents some mor-
phological differences such as larger angular pro-
cesses on the mandible of collared lemmings. If
this is associated with larger, more powerful jaw
muscles in this species, it could increase the effi-
ciency of digging when they use their teeth in
ROS snow, but this needs further exploration.
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Collared lemmings are known to have the
most northerly geographic distribution among
small mammals (Jarrel and Fredga 1993), which
includes the high arctic polar deserts where
brown lemmings are absent. Polar deserts typi-
cally have a lower occurrence and, when present,
a lower fraction of the snowpack occupied by
depth hoar (Domine et al. 20184), as well as a
denser snowpack compared with arctic or sub-
arctic regions (Royer et al. 2021). Therefore, the
greater efficiency of collared lemmings to dig in
hard snow compared with brown lemmings may
partly explain their more northerly distribution
where a denser snow type is more prevalent.

Implications

Overall, our study indicates that lemming loco-
motion in the snowpack is impaired by hard wind
slabs and even more by our simulated ROS snow
type. Nonetheless, generalization of our findings
to the whole Arctic and winter period should be
made with caution. First, the design of our experi-
ment forced lemmings to penetrate the snowpack
from above, which may not entirely reflect the
reality faced by lemmings as they are thought to
spend most of their time inside the snowpack.
However, we and others have made numerous
observations of lemmings on the surface of the
snowpack (e.g., Poirier et al. 2019), probably to
disperse, find a mate, or escape a predator such as
an ermine. Thus, the conditions simulated in our
experiment may not be so uncommon. Further-
more, we note that the depth hoar measured in
this study during late fall was denser than typical
arctic depth hoar, which is usually sampled in late
winter or spring (Derksen et al. 2009, Domine
et al. 2016, Poirier et al. 2019). This may occur
because the upward water vapor fluxes that create
depth hoar continues during the winter or
because wind compaction was especially strong
at our study site. Therefore, changing snow condi-
tions over the winter or spatial variations in phys-
ical properties of the snowpack may have a great
influence on digging performance of lemmings
under natural conditions.

The frequency of melt-freeze and ROS events
has already started to increase in some regions of
the Arctic due to climate change, and this is
likely to continue in the future (Langlois et al.
2017, Peeters et al. 2019). Melt-freeze layers often
form in depressions of the ground at the bottom
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of the snowpack and lemmings tend to avoid
digging into them (Poirier et al. 2019). However,
if lemmings have to dig horizontally across such
hard snow layers to access their food or move
vertically to the surface of the snowpack (i.e.,
when a melt-freeze layer formed in the upper
part of the snowpack), this could greatly increase
their energy expenditure. Although we showed
that lemmings could change their digging tech-
nique when faced with snow transformed by
ROS, their digging efficiency drastically declined.
In the worst case, extreme ROS events can even
encapsulate ground vegetation in ice and make it
unavailable to lemmings, as was observed for
other herbivores such as reindeer (Rangifer taran-
dus), voles, or ptarmigans, thus affecting their
populations negatively (Stien et al. 2012, Hansen
et al. 2013). More studies assessing the impact of
snow properties on lemming behavior, energetic,
and population dynamic are required to better
understand these processes.

By increasing their effort to move through a
snowpack indurated by a ROS, lemmings would
have less energy available for reproduction or
survival, which could have negative impacts on
their populations (Aars and Ims 2002, Korslund
and Steen 2006, Kausrud et al. 2008). Given that
lemmings are key species of the arctic ecosystem
(Ims and Fuglei 2005), a disruption of their cyclic
population fluctuations could drastically impact
the numerous predators that depend upon them
for their own reproduction and survival (Sch-
midt et al. 2012).
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