N

N
N

Lemming winter habitat:

HAL

open science

the quest for warm and soft

SNNOwW

Mathilde Poirier, Gilles Gauthier, Florent Domine, Dominique Fauteux

» To cite this version:

Mathilde Poirier, Gilles Gauthier, Florent Domine, Dominique Fauteux. Lemming winter habitat: the
quest for warm and soft snow. Oecologia, 2023, 202 (2), pp.211-225.

hal-04308294

HAL Id: hal-04308294
https://hal.science/hal-04308294
Submitted on 28 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

10.1007/s00442-023-05385-y .


https://hal.science/hal-04308294
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

10

11

12

13

14

15

16

17

Title

Lemming winter habitat: the quest for warm and soft snow

Authors!

Mathilde Poirier!??, Gilles Gauthier'-?, Florent Domine'-**, Dominique Fauteux'>>

Affiliations

!Centre d’Etudes Nordiques, Université Laval, 1045 av. de la Médecine, Québec, Québec,
Canada.

?Department of Biology, Université Laval, 1045 av. de la Médecine, Québec, Québec, Canada.
3Takuvik Joint International Laboratory, Université Laval (Canada) and CNRS-INSU (France),
1045 av. de la Médecine, Québec, Québec, Canada.

“Department of Chemistry, 1045 av. de la Médecine, Québec, Québec, Canada.

>Centre for Arctic Knowledge and Exploration, Canadian Museum of Nature, P.O. Box 3443

station D, Ottawa, Ontario, Canada.

Corresponding author
Mathilde Poirier

E-mail: mathildepoirier05@gmail.com { Phone: +1 418-997-5417

Mailing address: Pavillon Alexandre-Vachon, 1045 av. de la Médecine, local 2042

We documented the favorable role of deep snow in lemming habitat use, as well as its tradeoff as harder snow was

found in deeper snowpack, which has a negative impact on lemming winter reproduction.

Declaration of authorship: MP, FD, DF conducted fieldwork. MP, performed statistical analyses, with support from
DF and GG. MP wrote the original manuscript draft with substantial contribution from GG, FD, DF. GG and FD co-
supervised the project and obtained funding.


mailto:mathildepoirier05@gmail.com

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Abstract (250 words)

During the cold arctic winter, small mammals like lemmings seek refuge inside the snowpack to
keep warm and they dig tunnels in the basal snow layer, usually formed of a soft depth hoar, to
find vegetation on which they feed. The snowpack, however, is a heterogenous medium and
lemmings should use habitats where snow properties favor their survival and winter
reproduction. We determined the impact of snow physical properties on lemming habitat use and
reproduction in winter by sampling their winter nests for 13 years and snow properties for 6
years across 4 different habitats (mesic, riparian, shrubland, wetland) on Bylot Island in the
Canadian High Arctic. We found that lemmings use riparian habitat most intensively because
snow accumulates more rapidly, the snowpack is the deepest and temperature of the basal snow
layer is the highest in this habitat. However, in the deepest snowpacks, the basal depth hoar layer
was denser and less developed than in habitats with shallower snowpacks, and those conditions
were negatively related to lemming reproduction in winter. Shrubland appeared a habitat of
moderate quality for lemmings as it favored a soft basal snow layer and a deep snowpack
compared with mesic and wetland, but snow conditions in this habitat critically depend on
weather conditions at the beginning of the winter. With climate change, a hardening of the basal
layer of the snowpack and a delay in snow accumulation are expected, which could negatively
affect the winter habitat of lemmings and be detrimental to their populations.

Key words (5)

Climate change; habitat use; rodent; small mammals; snowpack
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Introduction

The arrival of below-zero temperatures and of a snow-covered landscape in autumn marks the
beginning of a challenging period for boreal and arctic species. Snow, depending on its
properties, can either be an ally or a foe for animals living in these environments. For instance,
willow ptarmigans (Lagopus lagopus) can benefit from deep snow accumulation as it allows
them to browse buds higher up on shrubs and increase their food intake (St-Georges et al. 1995).
For other herbivores such as reindeer (Rangifer tarandus) and muskoxen (Ovibos moschatus),
hard snow or ice crusts resulting from rain-on-snow events can reduce access to ground
vegetation and lead to population-wide reduction in survival (Rennert et al. 2009, Hansen et al.
2011). Snow properties vary from year to year but also within the landscape. Depending on their
specific needs and characteristics, each species should theoretically use the habitat in a way that
maximizes snow attributes favoring them. For instance, mammals like red foxes (Vulpes vulpes)
or mule deer (Odocoileus hemionus) minimize travelling in deep and soft snow, probably to

reduce their energy expenditure for locomotion (Halpin and Bissonette 1988, Coe et al. 2018).

Lemmings are small arctic rodents that benefit from the snowpack for thermoregulation and
protection against predators (Duchesne et al. 2011a). These small mammals are the main prey of
many predators and these interactions likely lead to their cyclic population fluctuation (Gilg et al.
2003, Fauteux et al. 2016). In winter, lemmings stay active in the snowpack where they dig a
network of tunnels to find plants on which they feed or to disperse. They build nests for warmth
where they can also reproduce if they have enough energy (Millar 2001, Duchesne et al. 2011a).
Lemmings typically build their nest within a deep snowpack (60 cm or more) where subnivean
temperatures reach an optimum (Duchesne et al. 2011a, Reid et al. 2012). However, in a collared

lemming (Dicrostonyx groenlandicus) population in Greenland, use of shallower snowpacks
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increased as the population density increased, suggesting density-dependent habitat selection
resulting from resource competition (Schmidt et al. 2021). Most studies have focused on snow
depth to explain lemming distribution in the landscape, but other snow properties could also
influence their habitat use in winter. For instance, it has been shown that lemmings
predominantly use the soft, low-density basal snow layer to move through the snowpack (Poirier

et al. 2019), which can vary at the landscape level.

The High Arctic snowpack is shallow, typically 25 cm thick, but often as little as 15 cm (Sturm
and Benson 2004, Domine et al. 2012) and is generally comprised of two main layers: a basal
soft, fragile layer of low density snow topped by a hard dense wind slab (see Figure 1 of Domine
et al. 2018a). It should be noted that this description excludes arctic regions strongly affected by
oceanic currents. The basal layer mostly forms at the beginning of winter, when the high
temperature gradient between the ground which is still warm and the cold polar air generates
strong upward water vapor fluxes that lead to the formation of large, loosely bonded cup-shaped
crystals called depth hoar (Marbouty 1980). The decrease in temperature gradient throughout the
winter subsequently limits further depth hoar formation and snow evolution is instead governed
by wind effects. A greater depth hoar fraction in the snowpack is therefore favored by greater
soil moisture which delays freezing, a shallow snowpack, and low wind exposure (Domine et al.
2018a). In areas with a heterogeneous topography (e.g., hummocks, river banks), snow
accumulation is greater due to wind redistribution (Pomeroy and Brun 1990). The presence of
shrubs can also increase snow accumulation and depth hoar fraction (Sturm et al. 2001) because

branches trap wind-blown snow and limit erosion by strong winds (Domine et al. 2016).

Several variables characterize the quality of the different snow layers, as relevant to lemming

habitat. Snow density (p) is the mass/volume ratio of a snow layer (Conger and McClung 2009).
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Snow thermal conductivity (kefr) is inversely proportional to the thermal insulation properties of
the snow and is positively correlated to both density and hardness (Domine et al. 2011). Snow
specific surface area (SSA) is a measure of the surface/volume or surface/mass ratio of sampled
snow grains and is inversely related to grain size (Gallet et al. 2009). The basal depth hoar is
usually relatively soft (p = 130-250 kg m™, ket = 0.025-0.1 W m™' K*!, SSA =9-11 m* kg™
Sturm and Benson 1997, Domine et al. 2018). However, when temperature increases above 0 °C,
partial melting and subsequent refreezing of the snow, or a rain-on-snow event, can occur and
create hard melt-freeze layers (p = 364-480 kg m™, ketr = 0.11-0.39 W m™ K'!, SSA = ~3 m* kg'!;
Sturm et al. 1997, Domine et al. 2009). Although such layers can subsequently metamorphize
into depth hoar, it will be fairly hard. In regions where the climate is wetter and milder, melt-
freeze layers are more frequent, and warmer air temperature and deeper snowpack will slow
down the depth hoar metamorphism (Marbouty 1980, Sturm et al. 1995). Another mode of
formation of hard depth hoar is when a wind slab forms early in the season. A wind slab is
usually dense and hard (p = 350-488 kg m™, kerr = 0.16-0.45 W m' K'!, SSA =20-30 m* kg'';
Sturm et al. 1997; Domine 2016) but when formed early in the season and subjected to a high
temperature gradient, it will also metamorphize into hard depth hoar. Hard depth hoar, formed
from either refrozen layers or a wind slab, is called indurated depth hoar (p = 250 to

>350 kg m™, ket = 0.05 to > 0.30 W m! K'!; Domine et al. 2018). Depth hoar with a SSA in the
lower range (~8 m? kg™!) usually indicates formation from a melt-freeze layer while a SSA value

~12 m? kg'! usually indicates formation from a wind slab layer (Domine et al. 2009).

With climate change, a delayed onset of the snowpack is expected (Liston and Hiemstra 2011)
and may reduce the period when lemmings can benefit from it (Gilg et al. 2009). Global

warming also threatens to increase the frequency of rain-on-snow events, leading to a hardening
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of the snowpack (Liston and Hiemstra 2011, Hansen et al. 2014). As lemmings have greater
difficulty digging in harder snow (Poirier et al. 2021), this could have population-wide impacts
by increasing their energy expenditure and reducing their chances of reproduction. Some studies
already reported negative consequences of rain-on-snow on lemming and vole populations (Ims
et al. 2008, Kausrud et al. 2008, Domine et al. 2018b), but a better understanding of their winter

habitat use is necessary to assess their vulnerability to future snow conditions.

In this study, we examined winter habitat use and the impact of habitat and snow properties on
the probability of reproduction of the brown (Lemmus trimucronatus) and northern collared
lemming in the High Arctic. Habitat use was determined by comparing density of lemming
winter nests among four habitats (mesic, riparian, shrubland and wetland) and their reproductive
activity by comparing the proportion of reproduction in those nests over 13 years. We
hypothesized that habitat use and reproduction rates of lemmings would be higher in habitats
where snow conditions are expected to facilitate their thermoregulation and locomotion. We
predicted that winter nest density and proportion of nests with reproduction would be higher (1)
in habitats with a deep snowpack and early snow accumulation because these conditions should
offer good thermal insulation, and (2) where the basal snow layer is characterized by a soft and
well-developed depth hoar layer because it facilitates locomotion through the snow. We also
hypothesized that winter nest density would increase in less favorable habitats in years of high
lemming abundance due to a density-dependent spillover effect. Finally, we hypothesized that
brown and collared lemmings would use winter habitats differently because collared lemmings
are more efficient at digging into the snow than brown lemmings (Poirier et al. 2021).

Material and methods

Study area
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This study took place in the Qarlikturvik valley of Bylot Island, Nunavut (73°08’N, 80°00°W),
from 2007 to 2019 (Supplementary Material S1 Fig. S1). Winter, which is defined here as the
period with snow cover, typically starts in early October and ends in early June (Domine et al.
2021). The coldest month is February with a mean temperature of -36.7 °C (Domine et al. 2021).
Climate in this area is typical of cold and dry Arctic regions unaffected by oceanic currents. For
this study, we separated the study area (~51 km?) in four main habitats for lemmings in winter,
namely, mesic (67 %), wetland (17 %), riparian (10 %) and shrubland (6 %) (Supplementary
Material S1 Fig. S1-S2). The mesic habitat is mostly found upland, in sites with moderate to
good drainage. It is characterized by hummocky tundra and the main plant species encountered
are Salix arctica, Cassiope tetragona, graminoids and mosses (Audet et al. 2007). Wetland
habitat (wet) is found in low-lying areas close to sea-level and is characterized by shallow ponds
and polygon tundra created by the growth of ice wedges in the permafrost. The vegetation mostly
consists of graminoids, such as Carex aquatilis, Eriophorum sheuchzeri and Dupontia fisheri
growing through an extensive moss cover (Gauthier et al. 2011). Riparian habitat is restricted to
the area along streams or gullies with steep slopes on either side (i.e., 10-30 m from them),
running mostly through the mesic habitat or along hills, which allow the formation of snowdrifts
in winter (Pomeroy and Brun 1990). This habitat has a similar vegetation composition to mesic,
but near the center of gullies, vegetation becomes more similar to wetland due to higher ground
humidity. Finally, shrubland habitat (shrub) resembles mesic but is the only habitat with erect
vegetation, primarily Salix richardsonii, rising 10 to 40 cm above the ground (Domine et al.
2016). This habitat is very limited spatially and mostly occurs in the most inland part of the
valley, at the base of alluvial fans which provide abundant water supply by channeling snowmelt

water.
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Lemming demographic parameters

Lemming winter nests were sampled along 20 permanent transects of 500 m each in mesic,
riparian and wet habitats between 2007 and 2019 (total of 60 transects each year; Supplementary
Material S1 Fig S1). For the shrub habitat, the sampling took place between 2017 and 2019 along
25 transects of 200 m (transects were shorter because that habitat occurred in small-size patches).
These transects were randomly positioned in the landscape from predetermined coordinates and
had a predominantly N-S orientation to avoid transects crossing each other. Most of them were
spaced by at least 200 m, which ensured spatial independence considering the small home range
of lemmings (Banks et al. 1975, Predavec and Krebs 2000). We walked all transects soon after
complete snow melt and noted every winter nest detected from the transect line. We measured
the perpendicular distance between each nest and the transect and destroyed them so only new
nests could be sampled the next year. We identified the lemming species that occupied every nest
found based on the size, shape and color of feces (MacLean et al. 1974, Soininen et al. 2015).
Feces were easy to identify because we only sampled fresh nests from the year. In some cases
(about 5 %), feces from both brown and collared lemmings were found, suggesting a mixed
occupation. In those cases, we duplicated the nest in our dataset so it would be considered twice

in the analysis, once for each species.

We estimated nest density of each species separately in each habitat and year with the distance
sampling method (Miller et al. 2019). Data from all transects were pooled within each habitat to
obtain a single estimate of nest density per habitat annually. We assumed that detection
probabilities decreased with distance separating the nest from the transect. For each habitat and
year, we modeled the detection probability with different probability distribution functions (half

normal, hazard rate, uniform; Buckland et al. 2004). It was also possible to specify an adjustment
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factor (i.e., cosine, Hermite polynomial or simple polynomial) to improve the fit of the model.
We used the second-order Akaike criterion (AICc) to determine which probability distribution
function provided the best fit for each dataset. The model estimated the effective area surveyed
by the observer as well as the number of undetected nests based on the detection probability
function. Nest density was obtained by the sum of detected and undetected nests, divided by the
effective area surveyed in each habitat. Those analyses were performed with the Distance
package version 1.0.3. (Miller et al. 2019) implemented in the R software version 4.1.0 (R Core
Team 2021). When models could not be run or performed poorly due to low sample size (about
25% of the time), we obtained a nest density by dividing the number of nests found in the habitat

by the total area surveyed assuming a perfect detection 5 m on either side of the transect.

For each lemming nest, we determined the occurrence of reproduction based on the presence of a
high number of small-size feces (i.e., at least one third of all feces), which indicates that
juveniles once occupied the nest (Duchesne et al. 2011b). In cases of mixed nest occupation, the
layering order of feces in the nest indicated which species had reproduced. We estimated the
proportion of nests with reproduction for each species, year and habitat by dividing the number
of nests with presence of reproduction by the total number of nests found. In years of low
lemming densities, the number of winter nests found along transects was very low, which
reduced the precision of the proportions of nests with reproduction. In those years, we increased
sample size by including winter nests found opportunistically in the field. Opportunistic nests
were found while observers conducted other field activities across the study area and were
considered randomly sampled. The habitat where opportunistic nests were found was assigned in
the field and they were analyzed in the same way as those found along transects. However, they

were not used in the density estimation.
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Snow physical properties

We sampled snow physical properties in the four habitats by digging snow pits in May before
snow melt from 2014 to 2019 except in 2016 due to logistical constraints. We dug between 1 to
11 snow pits in every habitat each year. It was not possible to perform snow pits at the exact
same location than the winter nests transects, but we selected sites with similar habitat
characteristics within the area covered by our transects (Supplementary Material S1 Fig. S1). In
every snow pit, we sampled physical properties of the basal layer of snow between 0 to 5 cm
from the ground level. We measured snow density by weighing a fixed volume of snow with a
100 cm?® box-cutter (Conger and McClung 2009). As a proxy for snow hardness, we measured
the thermal conductivity of snow (keff) with a TP02 heated needle probe (Hukseflux Thermal
Sensors, Delft, The Netherlands). A needle was inserted in the basal snow layer, avoiding
touching the ground, heated with a constant power during 100 s and the temperature at the center
of the needle was recorded. The relationship between temperature at the center of the needle and
time (on a log-scale) depends on heat dissipation in the environment and can be used to calculate
thermal conductivity (Morin et al. 2010, Domine et al. 2011). We used the DUFISSS instrument
(Dual Frequency Integrating Sphere for Snow SSA measurement) to measure the snow specific
surface area (SSA), which is the surface area per unit of mass (Gallet et al. 2009). The idea
consists in illuminating a given volume of snow with a laser diode at 1310 nm to measure the
reflected light with a photodiode, and to convert the reflectance measurement into SSA (more
details in Gallet et al. 2009, Domine et al. 2012). Finally, we visually determined the depth hoar
layer in the snowpack, and we measured the maximal height of this layer and the total height of

the snow pit.



221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

We measured mean snow depth in each habitat in mid-May, which is usually the period of
maximum snow depth. In mesic, shrub and wet habitats, this was measured using a snow probe
along 4 random transects positioned in a square shape, totaling 100 to 200 points per habitat
spaced out by 2 m. For riparian habitat, because the snow depth varies considerably at the meter
scale within snow drifts, we used the maximum depth recorded in May at three permanent poles

centrally located in selected snowdrifts.

From 2016 to 2021, three automated stations (one per habitat) monitored snow temperature with
thermistors in riparian, shrub and wet habitats throughout the winter. Since the snow depth is
similar between wet and mesic habitats, we assumed that their thermal profiles are also relatively
similar even though we recognize that differences in slope, aspect, soil properties and vegetation
may affect them. The thermistors were installed at different heights in the snowpack between 0
and 35 cm. We used the temperature at 2 cm above the ground, obtained either from direct
measurement at that height or from linear interpolation using the nearest 2 thermistors. We
obtained the daily temperature as well as the daily temperature fluctuation (i.e., maximal —
minimal daily temperature) of the basal snow layer. Due to malfunction of the equipment in
some years, we could only compare the three habitats over three winters (2016-17, 2019-20 and
2020-21). Air temperature was measured at two automated stations (shrub, wet) with a ventilated

sensor at 2.3 m height (Domine et al. 2021).

We obtained dates of permanent snow onset from 2017 to 2021 using automatic cameras
(Reconyx®) that recorded daily photographs of a representative area of each habitat. One camera
positioned about 10 m above the ground took pictures in mesic, riparian and wet habitats
simultaneously, and a second camera recorded pictures in the shrub habitat. Snow onset was

defined as the first day in autumn when snow cover reached or exceeded 80 % of the area and
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did not return below 50 %. Note that throughout the paper, the year of a given winter is referred
to by the year of the spring when most measurements were taken (e.g., winter 2016-2017 is
referred to as winter 2017).

Statistical analyses

We analyzed lemming winter nest density with linear mixed-effects models to assess the
influence of either habitat or snow parameters, lemming species and their interactions when
relevant. The sampling unit used in this analysis was annual nest density estimated in each
habitat with the distance sampling method (see Lemming demographic parameters above). We
log-transformed (natural log) nest densities to meet normality and homoscedasticity assumptions.
The temporal autocorrelation in model residuals caused by the cyclic dynamics of these rodents
was removed by adding year as a random factor. To test for a density-dependent effect on habitat
use, we repeated the global model with data divided into years of low and high nest density and
compared the effect size and significance of the habitat covariates. The threshold used to
separate low and high density was the 2.9 nests/ha, which corresponds to the median of yearly
nest density for brown and collared lemmings combined (Supplementary Material S1 Fig. S4).
For datasets including the shrub habitat (available only for 2017-2019), we could not test for a
density-dependent effect due to the short time series. To test the influence of snow physical
properties on nest densities (2014-2019), we used different combinations of additive parameters
(i.e., density and thermal conductivity of the basal snow layer, maximal height of depth hoar,
snow depth) and we evaluated the strength of support of each model using the second-order
Akaike criterion (AIC:). We used model-averaging when several had reasonable statistical

support (AAIC: < 4).



266 We analyzed the proportion of winter nests with reproduction with binomial models to examine
267  the influence of habitat and species. For the longest time series (2007-2019), we used generalized
268  linear mixed quasi-binomial models to overcome overdispersion in the data (MASS package

269  version 7.3-57.1; Ripley et al. 2022), with year included as random factor. For the dataset

270  including shrub (2017-2019), we used binomial models without year as a random effect due to
271  the small dataset. Similarly, we used binomial models to test for influence of species and snow
272 parameters on proportion of nests with reproduction (2014-2019). We evaluated the strength of
273 support of each model using AAICc and determined significance of relationships based on the

274 95% confidence interval of slope parameters.

275  To establish potential differences in snow properties between the four habitats, we used linear
276  mixed effects models with habitat as the fixed effect and year as a random effect (2014-2019).
277  Response variables were density, thermal conductivity and specific surface area (SSA) of the
278  basal snow layer, snow depth and maximal height of the depth hoar. We also examined the

279  differences in temperature (with and without correcting for differences in air temperature) and
280  daily temperature fluctuation of the basal snow layer between habitats with data from the

281  automated stations. To avoid autocorrelation problems of repeated measures, we used mean

282  monthly temperatures and mean of daily fluctuations in temperature calculated over 15-day

283  intervals (time intervals were determined to minimize autocorrelation in the data and to

284  maximize sample size). For the snow onset date, we examined the difference only between the
285  wet and riparian habitats because dates were the same for mesic and wet habitats and almost the
286  same for riparian and shrub habitats. In some models we had to perform a natural log, inverse or
287  square-root transformation of the response variable to improve normality and homoscedasticity.

288  Due to the different scales of variables, we could not use the same transformation consistently.
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As a complementary analysis, we explored the degree of association amongst snow variables
through a principal component analysis (PCA) and examined variations in PC scores between

habitats (see details in Supplementary Material S2).

When relevant, the proportion of variation explained by the models were calculated with the
MuMIn package version 1.47.1 (Barton 2022) following Nakagawa and Schielzeth 2013, with
R’n being the amount of variation explained by fixed factors and R% by both fixed and random
factors. In tables, slope parameters () are presented with their 95 % CI and differences between
groups are calculated with the Tukey’s Honestly Significant Difference test (HSD). When log-
transformed data where used in the models, we obtained the mean estimates on the linear scale
by applying an exponential transformation of the sum of the estimate and half of the variance
(Feng et al. 2014) and we calculated the approximate 95% CI with the Cox’s method (Chami et
al. 2007).

Results

Winter nest density

Nest density of both lemming species varied considerably among years, as expected based on
their known cyclic population fluctuations, and between habitats (Supplementary Material S1
Fig. S3, Fig. S4). We found evidence that nest densities were highest in the riparian habitat,
lowest in the wet habitat and intermediate in the mesic habitat (Fig. 1, Table 1a). Nest densities
of collared lemmings were also 2.6 times lower than that of brown lemmings ( = -0.96, CI =
[-1.38, -0.54]) and a model with an interaction between lemming species and habitat had less
support (AAICc = 1.2). We did not find evidence of density-dependent effects in habitat use
since models where years were separated in low and high density yielded similar results (i.e.,

similar slopes) to the global model (Supplementary Material S1 Fig. S5, Table S1). Results of the
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analysis using years with shrub habitat data were very consistent with the previous analysis
despite the smaller dataset (Table 1a). Nest density in the shrub habitat was 1.2 and 3.7 times
higher than in the mesic and wet habitats, respectively but 3.8 times lower than in the riparian

habitat (Fig. 1 c-d, Table 1a).

When examining the influence of snow parameters on nest density, we found support for a
positive effect of snow depth and maximal height of depth hoar on nest density and slightly
lower nest densities of collared than brown lemmings (Table 2a, Fig. 2, Supplementary Material
S1 Table S2). A model with an inverse transformation of snow depth had less support, providing
little evidence of a threshold effect of snow depth on lemming nest density.

Winter reproduction

The proportion of lemming winter nests with signs of reproduction also varied considerably
among years and habitats (Supplementary Material S1 Fig. S6). We found evidence that
proportion of nests with reproduction was 1.2 and 3.3 times higher in riparian compared to mesic
and wet habitats, respectively, (Table 1b) and was twice higher in collared than in brown
lemmings (f = 0.69, CI = [0.45, 0.94]; Fig. 3a). Results from the years when data from the shrub
habitat was available revealed the same trends and suggested a low reproductive activity in
shrubs although no significant difference was found, probably due to small sample size (Table
1b, Fig. 3b). However, reproductive rate was still 2 times higher in collared lemmings than in

brown lemmings in this time series (f = 0.70, CI=[0.11, 1.29]).

When examining the influence of snow parameters on lemming reproduction, we found support
for an increase in reproduction with greater snow depth and a reduction in reproduction as
maximal height of depth hoar increased (Table 2b, Fig. 4 a-b, Supplementary Material S1 Table

S2). A relationship with the inverse of snow depth was preferred over a linear one (AAICc =
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1.8), suggesting a positive effect on reproduction until ~60 cm, after which there was little
change (Fig. 4a). We also found evidence of a decrease in reproduction with an increase in
density and thermal conductivity of the basal snow layer (Fig. 4c-d; Table 2b).

Variation in snow properties across habitats

The density of the basal snow layer was highest in riparian habitat, lowest in shrub, and
intermediate in the other two habitats (Fig. 5a; coefficients of all models are shown in
Supplementary Material S1 Table S3). We did not find any evidence of differences in the snow
thermal conductivity (Kefr) across habitats, but we note a high residual variability of the random
variable (SDresidual = 8.77), suggesting large variations within years (Fig. 5b). Snow SSA was 1.2
to 1.4 times lower in the riparian habitat compared with the others (Fig. 5¢). Snow depth differed
between all habitats and, as expected, it was 2.8 to 3.1 times deeper in riparian habitat compared
to the other three habitats (Fig. 5d). Maximal height of depth hoar was lowest in the wet habitat
and highest in riparian and shrub habitats (Fig. 5e). Finally, snow onset dates in the riparian

habitat were almost two weeks earlier than in the wet habitat (Fig. 5f).

We found strong evidence that temperature of the basal snow layer was warmest in the riparian
habitat, coldest in wet and intermediate in shrub (Briparian-shrub = 5.01, CI = [1.7, 8.32]; Bshrub-wet =
4.53, CI=[1.21, 7.85]; n = 72; Fig 6a, Supplementary Material S1 Table S3, Fig S7). Similarly,
we found that daily temperature fluctuations were lowest in riparian habitat, highest in wet and
intermediate in shrub, suggesting a more insulative snowpack in riparian and shrub (Briparian-shrub =
-1.70, CI = [-2.03, -1.37]; Bshrub-wet = -1.04, CI = [-1.36, -0.71]; n = 144; Fig 6b, Supplementary
Material S1 Table S3, Fig. S8). When correcting for the slight difference in air temperature
between the shrub and other habitats (1° C warmer in shrubs on average), we found similar

results (Supplementary Material S1 Fig. S9).
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The principal component analysis (PCA) revealed an association between deep snow cover, thick
depth hoar and high density of the basal layer, for which riparian habitat globally had higher
scores than the other three habitats (Supplementary Material S2, Table S4, Fig. S11). There was
also an association between thermal conductivity and SSA, and scores of the riparian habitat on
this axis indicated a negative association with these variables (see Supplementary Material S2 for
more details on the results).

Discussion

Our results show that habitat use by lemmings in winter is not random and that snow properties
can explain some of the observed patterns. Reproductive activity also differs among habitats and
can also be partly explained by spatial variations in snow properties. Overall, riparian habitat
was the one with the highest quality in winter as revealed by the highest nest density and
reproductive rate, followed by shrub being intermediate, and wetland and mesic habitats being
the lowest quality. These patterns were broadly similar for both lemming species despite some
differences, and they did not change with population density.

On the importance of a warm and soft snowpack

The first weeks of the winter are thought to be a critical period for lemmings since temperature
drops rapidly and the thin, heterogenous snowpack does not provide a significant protection from
cold temperatures. Thus, lemming may seek habitats where snow accumulates first, as is the case
in riparian and shrub habitats. The riparian habitat also had the deepest snowpack and the
thickest depth hoar, two snow characteristics known to offer good insulating properties (Zhang
2005). Indeed, we observed more stable and warmer temperature in the basal snow layer of
riparian compared with other habitats (up to 17 °C warmer compared to wetland in the coldest

months). These conditions should decrease thermoregulatory costs for lemmings (Chappell
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1980) and could therefore explain why riparian habitat had the highest use and reproductive
activity. These observations are consistent with previous studies highlighting the importance of
snow depth in lemming habitat use (Batzli et al. 1983, Duchesne et al. 2011a, Schmidt et al.
2021, Von Beckerath et al. 2021) but also in other mammal species like wolverine (Gulo gulo;

Glass et al. 2021) or brown bear (Ursus arctos; Sorum et al. 2019).

Use of the riparian habitat could nonetheless come with a cost as we found evidence for higher
snow density in its basal layer compared to other habitats. Since thermal conductivity and
density are correlated (Domine et al. 2011), we were surprised that thermal conductivity was not
higher in the riparian habitat, but this might be related to technical difficulties when taking this
measurement manually in friable depth hoar layers (Fourteau et al. 2022). We did find smaller
SSA values in this habitat, suggesting a greater extent of indurated depth hoar formed in melt-
freeze layers, which is consistent with our observations. As snow accumulates early in the
riparian habitat, this makes it more susceptible to melting episodes in early winter when
temperatures are fluctuating around 0 °C. Furthermore, the vertical temperature gradient is
reduced in deeper snowpacks, which slows down depth hoar formation and leads to a denser and
less developed depth hoar layer (Marbouty 1980). Therefore, the dense and relatively hard basal

layer found in deep snow could explain the reduced reproduction that we observed.

For lemmings, staying inside their nests in winter offers an energetic advantage (Chappell 1980),
so their foraging trips should be as quick and efficient as possible. Digging in hard and dense
snow increases their energy expenditure but also decreases their digging speed (Poirier et al.
2021), which may increase the time spent outside the nest and thus thermoregulatory costs. Our
results suggest that the complex spatial variability in snow properties may impose tradeoffs on

lemmings because even if deep snow areas provide the most favorable thermal environment, they
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may not offer the best conditions to minimize travel costs. Ultimately, this may reduce their
energy available for reproduction. In the boreal forest, a similar tradeoff was observed in the
Pacific marten (Martes caurina), which prefers habitats with deep snow as a shelter against the
cold despite the increased locomotion costs associated with this type of habitat (Martin et al.

2020).

Despite the known preference of brown lemmings for wet habitats in summer (Batzli et al.

1983), our study shows that it is the least used habitat in winter, likely due to its thin snowpack
and high daily temperature fluctuations (Duchesne et al. 2011a). Nonetheless, this summer
preference could explain the trend for a greater use of this habitat by brown compared to collared
lemmings in winter. In addition, considering that lemmings favor horizontal movements over
vertical ones when digging tunnels in the snow (Poirier et al. 2019), the presence of sharp

mounds surrounding polygons in the wet habitat (Fig. S1) may impede lemming movements.

Our results suggest that the shrub is a relatively good habitat for lemmings in winter. Shrubs not
only favor early and relatively deep snow accumulation, but they also reduce densification due to
overburden compaction, therefore providing optimal conditions for the development of soft
depth hoar where movement is facilitated (Domine et al. 2016). In addition, food resources such
as willow buds may encourage lemmings to use this habitat (Soininen et al. 2015, Fauteux et al.
2017). We did not find evidence for a greater reproductive activity in this habitat, but this may be
related to the relatively small number of nests found during the 3 years of sampling the shrub
habitat. Nonetheless, the favorable snow conditions offered by this habitat will strongly depend
on the weather at the beginning of the winter. Indeed, if early winter warm spells lead to the
formation of a hard melt-freeze snow layer, this will preclude snow from drifting, preventing the

accumulation of a deep snow cover around shrubs (Barrere et al. 2018). It is worth noting that
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the favorable subnivean temperature found in this habitat was enhanced by the slightly warmer
air temperature in that area of the study site compared to the other sites due to the reduced cool
katabatic flow (Domine et al. 2022). Moreover, because this habitat is spatially limited in the

High Arctic, it is difficult to extrapolate our results in this habitat to other systems.

It is also worth noting that our study focused only on snow properties but other factors such as

vegetation or soil characteristics could also influence lemming distribution and reproduction in
winter (Duchesne et al. 2011a). Nonetheless, experimental studies showed that snow per se is a
strong factor affecting lemming distribution independently of other landscape features (Reid et

al. 2012).

Interspecific differences and density dependence

We did not find any difference in habitat use between the two lemming species during winter
despite known differences in their summer habitat use (Batzli et al. 1983). One reason could be
that both lemmings have a relatively similar winter diet at our study site dominated by
dicotyledons, which are mainly found in riparian, shrub and mesic habitats (Soininen et al.
2015). We found a higher winter reproductive activity in collared lemmings compared to brown
lemmings, independently of the habitat. Collared lemmings are thought to be better adapted to
the extreme conditions of the High Arctic (Fuller et al. 1975) and to be more efficient at digging
in hard snow compared to brown lemmings (Poirier et al. 2021), which might help them save
energy for winter reproduction. Considering that winter reproduction is generally a key
determinant of lemming outbreaks (Millar 2001, Fauteux et la. 2015), it is surprising that it is the
brown and not the collared lemming that reaches the highest densities at our study site in those
years (Gauthier et al. 2013). This suggests that other demographic factors such as mortality may

limit population growth in collared lemmings. This species is known to be more vulnerable to



450  avian predators compared to brown lemmings during the summer (Seyer et al. 2020), and a high

451  reproductive activity may increase predation rate in winter nests (Fauteux and Gauthier 2022).

452  Contrary to Schmidt et al. (2021), we did not find evidence of density dependence in habitat use.
453  This suggests that when conditions are favorable for the development of a high-quality basal

454  snow layer (Domine et al. 2018), there may be enough refuges and resources to support both

455  lemming species even in peak years at our study site. Nonetheless, brown lemmings are thought
456  to be dominant over collared lemmings during competitive interactions and can force them to use
457  sub-optimal habitats (Morris et al. 2000). Brown lemmings may sometimes take over collared
458  lemming nests and even perform infanticide if young are present (M. Poirier, pers. obs.).

459  Therefore, considering the large overlap in habitat use in winter, we cannot exclude that more
460  subtle differences due to competitive interactions may still exist between the two species. We
461  should also bear in mind that this study focuses on habitats that act as shelter for lemmings (i.e.,
462  where they build their nests), which could differ in some cases from the habitats where they

463  forage.

464  Conclusion

465  Understanding the winter ecology of arctic species is a huge challenge, especially those living
466  within the snowpack. Our study differs from previous ones by directly assessing the links

467  between snow properties and lemming habitat use instead of relying on proxies of snow

468  conditions, like topographic features or habitat classes (Le Vaillant et al. 2018, Schmidt et al.
469 2021, Von Beckerath et al. 2021). We showed that spatial variation in snow properties can affect
470  lemming habitat use and reproduction, and thus could affect their demography, as previously
471  shown for annual variations in snow conditions (Bilodeau et al. 2013, Domine et al. 2018b).

472 Moreover, our results highlight the complex links between snow properties and the ecology of
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animals living in this medium as we found that habitats offering the most favorable microclimate
(deep snow) may not offer the best conditions for reproduction due to the presence of harder
snow. The Arctic snowpack is expected to be strongly affected by climate change as rain-on-
snow and melt-freeze events should increase at higher latitudes and cause a hardening of the
basal snow layer, especially in critical habitats where snow accumulates early in winter (Hansen
et al. 2014). Arctic regions exposed to oceanic currents and with milder and wetter climate are
especially exposed to such events (Boonstra et al. 2016). In the worst cases, basal ice crust could
encapsulate vegetation and deprive herbivores from their food (Berteaux et al. 2017), leading to
massive mortality as was observed in reindeer populations (Stien et al. 2012, Langlois et al.
2017, Dolant et al. 2018). On the other hand, warming of the Arctic will lead to shrub expansion
(Tape et al. 2006), which could provide favorable habitats for small mammals in winter.
Researchers should aim to monitor snow properties in the long-term but also at a fine spatial

scale to better assess the determinants of the population dynamics of Arctic mammals.
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Figure legends

Fig. 1 Lemming winter nest density in three different habitats (2007 — 2019) for (a) brown
lemming (Nmesic = 431, Nriparian = 718, nwet = 139; total number of nests found) and (b) collared
lemming (Nmesic = 200, Nriparian = 282, nwet = 23), and in four different habitats (2017 — 2019) for
(c) brown lemming (Nmesic = 30, Nriparian = 70, Nshrub = 9, nwet = 9) and (d) collared lemming (nmesic
= 31, Nriparian = 58, nshrub = 16, nwet = 5) at Bylot Island. Gray circles are individual years, black

circles are the mean and error bars represent SE

Fig. 2 Relationship between winter nest density and (a) snow depth (R%n = 0.29, R% = 0.55) and
(b) maximal height of depth hoar (R%n = 0.34, R%. = 0.86) for brown lemming (black circles) and
collared lemming (grey circle) at Bylot Island, 2014-2019. Top models were used (i.e., no model
averaging) and dashed lines are the 95% CI of the relationships. Outlier points showing high
brown lemming density at low values of snow depth and maximal height of depth hoar all belong

to the peak year of 2014

Fig. 3 Proportion of winter nests with reproduction (mean + SE) in brown lemmings (black) and
collared lemmings (gray) in (a) three different habitats (2007 — 2019) and (b) four different
habitats (2017 — 2019) at Bylot Island. n = number of nests used to calculate the proportion, all

years confounded

Fig. 4 Relationships between the proportion of winter nests with reproduction and (a) snow
depth, (b) maximal height of the depth hoar, (c) density of the basal snow layer and (d) thermal
conductivity (kefr) of the basal snow layer in brown lemming (black circles) and collared
lemming (gray circles) at Bylot Island, 2014 — 2019. Top models were used (i.e., no model

averaging) and dashed lines are the 95% CI of the relationships
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Fig. 5 Snow properties of four winter habitats used by lemmings at Bylot Island, 2014 — 2019.
(a) basal density, (b) basal thermal conductivity (kefr), (c) basal snow specific surface area (SSA),
(d) snow depth (nmesic = 342, nriparian = 12, nshrub= 527, nwet = 397), (¢) maximal height of depth
hoar, and (f) date of permanent snow onset (Nmesic = 5, Nriparian = 5, Nshrub = 5, nwet = 5). For a, b, ¢
and e; Nmesic = 20, Nriparian = 28, Nshrub = 33, nwet = 21. Gray circles represent individual

measurements, black circles are the mean and error bars represent SE

Fig. 6 (a) Daily temperature and (b) daily temperature fluctuations in the basal snow layer over
the winter 2017 in three winter habitats used by lemmings at Bylot Island. There is a data gap for
shrub between February 14 and March 2. Additional years (2020 and 2021) are presented in

Supplementary Material S1 Fig. S7
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Table 1 (a) Coefficients of the models examining the influence of three (2007-2019) or
four habitats (2017-2019) on lemming nest density (In-transformed). (b) Coefficients of
the models examining the influence of three (2007-2019) or four habitats (2017-2019) on
proportion of nests with reproduction. Year was used as a random effect except for the
reproduction rate analysis of the 2017-2019 dataset. Estimates in bold indicate that the

95% confidence interval did not include 0.

a) Nest density
Years Habitat B! 95% CI R’n  R%
comparisons
2007 - 2019 riparian - mesic 0.57 [0.07,1.07] 0.41 0.72
wet - mesic -1.78  [-2.29,-1.28]
wet - riparian -2.36  [-2.86, -1.85]
2017 -2019 riparian - mesic 1.71 [1.02,2.41] 0.51 0.80
shrub - mesic 0.85 [0.16, 1.54]
wet- mesic -0.84 [-1.54,-0.15]
shrub - riparian -0.86 [-1.56, -0.17]
wet - riparian -2.56  [-3.25,-1.86]
wet - shrub -1.69  [-2.39,-1.00]
b) Proportion of nests with reproduction
Years Habitat B! 95% CI R  R%
comparisons
2007 - 2019 riparian - mesic 0.44 [0.22, 0.67] 0.36 0.67
wet - mesic -0.17 [-0.53, 0.19]
wet - riparian -0.61 [-0.96, -0.27]
2017 - 2019 riparian - mesic 0.42 [-0.24, 1.08] R?=0.32
shrub - mesic -0.50 [-1.71,0.70]
wet - mesic -0.16 [-1.27,0.96]
shrub - riparian -0.92 [-2.08, 0.23]
wet - riparian -0.58 [-1.64, 0.48]
wet - shrub 0.35 [-1.12, 1.81]

! Coefficients are calculated from Tukey’s HSD test.



Table 2 Model-averaged coefficient estimates of the effect of various snow parameters
on (a) lemming nest density and (b) proportion of lemming nests with of reproduction
(see models on Table S2). Estimates in bold indicate that the 95% confidence interval did
not include 0.

a) Nest density

Parameter B 95% CI
snow depth 0.02 [0.01, 0.03]
max height depth hoar 0.14 [0.02, 0.26]
basal kefr 2.43 [-20.39, 25.26]
basal density 0 [-0.02, 0.02]
collared lemming -0.65 [-1.3, 0]

b) Proportion of nests with reproduction

Parameter B 95% CI
snow depth! -24.22 [-42.77, -5.68]
max height depth hoar -0.05 [-0.08, 0.02]
basal density -0.01 [-0.01, 0]
basal Kefr -19.5 [-35.01, -3.98]

collared lemming 0.73 [0.34, 1.12]




