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Changes in winter climate is a possible explanation for dampened population cycles
in voles. For voles living in the subnivean space for several months of the year, we
may expect that winter conditions affect survival. We examined the effect of differ-
ent winter climate descriptors (snow depth, subnivean temperature, snow crust) and
different intrinsic factors (sex, age, physiology, behaviour estimated as the longest
distance travelled between traps) on winter survival of bank voles Myodes glareolus
in southeastern Norway by live-trapping voles monthly along elevation gradients.
We tested whether winter conditions alone (winter hypothesis), intrinsic factors alone
(intrinsic hypothesis), or winter conditions in combination with age and sex were more
important for winter survival of voles (multiple factor hypothesis). Our results do not
support the winter hypothesis as there were no relations between winter survival and
snow depth, snow crust and subnivean temperature. We found strongest support for the
intrinsic hypothesis, where the distance travelled was positively correlated with sur-
vival. We hypothesize that this behavioural descriptor is related to food resources and
their importance during winter, where an increased activity range (distance travelled
between traps) increase the access to food resources.

Introduction

Vole populations in Fennoscandia fluctuate regu-
larly with peaks every 3—4 years, predominantly
in highly seasonal environments, north of 60°N
(Hansson & Henttonen 1985, Bjgrnstad e al.
1995). These multi-annual population cycles sub-
stantially impact the functioning of ecosystems
(Cornulier et al. 2013), because small rodents
represent an important food resource for preda-

tors, and because they affect the nutrient and veg-
etation dynamics through their feeding behaviour
(Pastor & Naiman 1992, Jedrzejewski ef al. 1993,
Sirotnak & Huntly 2000, Bakker et al. 2004).
However, during recent decades, the vole cycles
dampened and the high peaks disappeared (Ims et
al. 2008). Low winter survival caused by climate
change was proposed as a possible explanation
for the dampening of the vole cycles (Aars & Ims
2002, Hornfeldt 2004, Kausrud et al. 2008).
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In the seasonal environments of northern
Fennoscandia, vole populations experience rapid
growth during a short reproductive summer
season, and a long population decline in winter.
Voles can breed in winter, but only when they
have access to ample food resources (Smyth
1966, Eccard & Yloénen 2001). As voles spend
most of winter in the subnivean space, ie.,
between the snow cover and the ground, condi-
tions under the snow are therefore crucial for
winter survival. The most critical periods for
winter survival are in autumn, before the ground
is covered with snow, and in spring, when the
snow melts, as well as during milder periods in
winter when conditions are least stable (Fuller
et al. 1969, Aars & Ims 2002, Hoset et al. 2009).

A predicted consequence of global warming
are warmer and wetter winters (IPCC 2013) with
frequent melting-freezing events. Such condi-
tions can cause icing on the ground or the forma-
tion of snow-crust layers (Aars & Ims 2002).
Ice-covered ground limits access to food below
the ice, and it limits movement within the sub-
nivean space because the space becomes frag-
mented into accessible and inaccessible patches
(Korslund & Steen 2006). As suggested by
Mysterud (2016), snow crust may also prevent
movement and restrict access to the surface of
the snow.

Besides the subnivean conditions the prop-
erties of the snow are also important. Indeed,
snow cover provides insulation and maintains
a stable subnivean temperature of around 0 °C.
A deep snow cover also provides protection
against mammalian generalist predators (Lind-
strom & Hornfeldt 1994) and avian predators
(Sonerud 1986). Deeper snow positively affects
overwinter survival in the northern red-backed
vole Myodes rutilus (Boonstra & Krebs 2006).
In arctic lemmings (Lemmus and Dicrostonyx),
snow depth is positively linked to winter habitat
selection and population growth rate (Reid &
Krebs 1996, Reid et al. 2012).

Winter conditions may thus be an important
determinant of vole winter survival. In addition,
age- and sex-specific variations in spacing and
movement behaviours (Andreassen & Ims 2001,
Andreassen ef al. 2013) may result in individual-
dependent vulnerability to intraspecific competi-
tion, predation and diseases, as well as access to

food. It has also been shown that small mammals
adjust their body mass to a physiological optimum
during winter (Iverson & Turner 1974, Merritt &
Merritt 1978, Hansson 1990, 1991). For species
with sexual size dimorphism this may result in
higher winter survival of the smaller sex (Aars
& Ims 2002). Both behavioural and physiologi-
cal factors may interact with winter conditions
to cause variations in survival rates of animals in
different age and sex categories. This in turn leads
to changes in the age and sex compositions of the
population during the phases of the population
cycle (cf. Getz et al. 2007, Inchausti ef al. 2009,
Andreassen ef al. 2013). Hence, it is important to
evaluate the effects of intrinsic factors on winter
survival, such as physiology or behaviour that can
be inherent to the population, or age and sex that
are under an influence of winter conditions, or
effects of extrinsic factors such as food or preda-
tion.

For this study, we live-trapped 14 bank-
vole (Myodes glareolus) populations monthly
along two elevation gradients. We monitored
those populations for two consecutive winters
in 2013-2015, including a complete population
crash during the 2014/2015 winter. We used body
mass as a physiological descriptor, and the maxi-
mum distance travelled between traps during a
trapping session as a behavioural descriptor indi-
cating activity. We considered three hypotheses:
Winter survival of voles depends on (1) winter
conditions only (winter hypothesis), (2) the
interaction between winter conditions and age
and/or sex (i.e., driven by an interaction between
winter conditions and intrinsic and/or extrinsic
factors) (multiple-factor winter hypothesis); or
(3) intrinsic factors only (i.e. driven by sex, age,
behavioural and/or physiological descriptors)
(intrinsic hypothesis).

Material and methods
Study area

The study was carried out in typical boreal
forest in the Stor-Elvdal municipality, south-
eastern Norway (61.4°N, 11.1°E). Vegetation in
the area is dominated by Norway spruce (Picea
abies) and Scots pine (Pinus sylvestris), with bil-
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berry (Vaccinium myrtillus) in the field layer and
mosses (e.g. Pleurozium schreberi) in the ground
layer. The climate is continental with relatively
dry weather, large diurnal variation in tempera-
ture, warm summers and cold winters (Boonstra
et al. 2016). Snow cover normally lasts from
December to April.

This region experienced dampened voles and
lemming cycles with no high population peaks
between the mid-1980 and 2007 (Hornfeldt
2004), when cyclic behaviour returned. Peaks
were recorded in the summers of 2011 and 2014
(Johnsen et al. 2017, and unpubl. data from the
Inland Norway University of Applied Sciences).

Trapping procedure

Trapping was carried out along two transects at
elevations between 280 and 750 m a.s.l. Each
transect consisted of 7 grids (14 grids in total),
separated by at least 500 m. Voles were caught
within 60 X 60 m trapping grids, each consist-
ing of 16 Ugglan multiple capture live traps
(Granab, Sweden) arranged in a cross pattern
(Fig. la). An alternative layout was used for
three grids which were adjusted to encompass
suitable habitats (Fig. 1b). Grids were located in
a typical bank vole habitat, which would ideally
be mature forest with areas dominated by bil-
berry in the field layer Myllyméki 1977, Gorini
etal.2011).

The traps were placed along runways or close
to holes with potential vole activity, so that they
were part of the runway system when not acti-
vated. Each trap was covered with a 30 X 30 x
40 cm floorless, plywood box to prevent the trap
from being covered by snow. Location of each
trap was marked with a stick and a ribbon in the
closest tree, which were kept fixed throughout
the study.

Traps were activated once a month (primary
sessions) and checked in the morning and even-
ing for three consecutive days (i.e., six second-
ary occasions per session), from December to
May in 2013/2014 and 2014/2015. During Janu-
ary—April 2014, some traps-days were lost due
to either extreme cold (below —20 °C) or heavy
snow concealing the traps. Overall mortality
due to trapping was low (mortality rate + SE for
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Fig. 1. Trapping-grid design. (a) Main cross-shaped
design with 16 traps (n = 11), and (b) alternative design
with 12 traps used when the cross-shaped design did
not include suitable habitats (n = 3).

recaptured individuals in winter 2013/2014 =
0.016 + 0006, and i1n winter 2013/2014 =
0.032 + 0.023). Activated traps were baited with
oats and carrots, and supplemented with sawdust
to keep the voles warm. The captured voles were
individually marked with pit-tags (1.25 X 7 mm
ID-100VB Nano Transponder), sexed, weighed
to the nearest 1 g, and checked for reproductive
status (mature if open vagina or scrotal testi-
cles). We used a basic LID-560 Pocket Reader
(Trovan®) to read the tags.

Climate variables

Once a month, i.e. during the primary trapping
session, in every trapping grid we recorded the
snow depth to the nearest 1 cm, and the presence/
absence of snow-crust layers. Snow crust was a
resistant layer anywhere between the top and the
bottom of the snow pack. We also recorded pres-
ence/absence of ground ice. However, during
those two winters we never observed contigu-
ous hard ice covering the ground (i.e., ice cover
patches were always less than 2 mm thick and
less than 0.5 m?). Therefore, we did not include
this variable in our analysis. We used a tempera-
ture logger (HOBO U23 Pro V2) to measure the
subnivean temperature every 6 hours in 10 grids.

Data analysis
The second winter of our study corresponded to

a decline/low phase in the vole population cycle.
Very few individuals were captured in each trap-
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ping grid during this period, which prevented the
use of capture-recapture methods to analyse the
data at the grid level. A grid-level analysis was
important for assessing the effect of the variation
in winter condition descriptors. We estimated
monthly winter survival by considering an indi-
vidual to have survived when it was present
during one primary session and known to be
alive during the next session. Hence, the survival
estimates did not take into account variations in
capture probability and dispersal/migration, and
therefore cannot be considered estimates of true
survival, but rather of persistence in the grid.

Our focus was to study winter conditions
independent of year, phase of the population
cycle or primary trapping session (i.e. month).
Capture-mark-recapture studies of voles often
show a temporal effect, ie. an effect of year
and primary trapping session (e.g. Crespin ef al.
2002). This could be due to differences in trap-
ping probability between primary trapping ses-
sions, seasonal effects or other unknown factors.
We modelled survival as a function of winter
conditions and intrinsic factors, with a general-
ized linear mixed model using trapping grid
and session as random effects. As we include
session as a random effect, it means that we did
not study the effect of climate and intrinsic fac-
tors as between-month but rather within-month
variation.

We considered the following independent
variables to explain individual monthly survival
over winter; snow depth, presence/absence of
snow-crust layers, subnivean temperature, sex,
age (juvenile or adult), body mass (g) and maxi-
mum distance travelled between traps per pri-
mary trapping session. Further, we constructed
models based on our three hypothesis: (1) winter
hypothesis (cf. Appendix): model combinations
with climate predictors, only additive effects; (2)
multiple factor winter hypothesis: model com-
binations with climate, age and sex predictors,
with interaction terms between climate and age/
sex; and (3) intrinsic hypothesis: model combi-
nations with only intrinsic predictors (age, sex,
body mass and maximum distance travelled),
with interaction term between age and sex.

We estimated Akaike’s information crite-
rion corrected for small sample sizes (AICc)
when modelling survival. Because of high model

uncertainty, we used full model averaging across
all candidate models (Symonds & Moussalli
2011). We carried out all statistical analyses
using R (R Core Team 2016).

Results
Population and survival background

No populations of the trappable individuals went
extinct during the 2013/2014 winter, whereas 13
out of 14 populations of the trappable individu-
als went extinct during the 2014/2015 winter
(Fig. 2). The minimum number known to be
alive decreased across the populations from
December to January, and started to increase
again from April to May in the 2013/2014
winter. The trend was same from December to
January in the 2014/2015 winter, but there was
no increase starting in April (Fig. 2). Survival
was low in December, but high throughout the
rest of the winter of 2013/2014. During the
winter 2014/2015, survival started at the similar
level for juveniles as in 2013/2014, and even
increased from March to April, before it declined
from April to May to the lowest survival that
winter (Fig. 3). In the 2014/2015 winter, no adult
females were recaptured after January, whereas
an adult male immigrated into one of the popula-
tions in February but was not recaptured later.

Conditions in winter

The mean snow depth was 15 cm greater in
2013/2014 (mean snow depth = 53 cm) than in
2014/2015 (mean snow depth = 38 cm, Fl!153 =
9.33, p =0.003), and snow was deeper at higher
elevation (Fl’153 =12.76, p <0.001; Fig. 4). The
mean snow depth was 24 + 2 cm (mean + SE)
already in December and increased to a mini-
mum of 35 cm in January. There were no differ-
ences in mean subnivean temperatures between
years (FL153 =130, p=026) or elevations
(Fl,153 =1.50,p =0.22; Fig. 5). There were more
trapping grids with snow crust in 2014/2015 than
in 2013/2014 (X21,1ss = 4.1, p = 0.04), but there
was no difference among elevations (les =
0.03,p =0.9; Table 1).
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Fig. 2. Monthly minimum number of voles known to be alive per trap in trapping grids (represented by lines) during
the two winters. Trapping grids are coloured according to their elevation.

Survival we calculated the mean AICc weight across

all models for each of the three hypotheses,
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Fig. 4. Monthly snow depth (cm) in trapping grids (represented as lines) during the two winters. Trapping grids are

coloured gradually according to their elevation.
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Fig. 5. Monthly mean subnivean temperature (°C) across trapping grids (represented as lines) through the two win-
ters. Trapping grids are coloured gradually according to elevation (m a.s.l.).

models corresponding to the winter hypothesis,
and about 145 times more support than the
models for the multiple-factor winter hypothesis
(Table 2).

Although there was no strong evidence for
any particular model, both the model selec-
tion (Appendix) and estimates + SE obtained
from full model averaging (Table 3) imply that
the maximum distance travelled between traps
was more strongly correlated with within-month
survival than any other variables. Relationships
between survival and maximum distance trav-
elled between traps were linear and positive (cf.
Fig. 6).

Table 1. Percentages of trapping grids with snow crust
per month for the two winters.

Dec Jan Feb Mar Apr May
2013/2014 57 67 85 100 50 0
2014/2015 79 100 79 100 86 0

Discussion

Survival of the voles was lower in December
than later in the season, and it coincided with
the month with thin snow cover. This effect
could be caused by December-specific unknown
confounding factors, such as low trap probabil-
ity, mortality due to physiological constraints
in early winter or emigration behaviour. In our
modelling we found no correlation between
within-month variation in winter climatic con-
ditions and survival, even though we compared
bank vole populations across a wide range of
survival rates (from stable to crashed winter
population) and within-month variation in winter
conditions. Instead, behaviour expressed as the
maximum distance travelled between traps was

Table 2. Mean model weight per hypothesis.

Winter hypothesis (H1) 0.004
Multiple-factor winter hypothesis (H2) 0.0002
Intrinsic hypothesis(H3) 0.0258
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session, predicted from
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the best predictor of winter survival in bank
voles, supporting the intrinsic hypothesis.

Two variables related to climatic conditions,
snow depth and snow crust, differed between
the two winters. The snow cover was deeper,
and there was less snow crust during the first
winter, when the vole populations survived well.
However, these variables did not explain varia-
tion in survival. During our study, the subnivean
temperatures remained stable, with no fluctua-
tions between day and night, and there was no
difference between years. The low variation in
subnivean temperature may explain the lack of
response, which may be due to the fact that in
both years, snow depth reached > 20 cm, which
corresponds to the maximum insulation capacity
(Pruitt 1970). However, Whitney (1976) found
that Myodes voles survived well when exposed
to extreme subnivean temperatures (30 °C),
with survival being even higher than for most
summer periods. Also Fuller (1977) found no
effect of subnivean temperatures on winter mor-
tality in red-backed voles Myodes gapperi.

T T T
20 40 60

Maximum distance travelled between traps (m)

Most studies on how winter affects voles and
lemmings compared autumn populations with
spring ones (Reid & Krebs 1996, Aars & Ims

Table 3. Candidate model estimates explaining survival
of bank voles; J = juvenile, M = male.

Variable Estimate SE

Intercept -0.2424 1.3980
AgeJ -0.1216 0.2998
TrapDistance 0.0209 0.0089
SexM —0.0305 0.2777
AgeJ x SexM 0.1136 0.3486
Bodymass 0.0228 0.1427
Bodymass? —0.0006 0.0039
Subnivean temperature 0.0029 0.0276
Snow depth 0 0.0012
Snow crust -0.0102 0.0886
SexM x snow crust 0.0002 0.0341
SexM x snow depth —0.0001 0.0014
SexM x subnivean temperature  —0.0003 0.0107
Aged x snow crust —0.0005 0.0417
AgeJ x snow depth 0 0.0006
AgeJ x subnivean temperature ~ —0.0004 0.0135
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2002, Bierman et al. 2006, Boonstra & Krebs
2006, Kausrud et al. 2008, Ims et al. 2011, Reid
etal.2012, Stien ef al. 2012, Korpela et al. 2013,
Bilodeau et al. 2013). Few studies, however,
monitored populations continuously throughout
winter (Whitney 1976, Martell & Fuller 1979,
Korslund & Steen 2006, Hoset er al. 2009,
Johnsen et al. 2017). During recent decades,
the impact of winter climate on small-rodent
survival has been reinforced by the detrimen-
tal effect of icing on the ground (Aars & Ims
2002, Korslund & Steen 2006, Kausrud et al.
2008, Hoset et al. 2009, Stien et al. 2012), and
dampening rodent population cycles (Ims ef al.
2008). Most of those studies focused on open
alpine areas where freezing at the ground level
is more frequent and thus there is a higher prob-
ability of icing than in a boreal forest. Martell
and Fuller (1979) compared winter mortality of
red-backed voles between tundra and taiga, and
found that mortality was highest in tundra, and
they hypothesised that the tundra populations
were controlled by environmental factors, while
taiga populations were controlled by resources.
The fact that we never observed any ice on the
ground during our study may be due to more
stable climatic conditions inside the forest than
in alpine areas where ice forms on the ground
more easily. Few studies examined the effects
of winter climatic variables on vole survival in
forested areas. Contrary to the results obtained
by Kausrud et al. (2008) in alpine areas, Kor-
pela et al. (2013) found that milder winters had
no effect on survival in boreal vole popula-
tions. Also Hoset et al. (2009) found no effect
of ground icing on winter survival in enclosed
populations of root voles Microtus oeconomus.
Of the intrinsic factors that we included in
our models, only the maximum distance travelled
between traps per individual within a primary
session seemed to correlate with survival. This
variable reflects activity, which in turn is related
to resource availability and searching. The wider
activity range voles have, the more resources they
can access. It has been shown that if available
food is of poor quality, home ranges of the voles
grow in size (Bondrup-Nielsen & Karlsson 1985).
It is likely that food quality and presumably quan-
tity are lower in winter. Therefore, individuals
which manage to expand their range when food

is scarce or of poor quality can survive better
throughout winter. An additional explanation may
be that the initially most fit individuals are able
to move greater distances under the snow, as it
is likely more energetically demanding to move
under the snow. However, the only measure of
animal body condition we had was body mass and
it did not correlate with survival.

Many studies looking at survival from
autumn to spring have shown that voles can
adjust their body mass to a certain optimum to
increase winter survival (Iverson & Turner 1974,
Merritt & Merritt 1978, Hansson 1990, Aars &
Ims 2002, Wan et al. 2014). We, however, could
not find any correlation between monthly body
mass and survival. Previous studies that have
found an optimal winter body mass considered
body mass in autumn as a determinant of sur-
vival until spring, while we studied monthly
survival rates during the winter period with
snow cover. This difference may explain why
we did not find a body mass effect. In our study,
individuals may have already begun adjusting
their body mass prior snowfall in December,
and those whose body mass deviated from the
optimum, either too heavy or too light, would
already have died before December.

We found no strong support for a sex- or age-
specific variation in monthly survival. As seen in
Fig. 3, there is a phase-dependent effect on sur-
vival when survival of adults is zero during the
crash winter. This effect cannot be explained by
within-month variations in winter conditions and/
or intrinsic factors, and should be studied further.
As voles adjust their body mass to a certain mean
in winter, both sex and age classes are more phys-
iologically similar during that period. In addition,
as voles inhabit the subnivean area, avian preda-
tors cannot detect them unless they move on top
of the snow. However, Aars and Ims (2002) and
Hoset et. al. (2009) found that winter survival
of females as compared with that of males in
enclosed populations of root voles was higher,
which was explained by sexual size dimorphism
with smaller females surviving better.

Winter climate may be important for vole sur-
vival in some years with mild or unstable winter
climate (e.g. winters with highly fluctuating tem-
peratures and little snow). A series of consecu-
tive winters with low winter survival may then
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dampen cycles, but we found no indication that
winter climate was a driver of population cycles
in forested areas or in itself affected survival.
Food resources seem to be an important factor
affecting winter survival in voles (as shown pre-
viously by e.g. Huitu et al. 2003, Haapakoski &
Yl1onen 2013, Johnsen ef al. 2017), and the maxi-
mum distance travelled between traps may serve
as a measure of resource searching or availabil-
ity of food resources. Food resources may also
be one of the phase-dependent factors affecting
bank vole dynamics (Crespin ef al. 2002). How-
ever, we need more studies of the winter ecology
and behaviour of voles to fully understand the
connections between social structure and move-
ment patterns and winter survival. There is also
a need for innovative techniques to study voles
under the snow (Soininen ef al. 2015).
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