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Abstract
Living in northern latitudes poses challenges to the animals that live in those habitats. The harsh environment provides a short
breeding season where the sunlit summer nights provide little reprieve from visibility to predators and increased risk. In this
paper, we tested the activity and food choice patterns of bank volesMyodes glareolus in early spring season, categorized by 18 h
of daylight and 6 h of dusk in every day cycle. We found that territorial females showed a less predictable pattern of activity than
males that were most active during the hours of dusk. The voles also showed preference to forage on high carbohydrate foods at
sunset, while switching over to a more protein and fat-based diet towards sunrise. This shift is suggestive of a diet that is a direct
adaptation to day-long fasts. Our results suggest a sensitive mechanism between food choice and predator avoidance in a system
where light summer nights increase the predation risk considerably.

Significance statement
Bank voles, Myodes glareolus, are considered a model organism in ecological studies and have been used for studies of
population cycles, predator-prey interactions and studies of territoriality with over a century of published records. In this study,
we challenge two major preconceptions about these animals using behavioral bio-assays in a controlled environment. (1) We
challenge the diurnal activity patterns of these rodents currently accepted to have a bi-modal distribution in summer months and
show a unimodular activity pattern. And (2) we show that these animals are not opportunistic foragers but vary their diet to
compensate for the stress of an extended daytime fast further supporting a nocturnal pattern of activity even in extreme sunlit
nights where night lasts under an hour.

Keywords Foraging ecology . Subarctic forests . Vole-weasel model system . Sex bias and social behaviour . Evolutionary game
theory . Physiological energetics

Introduction

Life in northern latitudes presents a unique and challenging
environment in many ways. Of particular importance are

harsh conditions and distinct dualism in light regime between
summer and winter. Summers are rich in food, a result of
uninhibited plant growth responding to the lack of a light
constraint, which fuels intense reproduction and rearing of
young. The best indication for this comes from the example
of rich insect fauna sustaining the high numbers of long-
distance migrants in birds (Somveille et al. 2015). Resident
animals face the sunlit nights in summer and little or no light
coupled with frozen and harsh living conditions in winter.
Both summer lightness and winter darkness have strong con-
sequences for predator prey interactions in resident prey, like
small rodents. The harsh conditions in winter translate to sig-
nificant competition for resources between prey species in
summer (Dupuch et al. 2013), and competition for prey in
their predators increasing the predation risk.

Small mammals living in northern latitudes breed within a
short season lasting between 4 and 5 months in near-arctic
latitudes (Lambin et al. 1992; Agrell et al. 1996). The ener-
getic demands of breeding and rearing young in such short
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time frames forces northern small mammals to forage for long
hours and under varying levels of intense predation risk by
mammalian predators and raptors, owls, skuas, and even
shrikes (Sundell 2006), as exhibited in the example of the
lemmings above (cf. Dupuch et al. 2013).

Worldwide, ground-dwelling small mammals are predomi-
nantly nocturnal (Bennie et al. 2014). Presumably, nocturnal
activity is an adaptive strategy to minimize risk of predation
(Kotler et al. 2010) and is supported by heightened olfactory
and auditory senses that allow detection of risks in low light
conditions and benefit from the weakness of predators to iden-
tify the location of these mammals (Webster and Strother 1972;
Herman and Valone 2000). The benefit of nocturnal activity is
challenged in the arctic and near-arctic latitudes by summers
that are categorized by short or non-existing nights. Sunlit
nights force foragers into crepuscular and even diurnal activity
patterns (Ylönen et al. 2006). Foraging in daylight increases the
risk of predation foragers experience (both perceived and actu-
al) driving the energetic demands they must invest in vigilance
behaviors (Brown 1999). Given this tradeoff of food and safety,
we can predict that while activity is possible day round (Ylönen
et al. 1988), the majority of spring-summer foraging activity
should be concentrated in the hours between dusk and dawn,
where the shadows provide a bit more camouflage. In this ex-
periment, we set out to affirm this assumption and challenge
some observations that suggest that such small mammals are
active throughout the day because of the limited “night” in
those northern latitudes.

To test the needs of foragers in a risky sunlit environment we
turned to a model system for population dynamics and
predator-prey interactions, the bank vole, Myodes glareolus,
and its behaviors to avoid predation risk from its most prevalent
predator the least weasel Mustela nivalis (Jędrzejewska and
Jędrzejewski 1990; Korpimäki et al. 1991; Norrdahl and
Korpimäki 1995; Ylönen et al. 2003; Sundell and Ylönen
2004). Given how much is known about the interactions be-
tween these species, they provided an opportunity to delve into
the anti-predator behaviors and how they diverge from the com-
mon assumptions currently accepted about them. We trapped a
population of bank voles from its natural mixed forest environ-
ment at the beginning of spring in March–April, before the first
snow melt, and before the start of breeding activities (Eccard
and Ylönen 2001). We brought the animals into the lab and
housed them in celibate conditions under a long-day light re-
gime replicating the outdoor conditions. Given these experi-
ments were run with wild-caught voles, a short time after cap-
ture, we expected the behavioral responses to the environmental
conditions (where risk a constant) to be identical to that of
animals in the wild (cf. Troxell-Smith et al. 2016).

In an aim to isolate the effect of predation risk from that of
competition (both inter- and intraspecific), we used interview
chambers, a system combining optimal patch-use using forag-
ing trays (Brown 1988) with a Y-maze configuration of test

treatments where an individual is asked to rank its preference
of patches with varying food quality (e.g., Bleicher and
Dickman 2016; Bleicher et al. 2018a, b). In these short exper-
iments, we “interviewed” the voles and asked them to rank
their preference of food sources at different times of the day.
We offered them the choice between high protein fatty sun-
flower seeds, high protein and high carbohydrate oats, and
high carbohydrate low protein millet (Table 1). Given the
animals are foraging in “optimal,” risk-free condition, we
can make the assumption that the decision-making process is
driven by food qualities and energetic demands. Thus, we
predicted that the voles would:

1. Be more active during “night time” than during sunlit
hours.

2. Forage above basal rate at sunset to compensate for a long
day fasting, and again increase foraging before sunrise to
prepare for the day-long fast.

3. Exhibit a more distinct temporal pattern in males who are
not burdened by energy demanding reproductive behavior
such as pregnancy and nursing.

4. Select foods that take longer to digest (fats and proteins)
towards the end of the night to support the day-long fast.

Methods

Study species

The bank vole is one of the most common small rodents in
northern temperate and boreal forests (Stenseth 1985). It is
granivorous-omnivorous (Hansson 1979) and can live in a wide
range of forest habitats. Bank voles can breed in Central
Finland 3–4 times within a breeding season from May to
September. Their average litter size is 5–6 pups. Bank voles
are prey for a diverse predator assemblage which includes the
least weasel and the stoat, Mustela erminea (Ylönen 1989).

Research site

The study was conducted at the Konnevesi Research Station of
the University of Jyväskylä, 70 km north of Jyväskylä. We
conducted the experiments in the laboratory and the bank voles
were trapped from the forests surrounding the research station
(62.68N, 26.28 E) as well as in the forests near Oulainen (64.30
N, 24.82 E) between March and April 2018. The voles were
housed in solitary standard transparent laboratory rodent cages
(43 × 26 × 15 cm3) with a wire mesh cover. Wood chips were
used to keep the cages dry, hay was provided as bedding ma-
terial, rodent food pellets, and fresh water were available ad lib.
Long-day light:dark time ratio in the animal rooms was set to
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18:6 h, which corresponds roughly to the natural light-dark
regime during the experimental period, where also the nigh is
partly lit, dusk like, and not dark. The animals used for the
foraging experiments (see below) were removed from ad-
libitum food 4 days prior to the experiment and put on a diet
of poor quality food, 3 g of millet per day, that met the basic
energetic needs of these animals (cf. Eccard and Ylönen 2006).
The change to a poor diet was given as an incentive for the
animals to keep foraging in the novel environment of our study
systems and counteract neophobia expected in satiated animals
(Amézquita et al. 2013).

Study system design

Two separate experiments were conducted: one foraging ex-
periment that used 35 individual voles and one observational
experiment that used 122 voles. The voles that took part in the
foraging experiment were not reused for the second
experiment.

Foraging experiment

Two interview chambers were constructed in concordance
with Bleicher et al. (2018a, b) and Bleicher and Dickman
(2016). Each chamber was constructed from a 30-cm diameter
bucket (as a nest box) attached by 5-cm diameter, 30-cm-long
PVC tubing to three gray plastic storage bins (rooms) 66 ×
45 × 27 cm high (Appendix S1) which included a cover. Each
room was equipped with a square (10 × 10 × 20 cm high) box
(henceforth patch) with two 5-cm diameter holes drilled in the
side to allow access of the vole. Each patch was filled with 1 l
of sand, and each patch was set with 1.5 g of a different food
source, millet, unhusked oats, or sunflower seeds (in the
shell). At the start of every round, a single vole was placed
in the nest box and had access to each of the different food
patches via the PVC tubing. Each vole was allowed 2 h to
forage, following the protocol of Bleicher (2012), and the
expectation that this allowed sufficient time for voles to move
between and forage in the different food-density trays.

Brown (1988) stated that an animal foraging in a patch will
quit harvesting when the costs associated with resource-
harvesting coupled with the costs associated with predation
risk equal the energetic value of the patch as perceived by the

forager. In this experiment, voles were “asked” to compare
patches of different intrinsic value in the absence of predation
risk. As the vole depletes a patch, the diminishing returns
render other patches more valuable (a missed opportunity
cost). The difference in missed opportunity costs drives ani-
mals across the landscape (between rooms of the chamber)
examining and comparing patches (Smith and Brown 1991;
Berger-Tal and Kotler 2014). At the end of each round, the
amount of resources the forager did not use in the patch due to
the aforementioned costs is the giving-up density (GUD). We
first used the systems to run two 24-h experiments, to deter-
mine a baseline activity pattern where the voles would reliably
forage, and calibrate the habituation patterns of the voles.
After this pilot, we ran up to five rounds (2 h each) per “night.”

Each individual vole was “interviewed” for two night-
rounds (Bleicher 2012) and one day-round. At the end of each
round, the animal was removed and returned to its holding
container and fed with extra millet. Each of the patches was
sieved and the weight of remaining resource recorded to ob-
tain the GUD. To avoid the possibility of directional bias in
selection of patches by the voles, we positioned the food treat-
ment trays in different cardinal directions in each of the two
systems. The systems were reset after each round with fresh
new patches and the next round run with a new vole.

On April 24, 2018, all the voles used were removed from
ad-libitum feeding and were put on a diet of 3 g of millet daily.
Over the period April 27–May 4, 2018, adult wild-caught
voles were run through the interview chambers. Of the 35
animals used, 21 were non-gravid females and 14 were males.
To remove all environmental (e.g., temperature), temporal
(i.e., round of the night), directional (cardinal direction), and
individual system effects, we calculated averages per individ-
ual within each of the food treatments (cf. Bleicher 2012;
Bleicher et al. 2018a, b). The risky element of these chambers
is their novelty, i.e., producing neophobia. To avoid habitua-
tion, we set the 2-h limit per round.

Observational experiment

Between the 6th and 8th of May 2018, we monitored the activ-
ity, especially locomotion, in all the 122 captive voles in the lab.
For 48 consecutive hours, we visited each of the three husband-
ry rooms at the station. Once per hour, we logged whether

Table 1 Mean nutritional value of foods per 100 g and for each item of each resource type. (USDA Food Comparison Database (Moshfegh 2018))

Per 100 g/per unit Millet (low quality) Oat (mid quality) Sunflower seed (high quality)

Energy (kJ) 1582/0.9 1628/5.1 2445/21.1

Carbohydrates (g) 72.8/0.04 66.3/0.21 20/0.17

Fats (g) 4.2/0.002 6.9/0.2 51.46/0.44

Protein (g) 11.9/0.01 16.9/0.05 20.78/0.18

Units (seeds) per 100 g 1760 319 116
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movement was observed in each cage. Of the 122 voles, 42
voles were housed together for copulation. Twelve additional
voles did not appear active for more than 2 h in our sampling
period and thus were omitted from the dataset. These correc-
tions resulted in 89 caged being monitored hourly. We used 60
male voles and 62 females for analyses. All males (38) were
categorized as solitary.While of the female voles one was grav-
id, 10 were nursing and 19 were solitary individuals.

Data analyses

Our experiment was divided into two units, one manipulative
and one observational. Therefore, the analyses are divided into
two sections as well, one for locomotion and one for the for-
aging tenacity.

To quantify the voles’ activity patterns in their cages, with
forage unrestricted, as described in the experimental set up, we
summarized diel activity patterns (active or sedentary) for in-
dividuals falling within four groups: solitary males, solitary
females, coupled males and females, and nursing females. We
used temporal kernel density functions to describe activity as
demonstrated in Ridout and Linkie (2009) using the overlap
package (Meredith and Ridout 2017) in R (R Development
Core Team 2016).

For the foraging activity, we used three methods to deter-
mine whether the voles selected patches based on the
resource-type or if that selection was variable based on time
of day. First, we tested whether the voles ranked the food
resources equally using Friedman’s test of concordance (man-
ually calculated). We ranked the amount of resources used in
each treatment from 1 to 3 (3 being the highest weight con-
sumed, i.e., the lowest GUD).

For the second analysis, we calculated the mean harvested
mass (1.5-GUD) of food as a function of hour of the day ×
food type × sex. The cleaned dataset had a sample size of 76
mean values. We ended up collecting data points at 14 2-h
rounds as opposed to the 12 rounds that were in the original
experimental design. The slight difference is a result of the
time it takes to reset the experiment between rounds averaging
at 12 min. In Systat 13, we ran an analysis of variance
(ANOVA) using the harvest mass as the dependent variable
and food type, sex and sex × food type as dependent variables.
We added the hour of the day as a covariate. For significant
factors, we ran post-hoc pairwise comparisons with Tukey’s
honestly significant difference (THSD) tests.

Last, to rank the importance of the variables from the per-
spective of the voles, we used a Bayesian approach and ran two
random forest regression analyses. These analyses, best de-
scribed as categorical principle-component analyses, formulate
a machine-learning model in shape of a decision-tree based in
the existing data. The resulting tree is a prediction of the impor-
tance of factors using point clusters in a multi-axis space. This
model mines the dataset and ranks the categorical splits that

explain the greatest amount of data points in the data set.
Within each of the nodes (categorical splits), it repeats the anal-
ysis on the data points with the category. The resulting output
provides an importance statistic, a table providing the shape of
the decision tree andmodel strength statistics. At each node, the
model produces the mean of the dependent variable (μ), the
number of data points described by the node (N), and the var-
iance of the dataset represented in the node. We ran these anal-
yses in StatSoft © Statistica 8. To bolster the predictive strength
of these models, we used the raw data as collected in the ex-
periment.We first ran this analysis on the entire data set (24 h of
foraging data), and then post-hoc, reran the analysis with data
from the peak activity (discussed below) between 18:00 and
6:00. In these analyses, we used GUD as the dependent vari-
able. We used sex and food type as categorical variables and
hour of day and experimental system as numeric variables. This
analysis suggests the likely categorical splits, nodes, but do not
constitute a statistical pairwise comparison.

Data availability statement

All data generated or analyzed during this study are included
in this published article [Appendix S5].

Ethics

All applicable international, national, and/or institutional
guidelines for the use of animals were followed). The study
was conducted under permission for animal experimentation
ESAVI/6370/04.10.07/2014 from the ethics committee of the
University of Jyvaskyla. No animals were harmed in this ex-
periment and the stress was limited as much as possible espe-
cially to pregnant and nursing females that were not used in
the manipulative foraging section of this experiment.

Blinded methods

It was not possible to record data blind because our study
involved focal animals in the lab. However, we used popula-
tion level data to minimize bias.

Results

Temporal activity analysis

The temporal activity analysis (script available as Appendix
S2) suggested that while the bank voles were occasionally
active day round, the majority of the population diel activity
occurred during the period designated as “dusk” between
23:00 and 5:00 (Fig. 1a). Solitary males and coupled animals
(males and females housed together) adhered to a primarily
nocturnal activity pattern. Solitary females were the group that

95 Page 4 of 10 Behav Ecol Sociobiol (2019) 73: 95



diverged the most with a bi-modal activity pattern, specifically
a second peak in activity around 7–8 am (Fig. 1b). Nursing
mothers exhibited a mostly nocturnal pattern, but with occa-
sional low levels of activity mid-day (Fig. 1c).

Foraging activity

In Friedman’s test of concordance, the voles strongly agreed
on their preference of food choice (Fm = 445.77, N = 35,
p < 0.01, W = 3). A pairwise comparison showed voles had a
clear preference for sunflower seeds (r = 97) over millet (r =
58) or oat (r = 57) where r is the ranks sum.

The ANOVA (N = 76, R2 = 0.678) showed that time of day,
sex, and food type all significantly affected the foraging of the
voles (Table 2). The harvest pattern showed a clear preference
for the sunflower seeds followed by the oat and millet (Fig. 2).
Post-hoc pairwise comparison (THSD) found that there was
no difference between the oat and the millet, but both were
significantly lower than the sunflower (both p < 0.01;
Appendix 3). The male voles harvested more than females ±
SE (standard error): 0.3 ± 0.021 g and 0.224 ± 0.019 g, respec-
tively. Last, the foraging appeared to be greater during the
“night” hours 18:00–4:00 than during “day time” (Fig. 3a).
While the foraging on sunflower seeds was constant through-
out the day, we observed an increase of foraging in the oat and
millet at night and a short burst mid-morning (Fig. 3b).

The random forest regression analysis forecasting the rele-
vance of food type, sex, system (I or II), and time of day
generated a model with risk estimates ± SE of 0.058 ± 0.008
and 0.069 ± 0.018 for training and testing, respectively. The
model ranked the food type as the greatest ranking variable
with an importance of 1.0 followed by time of day, sex, and
system with importance ranks of 0.82, 0.345, and 0.262, re-
spectively. This analysis suggests a divergence between the
sexes in foraging sunflower seeds with male foraging slightly
more of this food type. In addition, it finds a greater sex-bias in
the oat and millet with females foraging more in the afternoon
and early evening (Fig. 4a, Appendix S4).

After running the ANOVA mentioned above, it seemed
pertinent to address the changes in foraging at the peak of
the voles’ activity and not when they are sedentary.
Therefore, we repeated the analysis for a subset of the data
collected between 18:00 and 6:00. The new model’s risk

a

b

c

Fig. 1 Temporal activity kernel densities for captive bank voles
demonstrating relative activity over the diel period. Activity was
measured as movement in a cage at each hour for a 48-h period
(solitary females = 19, solitary males = 39, coupled males and female =
42, nursing females = 10). The top panel (a) represents all individuals, the
central panel (b) only solitary individuals, and the bottom one (c)
individuals that were housed with other individuals (nursing mothers or
mating couples). The shaded areas in the figure represent states of
darkness, where light gray is twilight and dark gray is full night
conditions

Table 2 ANOVA table (N = 76, R2 = 0.678) for a model using mass of
harvested resources averaged by time of day as a dependent variable to
compare foraging activity of 35 voles in relation to the sex of the
individual, the food type offered for its selection and with the time of
day as a covariate

Variable SS df Mean squares F p

Food 0.901 2 0.450 32.519 0.000

Sex 0.100 1 0.100 7.199 0.010

Food × sex 0.061 2 0.031 2.207 0.119

Hour 0.542 13 0.042 3.009 0.002

Error 0.789 57 0.014

SS, sum of squares; df, degrees of freedom;MS, mean squares; F, F ratio;
p, p value; Food, food type

Behav Ecol Sociobiol (2019) 73: 95 Page 5 of 10 95



estimates were 0.058 ± 0.012 and 0.113 ± 0.035 for training
and testing, respectively. Similar to the original model, the
food type and time of day were ranked the most important
variables with ranks of 1.0 and 0.469 respectively. The system
increased in importance to a rank of 0.312 while sex

diminished to a rank of 0.224. Under the new model, the
separation of sunflower seeds to its own category remained;
however, foraging on oat and millet were divided to separate
nodes (Fig. 4b, Appendix S4). While under this new model,
foraging on millet was consistent throughout the night, the
foraging on both sunflower seeds and oat varied based on
the time of night. Foraging on sunflower seeds increased later
in the night and decreased on oat (Fig. 5).

Discussion

Contrasting our experiments with previous studies, two major
consequences are revealed. First, that voles show a preference
for activity during the short nocturnal cycle, despite of its
consequences of long fasting during long and light days.
And second, that they can be forced by energetic demands
into this peculiar, previously not described diel activity by
environmental and social conditions, such as food shortages,
increased competition when paired for mating, or due to en-
ergetic needs of nursing.

Before we discuss the different findings of our experi-
ments, we must highlight the question driving this discus-
sion, i.e., why the energetic needs impact the foraging be-
havior in voles. The chronic stress under-which animals
live varies based on a number of constant and variable
factors (Boonstra 2013). These include resource competi-
tion (e.g., Morris 2003; Ovadia et al. 2005) and ambient
risk of predation. This risk is manifested in habitat struc-
ture (Bleicher 2017), shelter availability (Abu Baker and
Brown 2010), the activity of predators in the environment
(Bleicher et al. 2016, 2019; Kotler et al. 2016), and the
most relevant to our study are ambient illumination
(Longland and Price 1991; Kotler et al. 2010) including
photoperiodic length. Light cycles shift behavioral patterns
of foragers and cause variation in stress hormones produc-
tion (Borniger et al. 2017). Those stress hormone levels
impact at the core behaviors in small mammals such as
deer mice (Borniger and Nelson 2017) including the fol-
lowing: copulating, information processing, and aggres-
sion. Given these examples, it is only logical that the same
neurological impacts of photoperiodic length would also
affect the foraging decisions in our test voles.

Our experiment showed an adaptation to day-long fasting
and found a direct linkage between the times of day an animal
is put in a system to forage and the type of food that is har-
vested. We attribute the differences to the daily stress of living
in high latitudes with the unique light regime exposing the
ground-dwelling small rodent more to predation if active dur-
ing the light time. The majority of small mammals are pre-
sumably nocturnal, as an adaptation for the management of
risk from predators and are known to respond with increased
stress correlated with increase in ambient light (Prugh and

Fig. 3 Visualization of foraging activity of voles throughout the day (in
2-h segments) measured in a giving-up density GUD (g) ± SE and b
proportion of harvested food sources by seed type. The sunlight cycle at
this time of year included a darkness period of around 1 h. The sun-began
to set around 21:30 h, reached darkness at 1:30, rose again to twilight at
2:30 emerged fully by 5:30 am

Fig. 2 Mean harvest (g) ± SE as reflected in patches with sunflower seeds
(high protein and fat), oat (high carbohydrate), and millet (poor quality
forage)
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Golden 2014). For voles inhabiting the areas where we were
running our experiment, the long days mean that they have
limited time to forage in semi-safe illumination. Specifically,
4–6 h of dusk and dawn.

Manipulating, handling, and relocating animals from an envi-
ronment to which they are habituated generally causes

physiological stress responses which translate into alterations in
behavioral patterns these animals exhibit (e.g., Rosellini and
Widman 1989; Ylönen et al. 2006). Perhaps the best example
of behavioral adaptations to stress comes from our own species,
humans that compensates for stress through foraging (e.g., Wolff
et al. 2000). Our experiments show different patterns between the
manipulations, in the interview chambers, and the observations
in the animal room. From other experiments, we find evidence
that use of bioassays to measure animal behavior will always be
associated with extra stress. Taking animals out of their holding
pens and transferring them into a novel and sterile environment
will at the minimum produce neophobia (Bolbroe et al. 2000)
and at more extreme cases even cause animals to cease activity
all together (Bleicher et al. 2018a).

The differences we found between our interviews and the
holding pens suggest that we can artificially prompt animals to
change their foraging strategy by moving them out of the envi-
ronment they are habituated to. Matching the experimental
chambers with the natural setting andwithin the temporal activity
limits of the animals may provide a more realistic picture of how
the animals actually understand the tradeoffs of food and safety,
using measurements within the evolutionary capabilities of the
species, their “umwelt” (cf. von Uexküll 1909). Logically, we
could attribute the preference for high sugar and starch foods

a

b

Total

Sunflower 
Seed

Male Female

Millet + 
Oat

24:00-
12:00

24:00-7:007:00-12:00

12:00-
24:00

12:00-
18:00

18:00-
24:00

Male Female 

System ISystem II

Total 

Sunflower 

Seed

System I

18:00-

20:00
20:00-6:00

20:00-

24:00
24:00-6:00

System II

Millet+ Oat

Millet

System ISystem II

Oat

18:00-

22:00
22:00-6:00

Fig. 4 Decision-trees based on
random forest regression analysis
monitoring foraging tenacity
measured in giving-up densities
corresponding to a 24-h time
period and b subset of only peak
activity between 18:00 and 6:00.
The tree corresponds to the largest
subset of data points that cluster in
multidimensional space. Each
level of nodes represents a sub-
cluster within the original group.
Values for the tree structure can be
found in corresponding Tables A
and B in ESM4. Bold text boxes
represent final nodes

Fig. 5 Nightly shifts in foraging activity (reflected by giving-up densities
GUD ± SE (g)) as a factor of food type as predicted by the RandomForest
Regression Model for peak activity (Fig. 4b, Appendix S2). Each of the
food sources should be observed as independent as they are sourced in
different nodes of the tree with different sample sizes
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whose energy can be accessed quickly as a compensation for the
energetic costs of the stress; however, if we combine these results
with the temporal patterns that emerged, we reach very different
conclusions.

In our observations of the activity patterns of voles, we found
strong evidence that sharing your space with either a mate, or
offspring caused sporadic activity, increased immediate energy
need and increased the likelihood of individuals to be active
during the daytime. We believe that it is not the same factor that
causes both these observed patterns. During breeding season,
voles are solitary animals (Horne and Ylönen 1996) and only
couple for short periods of mating time. The females are territo-
rial and the males move around between female territories
(Ylönen et al. 1988). When the males are housed socially with
a female, the females are responding to the breach of their terri-
tory. This continued constraint likely forces the females to chase
after the males and the males to try to sneak in copulations.
Nursing females, in contrast, are forced to forage as a means to
compensate for the energetic strain that feeding litters of 3–6
pups puts on them (Trebatická et al. 2007).

If the voles start to forage after the long-day fasting, this
would logically explain the preference for the high-energy
oats early on. However, after regaining the needed energy,
they change their foraging strategy and prefer sunflower
seeds, high in fat and protein (Fig. 5). We can best attribute
this shift to the sunflowers, as a shift to slow-releasing energy
food sources (Krogh et al. 1920) that would help sustain the
voles during the long day’s fast—until the start of the next
foraging period 18 h later.

To conclude, our study is among the first that aims to de-
scribe how natural high-latitude light regime determines
changes in animal foraging and antipredator strategies (e.g.,
Norrdahl and Orpimäki 1998; Dupuch et al. 2013). With care-
ful monitoring of the social and diet quality effects in foraging
decisions during the short night or dusk, we addressed some of
the constraints that resident species in that northern latitude
face during sun-lit summer nights. While many rodents are
strictly nocturnal (e.g., Longland and Price 1991; Kotler
et al. 1993), the ambient illumination of the northern summer
nights forces the local species, reluctantly, to be active in a
diurnal pattern. The energetic demands of long fasts coupled
with high breeding rates do not allow for hoarding during the
breading season and forces these animals to compensate for
these costs through food choices (Xia and Millar 1988). The
last conclusion we drew from this study is that the voles al-
tered their behaviors based on social interactions. Solitary
voles optimized their activity while individuals carrying the
reproductive burden in were forced into more diurnal activity.
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