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Abstract
Hibernation is the most effective way to reduce thermoregulatory costs during periods of unfavourable environmental con-
ditions. In preparation to hibernation, fat-storing hibernators accumulate large quantities of body fat, which increases their 
locomotor costs and also the risk of predation. As a consequence, there should be a strong selective pressure to restrict pre-
hibernation fattening to a short-time period before the onset of hibernation. The edible dormouse (Glis glis) is characterized 
by having adapted its whole life history to the irregularly occurring mast-seeding pattern of the European beech (Fagus 
sylvaticus). Thus, the question arises how this small endotherm copes with huge differences in food availability between 
years. Therefore, we investigated body mass and thermal energetics of edible dormice during high and low food years. Our 
results demonstrate that during periods of low food availability, edible dormice enter an energy-saving mode with reduced 
body temperature (Tb) and resting metabolic rate (RMR), and high torpor frequencies. During irregularly occurring short 
events of high food availability in mast years, however, Tb was higher, torpor did not occur, and RMR was drastically elevated 
possibly due to an enlarged digestive tract and the heat increment of feeding associated with a dietary switch to high-quality 
food and an increase in the amount of food ingested. This physiological flexibility allows edible dormice to efficiently accu-
mulate body fat reserves under extremely different situations of food availability.
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Introduction

Endotherms such as mammals and birds allocate a large pro-
portion of their energy into the maintenance of high body 
temperature (Tb). On one hand, a high Tb optimizes physi-
ological processes, but on the other hand, it is energetically 
extremely costly to maintain, especially when it is cold. 
Small endotherms, in particular, loose a substantial amount 
of energy as heat over their relatively large body surface 
during periods of cold exposure (Kleiber 1947; Heldmaier 

and Neuweiler 2013). The physiologically most effective 
way to escape these thermoregulatory challenges is to sus-
pend the maintenance of high Tb and to enter hibernation. 
During hibernation, virtually, all body functions including 
heart and metabolic rate are drastically declined and Tb may 
be reduced down to ambient temperature (Ta; Barnes 1989; 
Geiser et al. 1990; Ruf and Geiser 2015). Fat-storing hiber-
nators such as dormice (Gliridae) and marmots completely 
cease feeding during the hibernation period and rely entirely 
on stored body fat accumulated during pre-hibernation fat-
tening for energy metabolism (reviewed in Humphries et al. 
2003).

Disadvantages associated with the accumulation of these 
large amounts of body fat are increased locomotor costs 
and also a higher predation risk due to reduced mobility 
(Trombulak 1989). Thus, there should be a strong selective 
pressure to restrict pre-hibernation fattening to a short-time 
period just before the onset of hibernation especially for 
arboreal mammals as they often climb from the ground into 
the canopy and use fine branches to escape from predators. 
In contrast, ground dwelling hibernators increase their body 
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mass earlier during the active season and usually decrease 
above ground activity and foraging time before hibernation 
(Johns and Armitage 1979; Körtner and Geiser 1995; Long 
et al. 2005; Sheriff et al. 2013).

However, especially for species that rely on seeds of mast-
seeding tree species, such as chipmunks and edible dormice 
(Wolff 1996; Schlund et al. 2002), food conditions drasti-
cally vary between years. Thus, these species are forced to 
accumulate sufficient fat reserves even when high-quality 
food is not available and have to flexibly adapt to ever chang-
ing environmental challenges. This can either be achieved by 
increasing the amount of food ingested and expanding the 
time spent foraging per day or a drastic reduction of energy 
expenditure.

The edible dormouse (Glis glis Linnaeus, 1766) is a small 
arboreal rodent characterized by an extraordinarily long 
hibernation period with a mean of 8 months (Bieber and 
Ruf 2009). Its whole life history is closely adapted to the 
irregularly occurring mast-seeding patterns of the European 
beech (Fagus sylvatica Linnaeus) and oaks (Quercus spec.; 
Fietz et al. 2005; Ruf et al. 2006). These tree species are 
dominating European Forests and do not necessarily mast 
in the same years (e.g., Sork et al. 1993; local forestry office 
in Nagold). During years of seed mast, high-quality food is 
plentiful for a few weeks and G. glis exploits this for repro-
duction and pre-hibernation fattening. However, high mast 
years are usually followed by at least 1 year of mast failure, 
during which trees fail to produce seeds. This means that this 
small endotherm must cope with extended periods of food 
scarcity (Hilton and Packham 2003) in forests dominated 
by one of these tree species. Previous studies have shown 
that during periods of low food availability, edible dormice 
remain sexually quiescent and may extend their hiberna-
tion period throughout summer (Bieber 1998; Schlund et al. 
2002; Hoelzl et al. 2015), which seems to lead to higher sur-
vival rates, reflecting a trade-off between reproduction and 
survival (Ruf et al. 2006; Lebl et al. 2011). Thus, edible dor-
mice flexibly adjust life-history tactics to local mast patterns 
and “sit tight” until environmental conditions are favourable 
for reproduction (Pilastro et al. 2003; Ruf et al. 2006). Up 
to now, it is still unclear, how edible dormice evaluate the 
status of mast at emergence from hibernation. Even though 
food supplementation experiments increased reproductive 
rate in females during a year of low seed masting (Lebl et al. 
2010), it could not trigger reproduction in a year of mast fail-
ure (Fietz et al. 2009). Thus, energy supply at the beginning 
of the active season may promote reproduction, but does not 
seem to represent the trigger to induce reproductive activity.

During years of mast seeding, dormice are challenged to 
effectively accumulate body fat during short periods when 
food is plentiful. Previous studies have shown that during 
high mast years, edible dormice switch their diet to pre-
dominantly energy-rich tree seeds as soon as these become 

available in late summer, and while their assimilation rates 
remain constant, the amount of food ingested increases by 
about 20% (Fietz et al. 2005; Sailer and Fietz 2009; Juškaitis 
et al. 2015).

The aim of our study was to examine how small endo-
therms such as the edible dormouse respond physiologically 
and prepare for hibernation under extremely different food 
conditions. We hypothesized that extended periods of low 
food availability and short periods of extremely high food 
availability should be reflected in extreme fluctuations in 
body mass, metabolic and thermal physiology as well as 
behaviour of edible dormice.

Methods

Study animal

The nocturnal edible dormouse (G. glis; rodentia) is an 
arboreal small mammal with a mass of about 100 g. Its 
range mainly coincides with the deciduous forest zone in 
the western Palearctic, (for details, see Kryštufek 2010). In 
Central Europe, it occurs mainly in deciduous mixed forests 
dominated by European beech (Schlund et al. 1997; Fietz 
et al. 2005), but also in forests with a considerable propor-
tion of other broad-leafed trees (e.g., oaks), which provide 
alternative food resources in years without beech seeding 
(Cornils et al. 2017). In central Europe, adults hibernate 
underground from mid-September until May (von Vieting-
hoff-Riesch 1960). Males emerge from hibernation about 
2 weeks before the females and mating takes place shortly 
after females emerge at the end of June. Females give birth 
to one litter per year with about 5 (up to 11) pups that are 
weaned after 30 days (Kager and Fietz 2009). Due to their 
close adaptation to the irregular seed production of their 
main food tree species, virtually, all adult dormice belong-
ing to one population can be assumed to be reproductively 
active at the same time during high mast years, whereas 
all individuals remain reproductively quiescent in years of 
mast failure (Schlund et al. 2002; Fietz et al. 2004). In this 
study, we restricted our analyses to data obtained on adult 
dormouse males, as in females, it is impossible to disentan-
gle the effects of reproduction and food availability on body 
mass and energy consumption, because females gestate and 
lactate when food is abundant.

Study sites

Our study was conducted at five different study sites, located 
in SW Germany, within 73 km of each other (for a detailed 
description see Fietz et al. 2014). These study sites were 
in deciduous mixed forests dominated by European beech, 
but the forest at Beimerstetten also had a high proportion 
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of sessile oak [Quercus petrea (Mattuschka) Lieblein]. In 
these study sites, nest boxes (Schwegler 3SV, Schorndorf, 
Germany) were mounted on trees 3 m above ground, 30 m 
apart, at the nodes of rectangular grids. Edible dormice use 
nest boxes frequently during the day, making them easily 
accessible.

Food availability

Within the federal state of Baden-Württemberg (Germany), 
tree seed production is monitored by the local forestry office 
in Nagold. In our study sites, 2005, 2008, and 2012 represent 
years of mast failure, as beeches did not produce any seeds, 
whereas 2006, 2009, 2013, and 2014 were mast years and 
beeches produced high numbers of seeds. The years 2007, 
2010, and 2011 were not included into the analyses, as for 
these years, the data sets were not as comprehensive as in the 
other years. In contrast to the other study sites, Beimerstetten 
contains a high proportion of oak trees that produced seeds 
in 2012. Thus, for Beimerstetten, 2012 represented a high 
mast year and dormice were reproductive.

Capture–mark–recapture

At all study sites, nest boxes were monitored from the end of 
May until early October at 2-week intervals. Nest boxes were 
monitored between 2005 and 2014. Upon capture, dormice 
were individually marked using subcutaneously-implanted 
passive integrated transponders (Trovan, EURO I.D. Usling 
GmbH, Weilerswist, Germany). Mass was determined with 
a 300 g spring balance (Pesola, Baar, Switzerland; division: 
2 g, accuracy: 99.7%) to the nearest g. Individuals were 
sexed and classified as yearlings or adults by the length of 
their tibia and by fur colour (Schlund 1997). For investigat-
ing seasonal variations in body mass in high and low mast 
years, we used data obtained on adult males between 2005 
and 2014 (see “Food availability” section).

Ambient temperature measurements

We measured Ta at all study sites during 2012 and 2013 
using temperature data loggers (iButton DS1922L-F5, 
Maxim Integrated Products, Inc., San Jose, USA) set to 
a resolution of 0.5 °C. We fixed one data logger to a tree 
trunk in each study site to continuously record Ta every 
60 min throughout the entire study period. One temperature 
data logger was additionally attached to the outside of the 
nest box during metabolic measurements (see below) and 
programmed to sample Ta every 60 s. Ta loggers were not 
exposed to direct solar radiation.

Torpor frequencies

We analysed torpor frequencies during a low (2012) and 
a high (2013) mast year. Individuals were considered tor-
pid if they felt cold to the touch and were impaired in their 
locomotor activity (Bieber and Ruf 2009; Smit et al. 2011; 
Dausmann 2014). In the analysis of torpor frequencies (see 
statistical analyses), we used the corresponding minimum 
Ta (Tmin) in the night before the observation as a predictor, 
as torpor bouts predominantly start during the second half 
of the night (Wilz and Heldmaier 2000).

Body temperature measurements

During 2013, we measured skin temperature (Tskin) in adult 
males in which we also measured metabolic rate (see below) 
with collar-mounted temperature data loggers [iButton; 
DS1922L-F5, mass 1.5 g; for details see Langer and Fietz 
(2014)] at a resolution of 0.5 °C every min. Results of previ-
ous studies (Langer and Fietz 2014) and the present study 
have demonstrated that in edible dormice, Tb measured sub-
cutaneously (Tsub) was on average 2.5 °C higher than Tskin 
and that Tb measured intraperitoneally was on average 1.8 °C 
higher than Tsub (Bieber et al. 2017). Since the resolution of 
the iButtons is 0.5 °C, we corrected our measured Tskin by 
adding 4.5 °C to get an approximation of core body tempera-
ture (Tcore). These values were comparable to Tcore measured 
in individuals of the study of Bieber et al. (2017) during 
their resting phase. Henceforth, we call this calculated body 
temperature Tbc. Simultaneous measurements of Tskin and 
metabolic rate (MR) were conducted for 74 individuals in 
76 respirometry trials. We programmed and attached the 
temperature data loggers in the morning just before starting 
MR measurements and took them off in the evening after 
measurements were terminated. The Tskin measurement 
interval was 60 s [for details, see Langer and Fietz (2014)]. 
To investigate the effect of Ta on Tb measurements obtained 
with collar-mounted temperature data loggers, we simultane-
ously measured Ta, Tskin, and Tsub in nine resting, adult male 
edible dormice on eight different days. Tskin was measured 
as described above and Tsub was measured every 5 min with 
temperature-sensitive transponders implanted subcutane-
ously in the dorsolateral region [for details, see Langer and 
Fietz (2014)].

Measurement of oxygen consumption

Oxygen consumption was measured in single non-torpid 
adult males during 2012 and 2013. While animals were in 
nest boxes (volume: 1.5 L), oxygen consumption was meas-
ured for at least 5 h between 11 am and 8 pm throughout 
the whole study period by open-flow respirometry, using 
portable gas analysers [OxBox, designed and constructed 
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by Thomas Ruf and Thomas Paumann, Research Institute 
of Wildlife Ecology, Vienna; for a detailed description see 
Fietz et al. (2010); exemplary measurements in Fig. 1]. Flow 
rate was set to 100 l/h and gas analyzers were calibrated 
regularly with fresh air (20.95% O2) as well as calibration 
gas (20.1% O2, rest N2; Westfalen AG, Münster, Germany). 
Mass flowmeters (AWM5101, Honeywell, Morris Plains, 
USA) were calibrated against a certified calibration mass 
flow meter (Type 358-11, 0–2 L/min, Analyt-MTC, Mül-
lheim, Germany) and volumes were corrected to STPD 
conditions. Measurement air was dried (Molecular sieve, 
3 Å, Merck, Darmstadt, Germany) prior to flowmeters. O2 
data were corrected for drift of the analyzer by automated 
switching to sample reference air at regular intervals. When 
the respiratory quotient is < 1, flow rate is slightly under-
estimated as more O2 is consumed than CO2 produced. We 
accounted for this by calculating MR with the following 
equation: VO2 = FD × (FIO2–FEO2)/[1 − FIO2 × (1 − 0.85)] 
(l/h; FD = dry flow, FIO2 = fractional concentration of O2 
in the incoming airflow, FEO2 = fractional concentration of 
O2 in the outgoing airflow), assuming a respiratory quotient 
of 0.85 (Lighton 2008). Data were collected at 1 min inter-
vals. Moving averages were calculated over 10 min intervals. 
The lowest moving average during each measurement was 
defined as RMR, and the corresponding Ta and Tskin meas-
urements were averaged over the same 10 min. To make sure 
that animals were at rest, we measured oxygen consump-
tion for at least 5 h without disturbance and excluded meas-
urements from the analysis if the coefficient of variance of 
MR exceeded 20% during the respective time period. RMR 

generally specifies the rate of energy expenditure necessary 
to maintain the energy balance of resting endotherms (Held-
maier and Neuweiler 2013). As we were interested in the 
effect of Ta on RMR, our measurements were not restricted 
to Ta within the thermoneutral zone (TNZ).

Statistical analysis

Statistical analyses were performed in R (R Core Team 
2011). To explain intraspecific variation in RMR and Tbc 
of G. glis, we used linear mixed effects models, function 
“lmer” from the lme4 package extended by the “lmerTest” 
package (Bates et al. 2015; Kuznetsova et al. 2015), using 
the Satterthwaite approximation for degrees of freedom. We 
were primarily interested in the effect of high-quality food 
on RMR. As ripe seeds are only available in the late season 
during high mast years (Fietz et al. 2005), we split the year 
on the 15th of August and included the factors “mast year” 
[two levels: high (2013) and low (2012)] and “season” (two 
levels: early and late) into the analyses. All measurements 
taken prior to the 15th of August were assigned to the early 
season and the ones taken afterwards to the late season. Note 
that high mast years perfectly coincide with years of high 
reproductive activity in edible dormice (Ruf et al. 2006). In 
the model for the dependent variable RMR based on data of 
both study years, we included the interaction of mast year 
and season. In addition, we controlled for the effects of mass, 
Ta, and animal ID nested in study site as random factors. In 
captive G. glis, the lower critical temperature of the TNZ 
was shown to be 22 °C (Heldmaier and Elvert 2004). There-
fore, we controlled for the effects of Ta on RMR within and 
below the TNZ separately, using a broken stick regression 
analysis with the break point at 22 °C.

We calculated a generalized linear mixed effects model, 
with the function “glmer” (family = binomial, package lme4, 
using the Laplace approximation for degrees of freedom), to 
test for the effects of the predictors: mass, Tmin, mast year, 
season and animal ID nested in study site as random factor 
on the response variable “occurrence of torpor” (binomial: 
torpid or non-torpid) during 2012 and 2013. In the “lmer” 
models, we checked the residuals for deviations from the 
normal distribution (visual check of histograms and quan-
tile–quantile–plots) and homogeneity of variance (visual 
check of residuals plotted against fitted values) and trans-
formed (see tables) covariates and respective response vari-
ables where necessary. In “glmer” models, we checked for 
overdispersion. Furthermore, we tested for collinearity with 
the function “vif” (Fox and Weisberg 2011) and for validity 
and stability of our models (dffits, dfbetas, cook’s distances, 
and leverage). In cases where assumptions were violated, 
we tested whether a reduced model (excluding the violating 
cases) led to different conclusions. As this was never the 
case, we present the model results with all cases included. 
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Fig. 1   Exemplary measurements of adult male edible dormice one 
from June and one from September (solid line: mass-specific resting 
metabolic rate, dotted line: Tskin and dashed line: Ta)
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Data from Beimerstetten were only included in the models 
for the high mast year, because in this study site, food trees 
produced seeds in both years.

Estimates, standard errors (se), degrees of freedom (df), 
t- or z-values, and p values are taken from a regression anal-
ysis, function “summary”. Level of significance was set to 
p = 0.05.

To determine the effect of high and low mast years on 
seasonal mass variations in male edible dormice, we cal-
culated “lmer”s containing the fixed factor “mast” [two 
levels: high (2006, 2009, 2013, and 2014) and low (2005, 
2008, and 2012)], “mastpre” [the mast level of the previous 
year; two levels: high (2005, 2008, 2012, and 2014) and 
low (2006, 2009, and 2013)]; “tibia length” [as a proxy for 
body size (Schlund 1997)]; and the animal ID nested in the 
study site as random factor, separately for each month. Fur-
thermore, to compare changes across the season, we calcu-
lated “lmer”s for the mast years separately with “month” and 
“tibia length” as fixed factors and animal ID nested in the 
study site as random factor and used a Tukey’s post-hoc test 
in case of multiple comparisons (R package “multcomp”; 
Hothorn et al. 2008).

To exclude the possibility that Tskin measured with a 
collar-mounted temperature, logger is mainly influenced 
by Ta and not by Tsub and to further evaluate their preci-
sion, we used the linear mixed effects model function “lme” 
of the R-package nlme (Pinheiro et al. 2011) to calculate 
regressions of Tbc against Tsub and Ta in resting individu-
als with animal ID as a random factor and fitted an autore-
gressive correlation structure (corAR1()) to correct for 
autocorrelation.

Results

Relationship between subcutaneous and skin 
temperature

Results of the linear mixed effects model (Tskin ~ Ta + Tsub) 
corrected for animal ID and autocorrelation revealed that 
Tskin was significantly correlated with Tsub (p < 0.001, esti-
mate: 0.74; n = 473; Fig. 2) within a Ta range of 12–34 °C, 
whereas Ta did not directly affect measured Tskin values 
(p = 0.7). Thus, Tskin closely tracked variation in Tsub and 
was on average within 2.2 ± 0.8 °C of Tsub.

Variations in body temperature

During a high mast year, Tbc in resting adult male G. glis 
ranged from 30 to 38 °C and was significantly reduced at 
lower Ta between 10 and 33 °C (Fig. 3a; Table 1). Tbc was 
significantly higher during the late season compared to 
the early season, but the effect of Ta on Tbc did not differ 

between those two seasons (interaction between Ta and sea-
son: F1,79 = 0.03, p = 0.87). In the early season, dormice 
resting within the TNZ lowered their Tbc below euthermic 
values (Fig. 3a) down to 32 °C, whereas dormice in the late 
season kept euthermic Tbc. Resting euthermic dormice have 
Tb of 35.6 ± 0.7 °C (Wilz 1997).

Seasonal body mass variation in high and low mast 
years

High mast in the preceding year positively affected masses 
at emergence (F1,473.73 = 32.0, p < 0.001), but negatively 
in July (F1,492.48 = 18.3, p < 0.001). Later in the year, the 
effect of the mast during the preceding year was no longer 
detectable (August: F1,386.12 = 0.19, p = 0.664; September: 
F1,150.59 = 1.053, p = 0.307). Adult male edible dormice 
exhibited different seasonal body mass patterns during high 
and low mast years (Fig. 4). In low mast years, dormice 
emerged from hibernation with a higher mass than in high 
mast years (F1,474.25 = 6.1, p = 0.014) and lost about 9 g by 
July (t = − 5.7, p < 0.001). Between July and August mass 
remained constant (t = 0.6, p = 0.534) and increased subse-
quently by about 10 g during September (t = 3.47, p < 0.001). 
Starting with a lower mass in June, dormice in high mast 
years also lost about 10 g by July (t = − 10.1, p < 0.001). 
Between July and September mass increased by about 20 g 
(t = 22.549, p < 0.001). Male dormice had a lower mass in 
high mast years (July: F1,506.25 = 158.7, p < 0.001; August: 
F1,368.3 = 15.9, p < 0.001), until they caught up in September 
when mass of males in high mast years was not significantly 
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tient of subcutaneous temperature and skin temperature measured at 
ambient temperatures ranging between 12 and 35 °C
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different from males in years of mast failure (F1,131.61 = 0.07, 
p = 0.7881).

Variations in resting metabolic rate

There was a significant interaction between season and mast 
year for RMR (Table 2). During the low mast year, RMR did 
not show pronounced seasonal variations (Fig. 5), whereas 
RMR measured during the high mast year was significantly 
higher in the late season than in the early season. During the 
high mast year, the effect of Ta on RMR below the TNZ was 

not significant, whereas there was a negative effect of Ta on 
RMR within the TNZ (Table 2).

Occurrence of torpor

Torpor frequency was significantly affected by Tmin, with 
more adult males using torpor during days following cooler 
nights. Furthermore, dormice were more likely to enter 

Fig. 3   a Tskin measured in adult 
male edible dormice dur-
ing the high mast year (2013, 
respiratory trials n = 76) plotted 
against ambient temperature 
(Ta). b Mass-specific metabolic 
rate (RMRbm) from the same 
animals plotted against Ta. c 
RMRbm plotted against Ta in 
adult male edible dormice in the 
low mast year (2012, respiratory 
trials n = 42). Circles represent 
the early season and filled 
circles represent the late season. 
The horizontal line in plot a 
indicates euthermia, the vertical 
line indicates the lower critical 
temperature of the TNZ and 
the regression lines are based 
on laboratory experiments by 
(Heldmaier and Elvert 2004). 
RMRbm (RMR/BM) was only 
used in this figure for visual 
purposes and was not included 
in the statistical models
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Table 1   Results of the linear mixed effects model Tbc  ~  mass + sea-
son + Ta and animal ID nested in study site as random factor cal-
culated for adult male edible dormice in the high mast year (2013, 
n = 72)

Reference for the factor season is “early season”
Tbc calculated body temperature, Ta ambient temperature

Tbc Estimate Se df t p

Intercept 20.880 0.950 67.170 21.970 < 0.001
Mass 0.011 0.006 67.990 1.711 0.092
Ta 0.342 0.026 67.020 13.264 < 0.001
Season 1.278 0.266 15.310 4.810 < 0.001
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Fig. 4   Body mass of adult male edible dormice during low (2005, 
2008, and 2012) and high mast years (2006, 2009, 2013, and 2014). 
Significant differences are based on the linear mixed effects models
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torpor in the low mast year and during the early season of 
the high mast year (Table 3). Mass had no effect on torpor 
use.

Discussion

Results of this study show distinct seasonal variations in 
RMR of adult male edible dormice during high mast years. 
We found relatively low RMRs at the beginning of the active 
season, whereas RMRs were extremely elevated as soon as 
high-quality food became available in the last weeks before 
hibernation started.

The gastrointestinal tract is the first organ system directly 
affected by changes in nutrient intake and displays the most 

rapid and extensive responses to nutrient deprivation, both in 
structure and in function (Carey 2005). Fat-storing hiberna-
tors, such as edible dormice, represent an extreme example 
of phenotypic flexibility in regard to digestive function, as 
they completely cease feeding during winter months, lead-
ing to significant atrophy of the intestinal mucosa during 
hibernation (Carey 2005). After emergence, size and activ-
ity of the gut and nutrient processing organs are regained, 
possibly induced by the resumption of food intake (Hume 
et al. 2002; Carey 2005). In addition, also in edible dor-
mice, there is a significant increase in liver size throughout 
the active season (Bieber et al. 2011). In the alpine marmot 
(Marmota marmota Linnaeus, 1758), the mass of the small 
intestine has been shown to increase by about 260% from the 
end of hibernation to midsummer and similar values were 
found for 13-lined ground squirrels [Spermophilus tridecem-
lineatus Mitchill, 1821; (Hume et al. 2002; Carey 2005)]. 
In this study RMR values measured after emergence from 
hibernation were only about 50% of the value predicted for 
palearctic mesic rodents of comparable body size (according 
to Lovegrove 2000). Even though we did not investigate gut 
mass and activity in our study, we presume that in G. glis, 
these comparably low RMRs observed during periods of 
low food availability during the early season can in part be 
explained by digestive organs that remain reduced in activ-
ity and size after emergence from hibernation. However, as 
soon as high-quality food becomes abundant in late sum-
mer of a mast year, edible dormice switch their diet to pre-
dominantly energy-rich tree seeds (Fietz et al. 2005; Sailer 
and Fietz 2009; Juškaitis et al. 2015). In dormice fed on 
rodent chow assimilation, rates remained constant through-
out the year, whereas the amount of food ingested increases 
by about 20% during pre-hibernation fattening (Sailer and 
Fietz 2009). These changes in foraging behaviour during 
mast years lead to an extreme body mass increase until the 
onset of hibernation and also positively affects body mass 
after emergence in June during the following year (Fig. 4). 

Table 2   Results of the linear mixed effects model for RMR data 
obtained from adult male dormice during a low and high mast year 
(n = 106): log(RMR) ~ sqrt(mass) + mast year  ×  season + Ta below 
TNZ + Ta within TNZ and animal ID nested in study site as random 
effect

References are “early season” for the factor season and “low mast” 
for the factor mast year
Ta ambient temperature, TNZ thermoneutral zone

RMR 2012/2013 Estimate Se df t p

Intercept 3.376 0.288 49.75 11.725 < 0.001
Sqrt(mass) 0.123 0.028 50.97 4.382 < 0.001
Mast year − 0.086 0.068 95.62 − 1.269 0.207
Season 0.722 0.080 87.32 9.03 < 0.001
Mast year:season − 0.648 0.120 82.03 − 5.407 < 0.001
Ta below TNZ − 0.018 0.010 87.51 − 1.774 0.080
Ta within TNZ − 0.055 0.012 101.03 − 4.772 < 0.001
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Fig. 5   Residuals of a reduced model based on the high and low mast 
year (log(RMR) ~ sqrt(mass) + study site + Ta below TNZ + Ta within 
TNZ), missing the variables year, season and their interaction. Given 
are mean ± SD (low mast nearly season = 29, nlate season = 13; high mast 
nearly season  =  43, nlate season  =  21). Significance is based on the full 
model (Table 2)

Table 3   Results of the generalized linear mixed effects model (bino-
mial): torpor occurrence ~ mass + mast year + season + Tmin and 
animal ID nested in study site as random effect calculated for data 
obtained from adult male edible dormice during the low and high 
mast years (n = 618)

References are “early season” for the factor season and “low mast” 
for the factor mast year
Tmin minimum ambient temperature of the night before

Torpor 2012/2013 Estimate Se z p

Intercept 3.361 1.816 1.851 0.064
Mass − 0.006 0.014 − 0.437 0.662
Mast year − 1.542 0.546 − 2.826 0.005
Season − 2.332 1.068 − 2.184 0.029
Tmin − 0.391 0.083 − 4.739 < 0.001
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The finding, that dormice have lower body masses in July 
following a high mast year, can likely be explained by the 
fact, that high mast years are in general followed by a year 
of mast failure, when food is limited. However, at the first 
sight, it seems to be contradictory that even though dormice 
enter hibernation with the same body mass in years of high 
and low food availability, they emerge with a lower body 
mass after a year of mast failure. Several studies have shown 
that hibernation performance (e.g., torpor depth and length 
of euthermic periods), and therefore, energy consumption 
during hibernation depends not only on pre-hibernation 
body mass (Bieber et al. 2014), but also on the composition 
of the body fat (Geiser and Kenagy 1987; Ruf and Arnold 
2008) and possibly also on preparatory mechanisms for the 
challenges of the forthcoming active period such as gonadal 
development. During hibernation, gonadal development as 
well as all other cell processes are basically restricted to 
the euthermic phases (Carey et al. 2003; Clarke and Fraser 
2004) and are, therefore, associated with high thermoregula-
tory cost. These energetic costs needed for gonadal develop-
ment might explain, why edible dormice emerge with com-
paratively low body masses at the beginning of reproductive 
years.

Concomitant with the dietary switch and increase of food 
intake in the late season of high mast years, RMR in adult 
male dormice increases dramatically, and was distinctly 
higher (167%) than expected for a rodent of comparable 
body size (according to Lovegrove 2000). As the alimentary 
tract and associated organs contribute a disproportionately 
large amount to energy consumption (Krebs 1950; Konarze-
wski and Diamond 1995; Cant et al. 1996) and respond rap-
idly to changes in food availability, the enlargement of the 
digestive system and its increase in activity can be assumed 
to contribute to high RMR values measured during periods 
of high food availability.

However, even though these changes might contribute 
significantly to RMR measured, they cannot fully explain 
extreme RMR increases observed in this study. In a previous 
study by Bieber et al. (2017) it could be shown that during 
mast years, active free-living edible dormice increase their 
maximum Tcore regularly and for up to 8 h above 40 °C start-
ing 6 weeks prior to the onset of hibernation. This hyperther-
mia was explained by high levels of locomotor activity while 
foraging, which should be especially expensive in an arbo-
real species such as the edible dormouse (Bieber et al. 2017). 
Based on the present data and the facts that edible dormice 
switch their diet and also increase the amount of food 
ingested (Fietz et al. 2005; Sailer and Fietz 2009; Juškaitis 
et al. 2015), we assume that the heat increment of feeding, 
also called specific dynamic action (Rubner 1902; Maynard 
and Loosli 1969) adds substantially to measured RMRs and 
Tbc values, explaining their drastic increases observed in 
this study (Hume et al. 2002; Carey 2005; Konarzewski and 

Książek 2013). Reproductive activity in adult males, on the 
other hand, can be ruled out, as a cause for high RMR dur-
ing the late season as dormice mate during July when RMR 
was still low. As already mentioned above in females, it is 
impossible to disentangle the effects of reproduction and 
food availability on RMR and Tb, because females always 
gestate and lactate when food is abundant. Nevertheless, we 
assume that comparable physiological changes should also 
occur in females.

During pre-hibernation fattening, we detected a high vari-
ability in RMR among individuals. This individual variabil-
ity can be explained by different factors. First of all, the 
amount of food available within their home ranges and the 
food ingested likely differs among individuals and with it the 
associated heat increment of feeding. Second, individuals 
may differ in their immergence date and their rate of body 
fat accumulation and also in the size of their gastrointestinal 
tract. As different body components have different specific 
metabolic activities (Johnston et al. 2007), differences in 
body composition may add to the variance among individ-
uals. In 13-lined ground squirrels, the mass of the small 
intestine was shown to decrease by about 50–75% shortly 
before the onset of hibernation (Carey 2005). These complex 
changes in preparation for the upcoming hibernation season 
in combination with individually differing immergence dates 
and hormonal changes (e.g., Kronfeld-Schor et al. 2000) 
likely explain observed RMR variability.

Edible dormice experience short periods of extremely 
high food availability during mast years; in between these 
irregular events, however, they are confronted with extended 
periods of low food availability. In contrast to strong sea-
sonal variations in RMR observed during high mast years, 
RMR was relatively low and constant during a year of mast 
failure and below values expected for a rodent of comparable 
body size (Lovegrove 2000). Low RMR, Tbc, and elevated 
torpor frequencies suggest that adult male dormice enter an 
energy-saving mode during periods of low food availabil-
ity. In addition, haematological investigations also revealed 
that the production of red blood cells is diminished during 
periods of low food availability and seems to represent part 
of this energy-saving mode (Havenstein et al. 2017). These 
physiological responses likely allow dormice to keep their 
body mass at a comparatively high level even when food is 
scarce.

Particularly at low Ta, the active reduction of Tbc rep-
resents an efficient physiological mechanism to reduce 
energy consumption (Morris 1968; Walton and Andrews 
1981; Cygan 1985; Lyman 2013). Wilz and Heldmaier 
(2000) formerly showed that dormice may enter torpor 
already during their active period at night and our results 
show that G. glis uses torpor more frequently during peri-
ods of food shortage comparable to findings of Bieber 
et al. (2017). Although torpid individuals are limited in 
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their locomotor ability and should, therefore, be more 
vulnerable to predation (Trombulak 1989), torpid indi-
viduals that retreat into well-protected tree holes should 
have a selective advantage. First, they are more likely 
to survive times of low food availability, as they can 
extend the period of fasting. Second, they can allocate 
more energy into their body fat reserves, by minimizing 
their energy expenditure. Third, owing to lower energy 
requirements the time spent foraging during the night can 
be shortened, which should decrease the risk of predation 
(Ruf and Heldmaier 1992; Stawski et al. 2015), one of 
the main causes of mortality in small mammals (Ims and 
Andreassen 2000; Bryant and Page 2005). In line with 
these assumptions, it has been shown that the use of tor-
por and prolonged hibernation of up to 11 months within 
sheltered sleeping holes and hibernacula reduces mortal-
ity in this species (Lebl et al. 2011; Bieber et al. 2014; 
Hoelzl et al. 2015) as well as in hibernators in general 
(Turbill et al. 2011). Thus, the higher proportion of torpid 
dormice during years of limited food availability and an 
earlier immergence into hibernation likely explains the 
reduced mortality rates measured previously (Ruf et al. 
2006; Lebl et al. 2011).

Not only deep torpor, but even small reductions in the 
Tb–Ta differential reduce heat loss and, therefore, ther-
moregulatory costs. In our study, Tbc was affected by 
season and mast year and fine-tuned by the availability 
of internal energy resources, as individuals with a higher 
mass exhibited higher Tbc. Furthermore, reduced Tbc did 
not only occur during periods of fasting, but also dur-
ing resting phases when high-quality food was abundant 
(i.e., late season during high mast year). However, Tbc was 
then generally higher than during periods of food restric-
tion. Surprisingly, Tbc reduction also occurred in the early 
season at thermoneutrality when all body heat is derived 
from heat produced by basal metabolic rate and Tb is 
regulated by physical means, changing conductance by 
vasoconstriction and vasodilation in the periphery of the 
body. In this study, we cannot determine whether low Tbc 
was caused by the inhibition of MR and an active down-
regulation of Tcore. However, previous studies show that 
Djungarian hamsters (Ruf and Heldmaier 1992), small 
marsupials (Song et al. 1997), and also edible dormice 
enter torpor at thermoneutrality (Heldmaier and Elvert 
2004), which can only be caused by an active inhibition 
of MR below the level of basal metabolic rate. These 
findings, together with the observed distinct effect of food 
availability on Tbc, suggest that adult male edible dor-
mice may actively downregulate MR at thermoneutrality 
to reduce energy consumption in times of limited food 
supply and are able to accumulate fat reserves from less 
favourable food.

Conclusions

We demonstrate that during extended periods of fasting, 
male edible dormice enter an energy-saving mode with 
reduced Tbc, high torpor frequencies, and RMRs below 
values expected of a rodent of comparable body size. 
During irregularly occurring short events of high-quality 
food availability, however, Tbc and RMR were increased 
drastically possibly due to an enlarged digestive tract and 
the heat increment of feeding associated with a dietary 
switch and an increase in the amount and quality of food 
ingested. These effects have so far largely been ignored in 
studies on metabolic physiology and results of our study 
underline the importance of field studies, as the complex 
interactions of ever changing environmental conditions 
and behavioural and physiological responses can hardly be 
replicated in captive animals under laboratory conditions.
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