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Abstract
Many small mammals bask in the sun during rewarming from heterothermy, but the implica-

tions of this behaviour for their energy balance remain little understood. Specifically, it re-

mains unclear whether solar radiation supplements endogenous metabolic thermogenesis

(i.e., rewarming occurs through the additive effects of internally-produced and external

heat), or whether solar radiation reduces the energy required to rewarm by substituting (i.e,

replacing) metabolic heat production. To address this question, we examined patterns of

torpor and rewarming rates in eastern rock elephant shrews (Elephantulus myurus) housed
in outdoor cages with access to either natural levels of solar radiation or levels that were ex-

perimentally reduced by means of shade cloth. We also tested whether acclimation to solar

radiation availability was manifested via phenotypic flexibility in basal metabolic rate (BMR),

non-shivering thermogenesis (NST) capacity and/or summit metabolism (Msum). Rewarm-

ing rates varied significantly among treatments, with elephant shrews experiencing natural

solar radiation levels rewarming faster than conspecifics experiencing solar radiation levels

equivalent to approximately 20% or 40% of natural levels. BMR differed significantly be-

tween individuals experiencing natural levels of solar radiation and conspecifics experienc-

ing approximately 20% of natural levels, but no between-treatment difference was evident

for NST capacity or Msum. The positive relationship between solar radiation availability and

rewarming rate, together with the absence of acclimation in maximum non-shivering and

total heat production capacities, suggests that under the conditions of this study solar radia-

tion supplemented rather than substituted metabolic thermogenesis as a source of heat dur-

ing rewarming from heterothermy.
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Introduction
Many mammals offset the energetic cost of continuous endothermic homeothermy through
facultative, reversible reductions in body temperature (Tb) and metabolic rate. During bouts of
heterothermy, mammalian metabolic rates may be reduced to less than 1% of normothermic
values [1]. However, the overall energy savings that mammals achieve through these reductions
in metabolic rate are constrained by the energy required to increase Tb back to normothermic
levels at the end of a bout [2, 3]. The rewarming phase typically accounts for most of the energy
expenditure during a single bout, and in seasonal hibernators periodic rewarming may repre-
sent as much as 80–90% of total energy expenditure [4–7].

Solar radiation represents a practically infinite source of thermal energy to animals, particu-
larly in arid tropical and subtropical regions. Over the last few decades, evidence has accumu-
lated that some species, particularly small marsupials and afrotherians, routinely bask during
rewarming from torpor [3, 8–10]. Whereas some of the evidence for basking during rewarming
is indirect and based on comparisons between the rewarming rates of animals and those of
black bodies (e.g., [3]), direct observational evidence has been presented for dasyurid marsupi-
als [8, 10]. In these studies, animals were documented moving into sunlit sites while their Tbs
are still far below normothermic levels (as low as 14.6°C in the case of Sminthopsis crassicau-
data, [10]).

Despite burgeoning evidence that solar radiation can significantly enhance heat gain in
small mammals rewarming from heterothermy, the qualitative and quantitative ways in which
basking behaviour influences the energy budgets of free-ranging individuals remains unclear.
McKechnie andWolf [11] noted that the interaction between metabolic thermogenesis and
solar heat gain during rewarming from heterothermy can be thought of as a continuum from
passive rewarming, where solar radiation substitutes endogenous heat production, to augment-
ed rewarming, where solar heat gain supplements metabolic thermogenesis. Theoretical models
and empirical data suggest rewarming rates should vary substantially depending on the mode
of rewarming employed. Maximum passive rewarming rates predicted for birds are consider-
ably lower than observed endogenous rates except under conditions of high solar irradiance
(> 1000Wm-2) and body mass (> 100 g) [11], and rewarming rates inferred as being associat-
ed with basking behaviour in free-ranging elephant shrews were much lower than those associ-
ated with endogenous rewarming [3]. On the other hand, rewarming rates during basking in
several species of dasyurid marsupials appear to be higher than those associated with rewarming
in the absence of solar radiation [8, 10]. In laboratory studies, energy expenditure during re-
warming is greatly reduced when animals have access to a radiant heat source [12, 13].

We investigated the functional significance of solar radiation during rewarming from torpor
in a model afrotherian heterotherm, the eastern rock elephant shrew (Elephantulus myurus),
by experimentally manipulating the solar radiation available to individuals housed outdoors
and experiencing natural cycles of air temperature (Ta). We tested several predictions. First,
if solar radiation substitutes for endogenous metabolic thermogenesis, then rewarming rates
should either be lower or similar, but not higher, in individuals with access to normal levels of
solar radiation compared to individuals that have to rewarm primarily using endogenous heat
sources. On the other hand, if solar radiation supplements endogenous heat production (i.e.,
rewarming rates reflect the additive effect of endogenous thermogenesis and solar heat gain),
then rewarming rates should be directly related to the availability of solar radiation and hence
higher in unshaded conditions.

We also speculated that the functional role of solar radiation might be manifested through
phenotypic flexibility in heat production machinery. There is considerable evidence for accli-
mation and acclimatization in mammalian minimum and maximum resting metabolic rates
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[basal metabolic rate (BMR) and summit metabolism (Msum), respectively] as well as the capac-
ity for non-shivering thermogenesis (NST) [14–18]. The emerging picture of these traits is that
they are highly flexible and responsive to environmental factors. Moreover, among some ro-
dents,Msum/BMR (or metabolic expansibility, ME) is negatively correlated with minimum Tb

during torpor at an interspecific level [19]. The latter evidence for a link between heat produc-
tion capacity and the characteristics of torpor bouts, taken together with phenotypic flexibility
in mammalianMsum, BMR and NST capacity, raises the possibility that these metabolic vari-
ables are adjusted in response to changes in the heat production demands associated with re-
warming from heterothermy. We thus predicted that, if solar radiation substitutes for
endogenous heat production, then elephant shrews in an unshaded treatment should show re-
duced heat production capacity compared to those in artificially shaded enclosures. On the
other hand, if solar radiation supplements endogenous metabolic thermogenesis, then the heat
production capacity of individuals from shaded and unshaded treatments should not differ.

Materials and Methods

Study animals and housing
Eastern rock elephant shrews were captured at Welgevonden Private Game Reserve (24° 18'S,
27° 53'E) in the Limpopo province of South Africa, using Sherman traps baited with a mix of
oats, peanut butter and sardines, before being transported by road to the University of Pretoria
(UP). Mean body mass (Mb) at capture was 56.4 ± 6.8 g. At UP, elephant shrews were initially
housed indoors at a constant air temperature (Ta) of 18°C for two weeks to allow them to accli-
mate to captivity. During this time, elephant shrews were housed individually in 22 x 22 x 23
cm cages with sawdust bedding. Water and a diet consisting of a mash of dog food and ProNu-
tro breakfast cereal with daily supplements of an apple and carrot mixture, as well as meal-
worms once a week, was provided ad libitum during this initial period. Average food intake
was estimated by weighing food bowls before and after feeding each day.

Following the two weeks of indoor housing, animals were transferred to an open field at the
UP Experimental Farm (25° 45'S, 28° 15'E) where they were housed individually in 1.2 x 1.2 x
1.2 m wire mesh cages, each with a rock pile intended to mimic their natural habitat. Water
was provided ad libitum, and a quantity of food equivalent to 70% of the mean ad libitum con-
sumption during the preceding period of indoor housing was provided each day.

Animals were captured with permission from Limpopo Department of Economic Develop-
ment, Environment and Tourism (001-CPM402-00001). All procedures were approved by the
University of Pretoria’s Animal Ethics Committee (EC-028-12).

Body and air temperature measurements
For experiments involving the manipulation of solar radiation availability, body temperatures
were measured using surgically implanted miniature temperature loggers (Thermochron iBut-
ton, model 1922L, Maxim Dallas Semiconductors, Sunnyvale, CA, USA). An iButton was im-
planted into the intraperitoneal cavity of each elephant shrew under inhalation anaesthesia by
a veterinarian, following two weeks of indoor housing. This procedure took place a week before
data collection commenced, allowing animals to recover fully. The iButtons weigh less than 5%
of the elephant shrews’Mb, and do not negatively influence activity or behavioural patterns in
this species [3, 20]. The iButtons recorded Tb at 15-min intervals for a period of 42 days. Prior
to implantation, all iButtons were calibrated over a temperature range of 0–45ºC in a circulat-
ing water bath against a mercury-in-glass thermometer with NIST-traceable accuracy.

Air temperature, solar radiation (W m-2) and other weather variables were recorded using a
portable weather station (Vantage Pro2, Davis Instruments, Haywood, CA, USA) placed in the
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same area as the cages. The air temperature sensor of this weather station had previously been
calibrated against a mercury-in-glass thermometer in a controlled-temperature cabinet.

For laboratory measurements of heat production capacity (which involved the same indi-
viduals following the end of the outdoor solar radiation availability experiments), Tb was mea-
sured using temperature-sensitive passive integrated transponder (PIT) tags (Destron Fearing,
St. Paul, MN, USA) injected subcutaneously between the scapulae of each elephant shrew. The
PIT tags allowed Tb to be measured using a racket antenna (Racket Antenna, Biomark, Boise,
Idaho, USA) attached to a PIT tag reader (Model FS2001F-ISO, Biomark, Boise, Idaho, USA).
Air temperature within each chamber used for metabolic measurements (see below) was mea-
sured using a thermistor probe (Sable Systems, Las Vegas NV, USA) inserted through a small
hole in the chamber wall and sealed with a rubber grommet.

Experimental manipulation of solar radiation availability
In order to investigate the influence of solar radiation on patterns of heterothermy and re-
warming rates, we allocated elephant shrews to one of three experimental treatments, namely
full sun (n = 5), partial shade (n = 6) or deep shade (n = 7). Allocations were randomized, but
sex ratios were kept approximately equal in each treatment. We varied solar radiation (SR)
availability by attaching shade cloth to a ~ 2.6 m x 1.5 m frame constructed of ~10-mm steel
rod and positioned over each cage. The frame was constructed and positioned so that the cage
was shaded throughout the day, including early in the morning when the sun was just above
the horizon. The control (i.e., full sun) treatment had a frame placed over each cage, but with-
out any shadecloth. The two shaded treatments each had one of two grades of shadecloth at-
tached to the frames. The solar radiation passing through each grade was measured using the
weather station’s sensor on a typical sunny day early in the study, in order to compare SR levels
in the cages to those in unshaded cages. Elephant shrews in each of these treatments experi-
enced SR reduced by 78.7% (hereafter, deep shade) and 60.2% (hereafter, partial shade), com-
pared to that experienced by individuals in the full sun treatment. Animals were maintained in
the outdoor cages for a period of approximately two months, after which time the iButtons
were surgically explanted and Tb data downloaded. The experiment was conducted in mid-
winter (data collection from 15 June–27 July 2013) so as to coincide with the pronounced use
of heterothermy by E.myurus at this time of year.

Measurements of metabolic heat production capacity
Following the end of the 2-month experimental manipulation of solar radiation and subse-
quent removal of the iButtons, the elephant shrews were maintained in the outdoor cages for a
further two months (August and September 2013). During this time, individuals that had earli-
er been in the partial shade treatment were allocated randomly to either the full sun or deep
shade treatments, with this aspect of the study involving just two treatments instead of three.
Following the 2-month acclimation period, BMR, NST capacity and Msum were measured in
each individual (full sun n = 6, deep shade n = 8). The order in which these variables were mea-
sured in each individual was randomized.

We estimated the BMR of the elephant shrews from rates of oxygen consumption _VO2
and

carbon dioxide production _VCO2
measured using the same respirometry system as described by

Minnaar et al. [18], with animals placed individually in 2-L airtight plastic containers (Lock
and Lock, Blacktown, NSW, Australia), modified by adding inlet and outlet ports on opposite
sides of each chamber. Dry, CO2-free air was pushed through each chamber at 0.7–2.1 L min-1,
before being sub-sampled downstream of the chamber for measurements of O2, CO2 and water
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vapour partial pressures. Mass flow controllers and all analysers were calibrated as described
by Minnaar et al. [18]. Before BMR measurements, the elephant shrews’ thermoneutral zone
(TNZ) was determined by measuring resting metabolic rate (RMR) and Tb in six individuals at
Ta = 20, 25, 28, 30, 33 and 36°C. Each Ta value was experienced by each individual for a mini-
mum of 6 hr and the sequence of Ta values randomised. A two-segment linear regression
model was fitted to RMR versus Ta data, with the inflection point taken to represent the lower
critical limit of thermoneutrality. BMR was measured at Ta = 30°C as this fell within the TNZ.
BMR was measured in two elephant shrews simultaneously, using a respirometry multiplexer
(T-RM8, Sable Systems) to subsample air successively from a baseline channel (10 min), fol-
lowed by the first chamber and then the second (20 min each), and then an additional baseline
reading (10 min), with the latter cycle repeated for a minimum of 8 hr, in order to ensure that
basal levels were reached [21]. Body mass was measured both before and after BMR measure-
ments, with the average of the two values used for metabolic rate calculations.

Previous studies have demonstrated that E.myurus shows a strong thermogenic reaction to
noradrenalin (NA) injection, which is typically an indication of NST moderated by brown adi-
pose tissue (BAT; [22]). In order to quantify NST capacity we examined the difference be-
tween NA-induced metabolic response and RMR. Each elephant shrew received a
subcutaneous injection of NA, with the dosage calculated according to the mass of the individ-
ual ([23], NA dose (mg/kg] = 2.53 M0.4, where M is body mass]. The same respirometry proto-
col was followed as for BMR with the following modifications. Both RMR and NA-induced
metabolic response were measured at 25°C to avoid hyperthermia [24]. Animals were placed
in respirometry chambers 2 hr before measurements commenced to allow habituation. Fol-
lowing Mzilikazi and Lovegrove [24], for each individual’s RMR was measured for two hours
prior to NA or saline injection. Following the injection, metabolic measurements continued
for 1.5 hr or until metabolic rate had returned to RMR. Saline (0.90% NaCl; SAL] was used for
control injections to account for the effects of stress associated with handling and injection,
with the order of injections (NA or SAL] randomised. Both the control and NA injections for
two individuals took place on the same day, by alternating injections between the two individ-
uals. A respirometry multiplexer (T-RM8, Sable Systems] was used to subsample air and was
switched between the two chambers manually as required. Recordings followed a general
pattern of baseline (5 min], RMR (2 hr], injection (1.5 hr] and a final baseline (5 min] for
each injection.

We measuredMsum in the elephant shrews in a helox (21% O2, 79% He] atmosphere, using
a sliding cold exposure protocol [25] and the same setup as Minnaar et al. [18]. Elephant
shrews were placed individually in a 2-L chamber. To measure Ta, a calibrated Cu-Cn thermo-
couple was inserted through a small, grommet-sealed hole in the chamber wall. Atmospheric
air was supplied to each chamber at a flow rate of 1.5 L min-1 for approximately 10 min after
an elephant shrew was placed in the chamber. Thereafter, the atmospheric air was replaced by
helox at the same flow rate. During this time, chamber temperature was kept at room tempera-
ture, as lower temperatures caused elephant shrews to enter torpor. Sufficient time was allowed
for helox to replace atmospheric air in the chamber whilst simultaneously recording a helox
baseline (5–10 min). Thereafter, the sliding cold exposure protocol was initiated by reducing
the temperature setpoint of the fridge/freezer to the minimum value (-18°C) which resulted in

a chamber cooling rate of ~10°C hr-1. Measurements continued until _VO2
reached a plateau

and ceased increasing with decreasing Ta. To verify thatMsum had in fact been elicited, Tb was
measured immediately upon each animal’s removal from the chamber using a handheld PIT
tag scanner (DTR-4, Destron Fearing, St Paul, Minnesota, USA) to ensure that the elephant
shrew had become hypothermic and hence that maximum heat production capacity was
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attained. A final baseline reading (5–10 min) was then taken by flowing helox through the ana-
lysers. Mean respiratory exchange ratio (RER) duringMsum measurements was 0.665 ± 0.054.

Data analyses
All values are presented as mean ± SD for n = number of individuals and N = number of obser-
vations. Due to the controversy surrounding the ability to distinguish downregulated metabolic
rate and Tb from normothermic levels [26–30], departures from normothermy were deter-
mined by fitting a normal distribution curve to all Tb� the upper modal Tb, following McKech-
nie et al. [31]. The lower 99% confidence interval was estimated for each individual’s
normothermic Tb distribution, with the upper threshold Tb for torpor defined by subtracting
3°C from the lower 99% confidence interval of the Tb distribution [31]. Torpor bout duration
(min) was thus calculated as the total time Tb was maintained below the estimated threshold for
each individual, and the time of torpor entry and torpor arousal determined by taking the time
where Tb initially decreased below the threshold and when it returned to the threshold value, re-
spectively. Minimum Tb (Tb-min) was taken as the lowest Tb value measured during a 24-hr pe-
riod. Rewarming rate (°C min-1) for each bout was taken as the slope of a linear regression
model fitted to all Tb values between the onset of arousal and the attainment of normothermic
Tb, using Expedata software (Sable Systems, Las Vegas NV). The extent of heterothermy for
each elephant shrew was also quantified using the Heterothermy Index (HI; [30]). The HI
quantifies variation in Tb around the modal normothermic Tb, and is calculated as

HI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðTb�mod � Tb�iÞ2

n� 1

s

where Tb-mod is the modal normothermic Tb of an individual, Tb,i is the Tb at time i, and n is the
number of times Tb is sampled [30]. Finally, torpor frequency was calculated as the percentage
of days on which torpor was used during the study period. Days on which cloud cover was pres-
ent in the morning were excluded from the analyses. To compare torpor characteristics between
the three experimental treatments, relationships between response variables (Tb-min, HI, re-
warming rate, torpor bout duration, time of rewarming or torpor frequency) and predictor vari-
ables (Ta, treatment, sex and mass) were examined using generalized linear mixed models
(GLMM) when data distribution was non-normal, and linear mixed models (LMM) when nor-
mality assumptions were met. All analyses were conducted using R 3.0.2 (R Foundation for Sta-
tistical Computing 2013). Assumptions concerning normality were verified using qq plots and
Shapiro-Wilk tests, and homoscedasticity was confirmed using Levene’s tests. To evaluate
between-treatment differences in torpor characteristics, models were run using the lme4 [32]
andmvtnorm [33] packages as applicable. Sex was initially included as a predictor, but as it was
not significant was dropped from further analyses of torpor variables.

Differences in BMR, NST andMsum between the two treatments used for investigating phe-
notypic flexibility in heat production capacity were evaluated by fitting linear mixed models
using the nlme package [34]. BMR,Msum, ME, thermogenic capacity or saline-induced MR
were used as response variables, and treatment, injection type, sex andMb as predictors. Inter-
actions between predictor variables were not significant and were thus dropped from further
analyses. Body mass was modeled using treatment and sex as fixed effects and individual as a
random effect. There were no significant differences inMb between treatments or sexes, and so
data for males and females were pooled during subsequent analyses. Thermogenic capacity was
also analysed using linear mixed models with the same general structure, as was the difference
in injection-induced metabolic response between control and NA injections. In addition,
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student t-tests were used to compare differences between BMR and NA-injection induced MR
as well as to compare BMR andMsum.

Results

Experimental manipulation of solar radiation availability
The elephant shrews’Mb remained approximately stable throughout the experiments. The
meanMb was 52.1 ± 5.4 g (females, n = 9) and 50.7 ± 4.0 g (males, n = 9) prior to the experi-
ment, and 52.2 ± 5.0 g and 54.7 ± 4.5 g, respectively, at the end. Male and femaleMb did not
differ significantly before (LMM, F1,16 = 0.409, P = 0.531) or after (LMM, F1,16 = 2.188,
P = 0.157) the experiments.

Typical basking behaviour, where the body was flattened against the rock substrate perpen-
dicular to the sun’s rays, was observed exclusively in the unshaded treatment. This behaviour
took place from approximately 07h00 onwards. Animals appeared to bask throughout the day,
moving intermittently to shaded spots during the heat of the day. Individuals in the shaded
treatments were occasionally observed pressing their bodies flat to the ground away from the
rock pile, but it was unclear whether this was basking behaviour or sand-bathing.

A total of 297 torpor bouts were recorded over 36 days. Mean torpor frequency (i.e., per-
centage of days on which torpor was used) was 58.3 ± 18.1% (N = 122 bouts) in the deep shade
treatment, 54.8 ± 20.3% (N = 124 bouts) in the partial shade treatment, and 27.8 ± 28.1%
(N = 51 bouts) in the full sun treatment, with variation among the three treatments being mar-
ginally non-significant (LMM, F1, 16 = 3.98, P = 0.06). However, when data were pooled for the
partial and deep shade treatments, individuals that received shading used torpor significantly
more frequently than unshaded animals (LMM, F1,16 = 5.33, P = 0.035, Fig. 1). Minimum tor-
por Tb did not vary among treatments (GLMM, t = 0.386, P = 0.699), with an overall average of
15.3 ± 6.8°C. The lowest Tb value recorded during the experiment was 8.9°C.

Fig 1. Frequency of torpor. Percentage of days on which torpor was expressed in eastern rock elephant
shrews (Elephantulus myurus) housed in outdoor cages with exposure to natural (100%) or experimentally
reduced (approximately 20% or 40%) levels of solar radiation. Each data point represents one individual.

doi:10.1371/journal.pone.0120442.g001
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Rewarming rates increased significantly with access to solar radiation (LMM, t = 2.150,
P = 0.047) with mean values of 0.15 ± 0.05°C min-1, 0.18 ± 0.06°C min-1 and 0.20 ± 0.05°C
min-1 for the deep shade, partial shade and full sun treatments, respectively (Fig. 2).

Most entries into torpor occurred at night. However, the time of torpor entry appeared to
be bimodally distributed, with an initial peak between 19h00–00h00 and a second peak just be-
fore sunrise. The time at which rewarming commenced ranged from 22h00 to 08h00, with
most rewarming commencing between 05h00 and 08h00. The time at which rewarming com-
menced (expressed as minutes before sunrise), did not vary significantly among treatments
(GLMM, t = 0.890, P = 0.698). In all three treatments, partial rewarming generally occurred be-
fore sunrise. Torpor bout duration also did not vary among treatments (GLMM, t = 0.977,
P = 0.349), with a pooled mean of 463 ± 220 min.

HI values varied significantly among treatments (GLMM, t = 2.56, P = 0.01), with HI values
of 9.43 ± 4.69°C, 10.89 ± 4.49°C and 11.65 ± 4.38°C for the deep shade, partial shade and full
sun treatments, respectively (Fig. 3). Significant differences existed between full sun and deep
shade treatments (Tukey HSD, P = 0.012) as well as between partial shade and deep shade
(Tukey HSD, P = 0.015).

Phenotypic flexibility in heat production capacity
The BMR of elephant shrews maintained in full sun (0.26 ± 0.06 W, n = 6) was significantly
lower compared to that of individuals housed in deep shade (0.33 ± 0.07 W, n = 8; LMM,
F1, 13 = 4.808, P = 0.047; Fig. 4A). When body mass was included in the analysis, this difference
was statistically even more pronounced (LMM, F1,14 = 6.113, P = 0.028). Neither BMR (LMM,
F1,14 = 0.056, P = 0.816), nor mass (LMM, F1,14 = 0.432, P = 0.522) differed between sexes.

Injection of NA caused an easily observable increase in metabolic rate. NA-induced meta-
bolic rate varied significantly with sex, with males showing greater responses
(mean = 1.22 ± 0.12 W) than females (mean = 0.93 ± 0.23 W; LMM, F1,5 = 8.130, P = 0.04).
The difference in metabolic rate between BMR and post-NA injection was significant in both

Fig 2. Rewarming rate during arousal. Eastern rock elephant shrews (Elephantulus myurus) housed in
outdoor cages with exposure to natural (100%) or experimentally reduced (approximately 20% or 40%) levels
of solar radiation. Each data point represents one individual.

doi:10.1371/journal.pone.0120442.g002
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shaded (n = 8; t-test, t = -7.098, P< 0.001) and unshaded (n = 6; t-test, t = -7.494, P< 0.001)
treatments. The increase in metabolic rate between BMR and post-NA injection also differed
significantly between the deep shade and full sun treatments (LMM, F1,10 = 10.249, P = 0.01).
The metabolic rate of individuals in the shaded treatment increased to 2.96 ± 0.66 X BMR after
NA injection, whereas full sun animals showed a significantly higher increase to 4.02 ± 1.02 X
BMR (Fig. 4C). The increase in metabolic rate induced by the control SAL injection was signifi-
cantly lower than that of NA-induced metabolic rate for both the shaded (means = 0.48 ± 0.20
W, 0.96 ± 0.24 W respectively) and unshaded (means = 0.43 ± 0.21 W, 1.08 ± 0.26 W respec-
tively) treatments (LMM, F1,13 = 51.209, P< 0.001). However, NST capacity (i.e, the difference
between NA-induced metabolic rate and SAL-induced metabolic rate) did not differ between
the two treatments (LMM, F1,11 = 1.257, P = 0.286), and we thus conclude that treatment did
not influence overall NST capacity.

Mean mass-specificMsum values were 35.40 ± 5.03 mW g-1 in deep shade and 32.96 ± 3.37
mW g-1 in full sun, and did not differ significantly (LMM, F1,13 = 1.404, P = 0.257). Whole-
animalMsum values were also not significantly different between shaded (1.95 ± 0.25 W) and
unshaded treatments (1.84 ± 0.17 W; LMM, F1,13 = 1.119, P = 0.309; Fig. 4C). As was the case
for BMR,Msum did not vary significantly with sex (LMM, F1,14 = 2.636, P = 0.127).

Overall ME values did not differ between shaded (mean = 6.16 ± 1.40) and unshaded
(mean = 7.47 ± 1.91) treatments (LMM, F1,13 = 2.293, P = 0.154; Fig. 4D), nor did mass-specific
ME values (LMM, F1,13 = 4.191, P = 0.067), although the latter difference approached

Fig 3. Overall mean heterothermy index [30]. Eastern rock elephant shrews (Elephantulus myurus)
housed in outdoor cages with exposure to natural (100%) or experimentally reduced (approximately 20% or
40%) levels of solar radiation.

doi:10.1371/journal.pone.0120442.g003
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significance (full sun: 7.60 ± 1.74 vs shade: 6.15 ± 1.11). The ME of animals in the shaded treat-
ment ranged from 4–8, whilst the full sun treatment had a broader range of 5–11. As was the
case for BMR andMsum, there was no significant effect of sex on ME (LMM, F1,14 = 1.341,
P = 0.266).

Discussion
Artificial reductions in solar radiation availability affected patterns of heterothermy in
E.myurus housed in outdoor enclosures in several ways. Rewarming rates were positively relat-
ed to solar radiation availability, with animals in unshaded cages rewarming more rapidly than
individuals in partially shaded cages. Furthermore, torpor bouts were less frequent, but overall
levels of heterothermy higher, in elephant shrews experiencing natural solar radiation availabil-
ity compared to those in shaded treatments.

As was the case for wild conspecifics [3], captive elephants shrews in our study typically
completed rewarming within 2–3 hr following sunrise. The range of rewarming rates we ob-
served (individual means of approximately 0.10–0.25°C min-1) was narrower than that exhib-
ited by the free-ranging population studied by Mzilikazi et al. [3]. In the latter study, free-
ranging E.myurus rewarmed at rates of anywhere between 0.01 and 0.35°C min-1, with inferred
SR-assisted rates between 0.01 and 0.10°C min-1 and inferred endogenous (i.e., not associated
with basking behaviour) rates between 0.25 and 0.35°C min-1. Mzilikazi et al. [3] did not direct-
ly observe SR-assisted rewarming, but inferred it from comparisons of observed rewarming
rates of elephant shrews to those of blackbody probes. In contrast, we directly observed ele-
phant shrews basking.

Fig 4. Metabolic rates. Basal metabolic rate (BMR), non-shivering thermogenesis (NST) capacity and
summit metabolism (Msum) in eastern rock elephant shrews (Elephantulus myurus) housed in outdoor cages
with exposure to natural (100%, “Sun”) or experimentally reduced (approximately 20%, “Shade”) levels of
solar radiation. Panel A: BMR; panel B: metabolic rate induced by either noradrenalin (NA) or a control saline
(SAL) injection during measurements of NST, panel C: BMR (black), NST capacity (grey) andMsum (white);
panel D: metabolic expansibility (i.e.,Msum / BMR).

doi:10.1371/journal.pone.0120442.g004
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In terms of evaluating the functional significance of basking in E.myurus, a key finding of
our study is that rewarming rates were higher in elephant shrews with access to natural solar
radiation levels. Taken together with our observations of elephant shrews basking while re-
warming, the higher rewarming rates of individuals in the unshaded treatment reveals that the
elephant shrews used solar radiation to supplement, rather than substitute, endogenous meta-
bolic thermogenesis. McKechnie and Wolf [11] modelled the energetic consequences of bask-
ing during rewarming, and noted that passive rewarming (i.e., rewarming during which solar
radiation entirely replaces endogenous thermogenesis), will usually involve substantially lower
rewarming rates than those associated with endogenous rewarming. In the case of E.myurus,
this prediction is consistent with the much lower rewarming rates of individuals inferred to be
rewarming passively compared to those rewarming using endogenous heat sources [3], and
there is similar evidence from a range of other mammalian and avian species [reviewed by
McKechnie and Wolf [11]].

Comparisons of rewarming rates observed in the present study and those observed by Mzili-
kazi et al. [3] also suggest that our captive E.myurus used a different mode of SR-assisted re-
warming compared to wild conspecifics. In Mzilikazi et al.’s study, individuals inferred to be
basking rewarmed far more slowly than animals rewarming endogenously, whereas the oppo-
site was true in the present study. Rewarming rates associated with basking in individuals in
the unshaded treatment (mean = 0.20°C min-1) were well above the rewarming rates associated
with inferred basking behaviour (< 0.1°C min-1) in free-ranging individuals [3]. However,
these mean rates were also slightly below the range of endogenous rewarming rates docu-
mented by the latter authors (0.25–0.35°C min-1), although the maximum rewarming rate ob-
served during the present study (0.34°C min-1) is virtually identical to the maximum rates in
wild conspecifics. Thus, E.myurus in all three treatments in the present study showed mean re-
warming rates intermediate between the passive and endogenous rates inferred for
wild individuals.

A potential explanation for this pattern is that, in all three treatments, elephant shrews
showed approximately equal endogenous rewarming rates, and the increase in rewarming rate
with SR availability simply reflects the additive effect of SR-driven warming during basking.
This possibility can be evaluated using the solar irradiance data collected using the weather sta-
tion, and estimating the range of associated passive rewarming rates. During the study period,
solar irradiance between 07h00 and 09h00 ranged from 10–340Wm-2. The theoretical maxi-
mum passive rewarming rate (i.e., the rate at which an animal’s tissues will warm when heat
loss to the environment is zero) can be calculated as RPmax

= SHG/(sMb), where RPmax
is the maxi-

mum passive rewarming rate (°C min-1), SHG is solar heat gain (J min–1), s is the specific heat
of animal tissues (3.43 J g-1°C-1), andMb is body mass (g) [11]. In small mammals, the percent-
age of intercepted solar radiation that contributes to heat balance is typically around 20% [35–
37], but may be as high as ~ 60% [38, 39]. Based on average solar radiation between 07h00 and
09h00 during our study (161Wm-2) and an average surface area of the elephant shrews of 74.7
cm2 [mean for 10 individuals, calculated using the same approach as Marom et al. [40]], and as-
suming that the projected surface that intercepts solar radiation during rewarming is equivalent
to 30% of SA, estimated RPmax

values range from 0.024°C min-1 (20% of solar radiation ab-

sorbed) to 0.072°C min-1 (60% of solar radiation absorbed). The observed difference in rewarm-
ing rates between the deep shade and full sun treatments (~ 0.05°C min-1) falls within this
range, supporting the notion that the observed difference between the treatments reflects the
additive effect of solar radiation on the heat balance of the individuals in the full sun treatment.

One potential albeit highly speculative explanation for why elephant shrews in this study
did not show the very low rewarming rates associated with inferred periods of passive
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rewarming in wild conspecifics [3] relates to perceived predation risk. Two potential diurnal
predators, namely black-headed heron (Ardea melanocephala) and yellow mongoose (Cynictis
penicillata), were observed near the outdoor cages during the study, and their presence may
have contributed to the initiation of rewarming prior to sunrise. According to this idea, ele-
phant shrews with access to natural levels of solar radiation in our study rewarmed far more
rapidly than conspecifics in Mzilikazi et al.’s [3] study on account of the presence of potential
predators. An interesting avenue for future work will be to experimentally investigate whether
the functional role of solar radiation during rewarming varies with perceived predation risk.

Other parameters of torpor bouts in the present study also overlapped with values observed
in wild conspecifics. Torpor bout duration was more variable, ranging from 0.5–14.3 h, com-
pared to 1–27 hr in free-ranging E.myurus [3], indicating that under semi-natural conditions
torpor bout lengths were shorter overall. Moreover, torpor frequency under semi-natural con-
ditions varied more than in wild individuals. Individuals in the present study used torpor on
3–61% of days in the unshaded treatment, 39–83% in partial shade and 36–78% in deep shade,
whereas the corresponding values for wild conspecifics ranged from 19–64% [3].

In addition to significant variation in rewarming rates and other parameters of torpor, artifi-
cial manipulation of solar radiation also resulted in metabolic adjustments in E.myurus. The
BMR of individuals in shaded cages was higher compared to that of conspecifics with access to
natural levels of solar radiation. In contrast, both NST capacity andMsum were statistically in-
distinguishable between the two treatments.

The higher BMR in the shaded treatment is qualitatively similar to metabolic changes in-
duced by cold acclimation among small mammals in general [22, 41–44]. Increases in BMR in
response to thermal acclimation are often associated with an extension of the thermoneutral
zone to include lower Tas [41] as well as enhancements of thermogenic capacity [22, 44]. How-
ever, it is noteworthy that in the present study these changes were not associated with differ-
ences in Ta among treatments, but rather variation in the availability of solar radiation. Our
data thus provide further evidence that mammalian BMR is highly responsive to short-term
changes in thermal environments, even if these changes are independent of Ta, and reiterate
the significance of solar radiation in determining the microclimates experienced by small
mammals and the close links between those microclimates and their thermal physiology.

The BMR values we report here are lower than values previously reported for E.myurus.
The mean BMRs in the present study (unshaded: 0.26 W; shaded: 0.33 W) compare with
means of 0.42 W and 0.56 W for warm- and cold-acclimated individuals, respectively, reported
by Mzilikazi et al. [3]. A BMR of 0.38 W, closer to our observed value, was reported for
E.myurusmaintained at Ta = 18°C [45]. The lower BMR in E.myurus housed under natural
conditions of Ta and photoperiod contrasts with the mammalian pattern of the BMR of popu-
lations housed under natural conditions generally being higher than conspecifics maintained
under constant environmental temperatures [46]. It must, however, be noted that the compari-
son of among-study variation in the BMR in E.myurus involves populations occurring in differ-
ent regions of South Africa, with different climates.

The NST capacity in the present study was slightly higher than previously reported for
E.myurus. Mzilikazi et al. [22] reported NST capacity of 0.94 ± 0.24 W for warm-acclimated
and 0.91 ± 0.22 W for cold-acclimated individuals (values converted to W assuming
RER = 0.85), whereas NA-induced values in the present study averaged 1.01± 0.25 W (pooled
data for both treatments). The sex difference in NA-induced MR was unexpected. Sexual di-
morphism in thermogenic capacity usually involves higher thermogenic activity in BAT tissue
of females compared to males [47]. In contrast, NA-induced MR was higher in male E.myurus,
although the small sample size for males means that this conclusion needs to be verified.
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The lack of a significant difference inMsum and ME between the two treatments reveals that
heat production capacity was not adjusted in response to reduced availability of solar radiation.
Interspecific variation in ME has been correlated with rewarming in rodents, with species re-
warming in colder environments and from lower heterothermic Tb having higher ME [19]. It
has also recently been suggested that Msum may increase within individuals when thermogene-
sis associated with activity is curtailed through captivity [18].

To the best of our knowledge,Msum has not been measured in any other afrotherian mam-
mal [48]. As was the case in Wahlberg’s epauletted fruit bats (Epomophorus wahlbergi) [18],
RER values duringMsum measurements in E.myurus fell below the theoretically expected
range of 0.71–1.00, further reiterating the need for further investigation of the substrates meta-
bolised by mammals during acute cold stress. The meanMsum we observed in this study is
close to the value predicted for a 56-g mammal, being equivalent to 88% of the value predicting
using the conventional (i.e., non-phylogenetically-corrected) allometric equation presented by
Minnaar et al. [18]. Moreover, the ME of E.myurus falls within the typical mammalian range
of 4–8 [19, 48].

In conclusion, the combination of a) more rapid rewarming in elephant shrews with access
to natural levels of solar radiation compared to those in treatments where radiation was artifi-
cially reduced, and b) the lack of phenotypic adjustments in NST capacity and Msum, suggests
that under the conditions of our study solar radiation served to supplement, rather than substi-
tute, endogenous metabolic thermogenesis during rewarming from torpor. However, these
findings should be seen in the context of this study involving captive individuals held in cages
with a predictable food supply. The ways in which solar radiation interacts with endogenous
metabolic thermogenesis in free-ranging individuals in natural habitats may be quite different,
and may vary with factors such as fluctuating food availability and predation risk.

Acknowledgments
Welgevonden Private Game Reserve and its staff are thanked for their support of the study. We
are grateful to Lauren Stansfield and Cathy Bester for their assistance in the field, as well to
Aneldi Grundling and numerous other individuals who helped maintain the elephant shrews
in captivity. We also thank Roelf Coetzee and his team at the University of Pretoria Experimen-
tal Farm for helping set up the field site, Dr. Dorianne Elliott of the Onderstepoort Bird and Ex-
otic Animal Hospital for implanting and explanting iButtons, and Warren Matten for building
most of the cages and shaders.

Author Contributions
Conceived and designed the experiments: AEM NCB. Performed the experiments: MLT NM
AEM. Analyzed the data: MLT. Contributed reagents/materials/analysis tools: AEM NCB NM.
Wrote the paper: MLT AEM.

References
1. Geiser F. Metabolic rate and body temperature reduction during daily torpor. Ann Rev Physiol. 2004;

66: 239–74. PMID: 14977403

2. Ruf T, Heldmaier G. The impact of daily torpor on energy requirements in the djungarian hamster, Pho-
dopus sungorus. Physiol Zool. 1992; 65:994–1010.

3. Mzilikazi N, Lovegrove BG, Ribble DO. Exogenous passive heating during torpor arousal in free-
ranging rock elephant shrews, Elephantulus myurus. Oecologia. 2002; 133:307–14.

4. Tucker VA. Oxygen consumption, thermal conductance, and torpor in the California pocket mouse, Per-
ognathus californicus. J Cell Comp Physiol. 1965; 65: 393–404.

Functional Significance of Basking during Rewarming from Torpor

PLOS ONE | DOI:10.1371/journal.pone.0120442 April 8, 2015 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/14977403


5. Wang LCH. Time patterns and metabolic rates of natural torpor in the Richardson's ground squirrel.
Can J Zool. 1979; 57: 149–55.

6. Thomas DW, Dorais M, Bergeron J-M. Winter energy budgets and cost of arousals for hibernating little
brown bats,Myotis lucifugus. J Mamm. 1990; 71: 475–9.

7. Lovegrove BG, Körtner G, Geiser F. The energetic cost of arousal from torpor in the marsupial
Sminthopsis macroura: benefits of summer ambient temperature cycles. J Comp Physiol B. 1999; 169:
11–8. PMID: 10093903

8. Geiser F, Goodship N, Pavey CR. Was basking important in the evolution of mammalian endothermy?
Naturwissenschaften. 2002; 89: 412–4. PMID: 12435094

9. Geiser F, Pavey C. Basking and torpor in a rock-dwelling desert maruspial: survival strategies in a
resource-poor environment. J Comp Physiol B. 2007; 177: 885–92. PMID: 17674010

10. Warnecke L, Turner JM, Geiser F. Torpor and basking in a small arid zone marsupial. Naturwis-
senschaften. 2008; 95: 73–8. PMID: 17684718

11. McKechnie AE, Wolf BO. Solar radiation and the energetic cost of rewarming from torpor. In: Barnes
BM, Carey HV, editors. Life in the cold: evolution, mechanisms, adaptation and application 12th Interna-
tional Hibernation Symposium; 2004. p. 63–70.

12. Geiser F, Drury RL. Radiant heat affects thermoregulation and energy expenditure during rewarming
from torpor. J Comp Physiol B. 2003; 173: 55–60. PMID: 12592443

13. Warnecke L, Geiser F. The energetics of basking behaviour and torpor in a small marsupial exposed to
simulated natural conditions. J Comp Physiol B. 2010; 180: 437–45. doi: 10.1007/s00360-009-0417-6
PMID: 19888581

14. Rezende EL, Hammond KA, Chappell MA. Cold acclimation in Peromyscus: individual variation and
sex effects in maximum and daily metabolism, organ mass and body composition. J Exp Biol. 2009;
212: 2795–802. doi: 10.1242/jeb.032789 PMID: 19684213

15. Nespolo RF, Opazo JC, Bozinovic F. Thermal acclimation and non-shivering thermogenesis in three
species of South American rodents: a comparison between arid and mesic habitats. J Arid Environ.
2001; 48(4): 581–90.

16. Nespolo RF, Opazo JC, Rosenmann M, Bozinovic F. Thermal acclimation, maximummetabolic rate,
and nonshivering thermogenesis of Phyllotis xanthopygus (Rodentia) in the Andes Mountains.
J Mamm. 1999; 80(3): 742–8.

17. Lovegrove BG. Seasonal thermoregulatory responses in mammals. J Comp Physiol B. 2005; 175:
231–47. PMID: 15900504

18. Minnaar IA, Bennett NC, Chimimba CT, McKechnie AE. Summit metabolism and metabolic expansibili-
ty in Wahlberg’s epauletted fruit bats (Epomophorus wahlbergi): seasonal acclimatisation and effects
of captivity. J Exp Biol. 2014; 217: 1363–9. doi: 10.1242/jeb.098400 PMID: 24363417

19. Careau V. Basal metabolic rate, maximum thermogenic capacity and aerobic scope in rodents: interac-
tion between environmental temperature and torpor use. Biol Lett. 2013; 9: 20121104. doi: 10.1098/
rsbl.2012.1104 PMID: 23407497

20. Mzilikazi N, Lovegrove BG. Daily torpor in free-ranging rock elephant shrews, Elephantulus myurus: a
year-long study. Physiol Biochem Zool. 2004; 77(2): 285–96. PMID: 15095248

21. Cooper CE, Withers PC. Effects of measurement duration on the determination of basal metabolic rate
and evaporative water loss of small marsupials: how long is long enough? Physiol Biochem Zool. 2009;
82(5): 438–46. doi: 10.1086/603654 PMID: 19653857

22. Mzilikazi N, Jastroch M, Meye CW, Klingenspor M. The molecular and biochemical basis of nonshiver-
ing thermogenesis in an African endemic mammal, Elephantulus myurus. Am J Physiol. 2007; 293:
R2120–R7. PMID: 17686883

23. Wunder BA, Gettinger RD. Effects of body mass and temperature acclimation on the non-shivering
thermogenic response of small mammals. In: Geiser F, Hulbert AJ, Nicol SC, editors. Adaptations to
the cold: Tenth International Hibernation Symposium. Armidale: University of New England Press;
1996.

24. Mzilikazi N, Lovegrove BG. Noradrenalin induces thermogenesis in a phylogenetically ancient eutheri-
an mammal, the rock elephant shrew, Elephantulus myurus. J Comp Physiol B. 2006; 176: 75–84.
PMID: 16317548

25. Swanson DL, Drymalski MW, Brown JR. Sliding vs static cold exposure and the measurement of sum-
mit metabolism in birds. J Therm Biol. 1996; 21(4): 221–6.

26. Smit B, Boyles JG, Brigham RM, McKechnie AE. Torpor in dark times: patterns of heterothermy are as-
sociated with the lunar cycle in a nocturnal bird. J Biol Rhythms. 2011; 26(3): 241–8. doi: 10.1177/
0748730411402632 PMID: 21628551

Functional Significance of Basking during Rewarming from Torpor

PLOS ONE | DOI:10.1371/journal.pone.0120442 April 8, 2015 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/10093903
http://www.ncbi.nlm.nih.gov/pubmed/12435094
http://www.ncbi.nlm.nih.gov/pubmed/17674010
http://www.ncbi.nlm.nih.gov/pubmed/17684718
http://www.ncbi.nlm.nih.gov/pubmed/12592443
http://dx.doi.org/10.1007/s00360-009-0417-6
http://www.ncbi.nlm.nih.gov/pubmed/19888581
http://dx.doi.org/10.1242/jeb.032789
http://www.ncbi.nlm.nih.gov/pubmed/19684213
http://www.ncbi.nlm.nih.gov/pubmed/15900504
http://dx.doi.org/10.1242/jeb.098400
http://www.ncbi.nlm.nih.gov/pubmed/24363417
http://dx.doi.org/10.1098/rsbl.2012.1104
http://dx.doi.org/10.1098/rsbl.2012.1104
http://www.ncbi.nlm.nih.gov/pubmed/23407497
http://www.ncbi.nlm.nih.gov/pubmed/15095248
http://dx.doi.org/10.1086/603654
http://www.ncbi.nlm.nih.gov/pubmed/19653857
http://www.ncbi.nlm.nih.gov/pubmed/17686883
http://www.ncbi.nlm.nih.gov/pubmed/16317548
http://dx.doi.org/10.1177/0748730411402632
http://dx.doi.org/10.1177/0748730411402632
http://www.ncbi.nlm.nih.gov/pubmed/21628551


27. Barclay RMR, Lausen CL, Hollis L. What's hot and what's not: defining torpor in free-ranging birds and
mammals. Can J Zool. 2001; 79(10): 1885–90.

28. Schleucher E, Prinzinger R. Heterothermia and torpor in birds: highly specialized physiological ability or
just deep “nocturnal hypothermia”?—The limitations of terminology. Acta Zool Sinica. 2006; 52 (suppl.):
393–6.

29. Willis CKR. An energy-based body temperature threshold between torpor and normothermia for small
mammals. Physiol Biochem Zool. 2007; 80(6): 643–51. PMID: 17910000

30. Boyles JG, Smit B, McKechnie AE. A new comparative metric for estimating heterothermy in endo-
therms. Physiol Biochem Zool. 2011; 84(1): 115–23. doi: 10.1086/656724 PMID: 20979498

31. McKechnie AE, Ashdown RAM, Christian MB, Brigham RM. Torpor in an Afrotropical caprimulgid, the
Freckled Nightjar (Caprimulgus tristigma). J Avian Biol. 2007; 38: 261–6.

32. Bates D, Maechler M, Bolker B, Walker S. lme4: Linear mixed-effects models using Eigen and S4.
R package version 1.1–7, http://CRAN.R-project.org/package = lme4. 2014.

33. Genz A, Bretz F, Miwa T, Mi X, Leisch F, Scheipl F, et al.mvtnorm: Multivariate normal and t distribu-
tions. R package version 0.9–9991. 2011.

34. Pinheiro J, Bates D, DebRoy S, Sarkar D, RDevelopmentCoreTeam. nlme: Linear and nonlinear mixed
effects models. R package version 3.1–94. 2009.

35. Walsberg GE, Wolf BO. Effects of solar radiation and wind speed on metabolic heat production by two
mammals with contrasting coat colours. J Exp Biol. 1995; 198: 1499–1507. PMID: 7658187

36. Walsberg GE, Weaver T, Wolf BO. Seasonal adjustment of solar heat gain independent of coat colora-
tion in a desert mammal. Physiol Zool. 1997; 70(2): 150–7. PMID: 9231387

37. Dawson TJ, Webster KN, Maloney SK. The fur of mammals in exposed environments; do crypsis and
thermal needs necessarily conflict? The polar bear and marsupial koala compared. J Comp Physiol
B. 2014; 184: 273–84. doi: 10.1007/s00360-013-0794-8 PMID: 24366474

38. Cooper CE, Walsberg GE, Withers PC. Biophysical properties of the pelt of a diurnal marsupial, the
numbat (Myrmecobius fasciatus), and its role in thermoregulation. J Exp Biol. 2003; 206: 2771–7.
PMID: 12847122

39. Walsberg GE. Consequences of skin colour and fur properties for solar heat gain and ultraviolet irradi-
ance in two mammals. J Comp Physiol B. 1988; 158: 213–21. PMID: 3170827

40. Marom S, Korine C, Wojciechowski M, Tracy CR, Pinshow B. Energy metabolism and evaporative
water loss in the European free-tailed bat and Hemprich’s long-eared bat (Microchiroptera): species
sympatric in the Negev Desert. Physiol Biochem Zool. 2006; 79(5): 944–56. PMID: 16927241

41. Heldmaier G, Steinlechner S, Rafael J, Vsiansky P. Photoperiodic control and effects of melatonin on
nonshivering thermogenesis and brown adipose tissue. Science. 1981; 212(4497): 917–9. PMID:
7233183

42. Nespolo RF, Bacigalupe LD, Rezende EL, Bozinovic F. When nonshivering thermogenesis equals
maximummetabolic rate: thermal acclimation and phenotypic plasticity of fossorial Spalacopus cyanus
(Rodentia). Physiol Biochem Zool. 2001; 74: 325–32. PMID: 11331504

43. Novoa FF, Rivera-Hutinel A, Rosenmann M, Sabat P. Intraspecific differences in metabolic rate of
Chroeomys olivaceus (Rodentia: Muridae): the effect of thermal acclimation in arid and mesic habitats.
Revista Chilena de Historia Natural. 2005; 78: 207–14.

44. Heldmaier G, Steinlechner S, Ruf T, Weisinger H, Klingenspor M. Photoperiod and thermoregulation in
vertebrates: body temperature rhythms and thermogenic acclimation. J Biol Rhythms. 1989; 4.

45. Lovegrove BG, Raman J, Perrin MR. Heterothermy in elephant shrews, Elephantulus spp. (Macrosceli-
dea): daily torpor or hibernation? J Comp Physiol B. 2001; 171: 1–10. PMID: 11263721

46. Heldmaier G, Steinlechner S. Seasonal pattern and energetics of short daily torpor in the Djungarian
hamster, Phodopus sungorus. Oecologia. 1981; 48: 265–70.

47. Justo R, Frontera M, Pujol E, Rodríguez-Cuenca S, Lladó I, García-Palmer J, et al. Gender-related dif-
ferences in morphology and thermogenic capacity of brown adipose tissue mitochondrial subpopula-
tions. Life Sci. 2005; 76(10): 1147–58. PMID: 15620578

48. Hinds DS, Baudinette RV, MacMillen RE, Halpern EA. Maximummetabolism and the aerobic factorial
scope of endotherms. J Exp Biol. 1993; 182: 41–56. PMID: 8228784

Functional Significance of Basking during Rewarming from Torpor

PLOS ONE | DOI:10.1371/journal.pone.0120442 April 8, 2015 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/17910000
http://dx.doi.org/10.1086/656724
http://www.ncbi.nlm.nih.gov/pubmed/20979498
http://CRAN.R-project.org/package
http://www.ncbi.nlm.nih.gov/pubmed/7658187
http://www.ncbi.nlm.nih.gov/pubmed/9231387
http://dx.doi.org/10.1007/s00360-013-0794-8
http://www.ncbi.nlm.nih.gov/pubmed/24366474
http://www.ncbi.nlm.nih.gov/pubmed/12847122
http://www.ncbi.nlm.nih.gov/pubmed/3170827
http://www.ncbi.nlm.nih.gov/pubmed/16927241
http://www.ncbi.nlm.nih.gov/pubmed/7233183
http://www.ncbi.nlm.nih.gov/pubmed/11331504
http://www.ncbi.nlm.nih.gov/pubmed/11263721
http://www.ncbi.nlm.nih.gov/pubmed/15620578
http://www.ncbi.nlm.nih.gov/pubmed/8228784

