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Abstract
1
 Metabolic rates (Vo2), body temperature (Tb), and thermal conductance (C) were first determined in newly captured Maximowiczi’s

voles (Microtus maximowiczii) and Djungarian hamsters (Phodopus campbelli) from the Inner Mongolian grasslands at a temperature

range from 5 to 35 1C.
2
 The thermal neutral zone (TNZ) was between 25 and 32.5 1C for Maximowiczi’s voles and between 25 and 30 1C for Djungarian

hamsters. Mean Tb was 37.070.1 1C for voles and 36.270.1 1C for hamsters. Minimum thermal conductance was 0.17270.004mlO2/

g h 1C for voles and 0.14870.003mlO2/g h 1C for hamsters.
3
 The mean resting metabolic rate within TNZ was 2.2170.05mlO2/g h in voles and 2.0170.07mlO2/g h in hamsters. Nonshivering

thermogenesis was 5.3670.30mlO2/g h for voles and 6.3070.18mlO2/g h for hamsters.
4
 All these thermal physiological properties are adaptive for each species and are shaped by both macroenvironmental and

microenvironmental conditions, food habits, phylogeny and other factors.
r 2006 Elsevier Ltd. All rights reserved.
Keywords: Basal metabolic rate; Body temperature; Djungarian hamster (Phodopus campbelli); Maximowiczi’s vole (Microtus maximowiczii);

Nonshivering thermogenesis; Minimum thermal conductance
1. Introduction

Energy metabolism is a critical component for the
distribution, abundance, and reproductive success of
rodent species (Bozinovic and Rosenmann, 1989; Bozino-
vic, 1992; McNab, 2002). Basal metabolic rate (BMR) is
one of the most used parameters for inter- and intraspecific
comparisons of energy metabolism (Jessen, 2001). The
capacity of nonshivering thermogenesis (NST) is important
for small mammals to survive the cold environments and
seasons. Environmental (climatic) conditions are important
in shaping the ecophysiological features of a rodent (small
mammal) species (Degen, 1997).

Maximowiczi’s voles (Microtus maximowiczii Schrenk,
1859) and Djungarian hamsters (Phodopus campbelli
e front matter r 2006 Elsevier Ltd. All rights reserved.

erbio.2006.06.003

ing author. Tel.: +8610 626 135 11;

656 89.

ess: wangdh@ioz.ac.cn (D.-H. Wang).
Thomas, 1905) are mainly distributed in northeastern
China and the adjacent areas of Russia and Mongolia.
Maximowiczi’s voles are mainly living in the areas of
marsh, meadow and bank-forest while Djungarian ham-
sters mostly occupying the areas of arid steppes, semide-
sert, and forest-steppe (Luo et al., 2000). Both species are
nonhibernating small mammals and store food in the cold
season. The voles are herbivorous and mostly diurnal while
the hamsters are granivorous and nocturnal (Zhong et al.,
1981).
For these two species, their biological characteristics are

rarely studied perhaps because of their low numbers and
limited distributions. From our knowledge, no data on the
ecological physiology in Maximowiczi’s voles and wild
Djungarian hamsters are available at present. In the
previous reports it was widely accepted that Phodopus

sungorus included two subspecies: P.s.sungorus and

P.s.campbelli (from Weiner and Heldmaier, 1987). Weiner
and Heldmaier (1987) compared the two races of hamsters
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and suggested that these two races of hamsters should be
separate species, which has been accepted today. The
purpose of this study was to examine the metabolic
characteristics for these two sympatric species with fresh-
trapped individuals.

2. Materials and methods

2.1. Animals

Animals were live-trapped in the Inner Mongolian
grassland Ecosystem Research Station of the Chinese
Academy of Sciences (43130N, 1161410E) in April 2005.
The altitude is about 1100–1400m. Mean monthly
temperature ranges from �22.2 1C in January to 18.3 1C
in July. Annual precipitation ranged from 264.3 to
563.8mm. Plant growing period is about 150 days. The
principal types of vegetation are meadow steppe and
typical steppe (Chen, 1988).

The mean body mass of Maximowiczi’s voles (four males
and four females) is 41.6771.56 g (7SE) and Djungarian
hamsters (four males and four females) is 39.1871.62 g in
this study. Animals were raised in cages (50� 35� 25 cm3)
in a room at the field research station with natural
photoperiods (around 16L:8D) and temperature
(15–20 1C). Fresh China Aneurolepidium (Aneurolepidium

chinense), Schmidt Sedge (Carex schmidtit) and a few slices
of carrot were supplied to Maximowiczi’s voles everyday.
Additional food was composed of standard rabbit pellets
(Beijing Ke Ao Feed Co.). The main food of Djungarian
hamsters consisted of fresh grasses, wheat with commercial
rat pellets (Beijing Ke Ao Feed Co.) as additional food.
Food and water were supplied ad libtium. The experiments
were carried out from April to May in 2005. No pregnancy
and lactation individuals were used in the experiments. All
animal procedures were licensed under the Animal Care
and Use Committee of Institute of Zoology, the Chinese
Academy of Sciences.

2.2. Metabolic trials

Vo2 rate was measured using an established closed-
circuit respirometer as described previously (Gorecki, 1975;
Wang and Wang 1996; Li and Wang, 2005). The chamber
size is 3.6 L and the temperature inside the chamber was
maintained with a water bath. Carbon dioxide and water in
the metabolic chambers were absorbed with KOH and
silica gel. Rectal temperatures (Tb) of animals were
recorded before and after each measurement. Tb was
measured by a digital thermometer (Beijing Normal
University Instruments Co.) in the rectum at a depth of
3 cm. Body mass was measured before and after each
metabolic test.

Vo2 rate was measured over a temperature range from 5
to 35 1C. Animals were in the chambers without bedding
for more than 60min for stabilization. Each test lasted for
60min and oxygen consumption were recorded at 5min
intervals. The two consecutive lowest readings were taken
to calculate the resting metabolic rate (RMR) (Li and
Wang, 2005). Before each test animals were fasted for 3 h
to minimize the specific dynamic action of food.
Norepinephrine-induced heat production can be a

measure of NST as it is equivalent to cold-induced NST
(Böckler et al., 1982). NST was induced by subcutaneous
injection of norepinephrine bitartrate (Shanghai Harvest
Pharmaceutical Co. LTD) at 25 1C (71 1C). The dosage of
NE was calculated based on our preliminary experiments
(Wang and Wang, 2006, Li and Wang 2005a, Zhao and
Wang 2005) and the equation described by Heldmaier
(1971): norepinephrine dosage (mg/kg) ¼ 6.6Mb�0.458 (g)
(Mb is body mass in gram). Oxygen consumption was
measured as RMR described above. The two consecutive
highest recordings were taken to calculate the maximum
NST (Wang and Wang, 1996; Li and Wang, 2005b).
Maximum NST usually occurred between 15 and 40min
after NE injection (Wang and Wang, 2006). All the data of
metabolic rates were corrected to standard (STP) condi-
tions and were expressed in mlO2/g h.

2.3. Thermal conductance

Overall thermal conductance (C, mlO2/g h 1C) at any
given ambient temperature was calculated using the
formula suggested by McNab (1980) and Bradley and
Deavers (1980):

C ¼MR=ðTb � TaÞ

where MR is the metabolic rate (mlO2/g h), Tb is the body
temperature (1C), and Ta is the ambient temperature (1C).
Overall thermal conductance includes the heat loss by
evaporation.

2.4. Statistics

Data were analyzed using the SPSS package (version
12.0 for windows). Differences between groups were
determined by one-way repeated measures analysis of
variance (ANOVA). Regression analysis was determined
by the method of least squares using the mean values of the
parameters measured at each temperature point. All values
were presented as mean7SE in the text and Po0.05 was
taken as statistically significant.

3. Results

Mean Tb of Maximowiczi’s vole ranged from
36.970.1 1C at 5 1C to 37.970.1 1C at 35 1C. Tbs were
fairly constant between 5 and 30 1C with a mean of
37.070.1 1C and increased as Ta above 32.5 1C
(37.770.1 1C) (Fig. 1A). Djungarian hamsters maintained
stable Tbs within the range of 5–27.5 1C with a mean of
36.270.1 1C. Within the range of 27.5–35 1C, Djungarian
hamsters increased Tb with Ta and reached 39.470.4 1C at
Ta of 35 1C (Fig. 2A).
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Fig. 1. Body temperature (A), metabolic rate (B) and overall thermal

conductance (C, including the evaporative heat loss) of Maximowiczi’s

voles (Microtus maximowiczii) at different ambient temperatures.
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Fig. 2. Body temperature (A), metabolic rate (B) and overall thermal

conductance (C, including the evaporative heat loss) of Djungarian

hamsters (Phodopus campbelli) at different ambient temperatures.
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There were no significant differences in metabolic rates
in Maximowiczi’s vole within the temperature range
between 25 and 32.5 1C (F(3, 21) ¼ 1.819, P ¼ 0.175), so
we considered it as the thermal neutral zone (TNZ) which
was 25–32.5 1C (Fig. 1B). The mean metabolic rate within
the TNZ (regarded as the RMR) was 2.2170.05mlO2/g h
Below the TNZ, RMRs increased linearly as Tas declined
and can be described as: RMR (mlO2/g h) ¼ 5.211
(70.214)–0.130 (70.014) Ta (1C) (R2

¼ 0.969, df ¼ 5,
Po0.001) (Fig. 1B).
In Djungarian hamsters, metabolic rates kept relatively

constant within the range of 25–30 1C, thus this tempera-
ture range was regarded as TNZ (Fig. 2B). Mean RMR
within TNZ was 2.0170.07mlO2/g h. Below the TNZ,
RMR increased linearly with Ta and can be expressed as:
RMR (mlO2/g h) ¼ 5.25 (70.112)–0.104 (70.007) Ta (1C)
(R2
¼ 0.986, df ¼ 5, Po0.001). Above 30 1C, the metabolic

rate increased markedly with Ta.
Below the TNZ, Maximowiczi’s voles kept thermal

conductance (C) relatively stable and the average minimum
C was 0.17270.004mlO2/g h 1C. Within and above the
TNZ, C increased with increasing Ta, and reached up to
0.8770.04mlO2/g h 1C at Ta of 35 1C (Fig. 1C). Within the
temperature range of 5–15 1C, Djungarian hamsters kept C

relatively stable and the average minimum C was 0.1487
0.003mlO2/g h 1C. From 20 to 35 1C, C increased with Tas
and the relationship can be described by the equation:
C (mlO2/g h 1C) ¼ 0.585(70.215)–0.033(70.008) Ta (1C)
(R2
¼ 0.784, df ¼ 5, P ¼ 0.008). Thermal conductance

can reach up to 0.71470.091mlO2/g h 1C at Ta of 35 1C
(Fig. 2C).
The maximum NST is 5.3670.30mlO2/g h for Max-

imowiczi’s voles and 6.3070.18mlO2/g h for Djungarian
hamsters, which are 2.4 and 3.0 times their RMR,
respectively.

4. Discussion

4.1. Metabolic rates

Many factors can affect metabolism in mammals, such
as body size, food habits, climate, activity and phylogeny
(McNab, 1979a, b, 1986, 2002). According to the
allometric equation proposed by Hayssen and Lacy
(1985) for rodents (BMR ¼ 4.98Mb�0.331, BMR is in
mlO2/g h and Mb is body mass in gram), measured
RMR for Maximoviczi’s vole is 153% of the predicted
values based on their body mass and 136% for Djungarian
hamster, which are similar to other sympatric species in
their ecosystem, such as Brandt’s vole (Lasiopodomys(Mi-

crotus) bandtii) (147%, Wang et al., 2003), Desert hamster
(Phodopus roborovskii) (142%, Zhan and Wang, 2004), and
Mongolian gerbils (Meriones unguiculatus) (166%, Wang et
al., 2000, 2003) (Table 1). It has been suggested that climate
conditions is one of the most important factors to affect
metabolic levels (Lovegrove, 2003). The metabolic simila-
rities for these sympatric rodent species can be regarded as
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the convergent adaptation to the macroenviroment of
Inner Mongolian grasslands.

The relative high RMR in Maximoviczi’s voles can be
interpreted as the effects of geography and phylogeny.
Hayssen and Lacy (1985) and McNab (1992) proposed
that Arvicolidae species have high BMRs. Arvicolinae
species are generally distributed in boreal high latitude
regions and thus high metabolic level is an adaptive
characteristic (McNab 1992). It has been suggested that
an elevated BMR for small mammals inhabiting cold high
latitude regions allowed higher thermogenic capacity
(Wunder et al., 1977; Heldmaier et al., 1989). Weiner
and Heldmaier (1987) reported that P. campbelli showed
lower endurance capacity to cold than P. sungorus.

4.2. Nonshivering thermogenesis

Generally, species inhabiting cold-temperate climate
have high NST levels. NST of Maximowiczi’s voles
and Djungarian hamsters in spring (this study) are 96%
and 109% of expected NST based on body mass
(NST ¼ 30Mb�0.45, where NST is in mlO2/g h and Mb
in gram, Heldmaier, 1971), respectively (Table 1). Haim
and Izhaki (1993) proposed that species with high RMR
values show low NST, and diurnal species have high
ratios of NST/RMR than nocturnal species, and the
NST/RMR ratios of arid species are higher than those in
mesic species. In our study, the ratio of NST/RMR for
Maximowiczi’s voles is 2.4 and 3.1 for Djungarian
hamsters, which is consistent with the prediction of Haim
and Izhaki (1993). For other sympatric species, similar
results were found such as the ratio of NST/RMR in
Phodopus roborovskii (3.3, low BMR, nocturnal and
living in arid microenvironment) (Zhan and Wang 2004),
Lasiopodomys bandtii (2.9) and Meriones unguiculatus

(2.1) (both species are diurnal with high BMR (Wang
et al., 2003; Table 1).

4.3. Thermal conductance and body temperature

The mean minimum thermal conductance is 111% for
Maximowiczi’s vole and 93% for Djungarian hamster of
their predicted values based on their body mass.
Djungarian hamster showed the similar adaptive features
with desert small mammals and similar to the sympatric
species of desert hamster (Zhan and Wang, 2004;
Table 1). Weiner and Heldmaier (1987) reported that
P. campbelli was more variable in Tb and C values in the
cold than P. sungorus. For Maximowiczi’s vole, relatively
high C values are advantageous to avoid hyperthermy
during the daily high temperature period (Wang et al.,
2000).

Djungarian hamsters have relatively low Tb values
(36.2 1C). Low Tb can be beneficial for Djungarian
hamster to reduce energy loss while they are active at
night. For the relatively high Tb in Maximowiczi’s vole
(37.1 1C), McNab (1992) has proposed that high Tb values



ARTICLE IN PRESS
J.-F. Chen et al. / Journal of Thermal Biology 31 (2006) 583–587 587
are one of the characteristics in Arvicolidae because of
their high BMRs. Further, the relative low Tlc values for
both species are advantageous for reducing the energy
expenditure in the cold.

In summary, we first reported the metabolic properties
for wild Maximowiczi’s voles and Djungarian hamsters.
Both species showed similar thermal physiological char-
acteristics (such as relatively high metabolic levels) to their
sympatric species of Inner Mongolian grasslands, suggest-
ing a convergent adaptation to the same macroenviron-
ment (cold and dry). Further, the species-specific
differences in ecophysiological properties for these two
rodent species may arise from their microenvironment,
phylogeny, food habits, and other factors.
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Böckler, H., Sterilechner, S., Heldmaier, G., 1982. Complete cold

substitution of noradrenaline-induced thermogenesis in the Djungar-

ian hamster, Phodopus sungorus. Experientia 38, 261–262.

Bozinovic, F., 1992. Rates of basal metabolism of grazing rodents from

different habitats. J. Mammal. 73, 379–384.

Bozinovic, F., Rosenmann, M., 1989. Maximum metabolic rate of rodent:

physiological and ecological consequences on distribution limits.

Funct. Ecol. 3, 173–181.

Bradley, S.R., Deavers, D.R., 1980. Re-examination of the relationship

between thermal conductance in mammals. Comp. Biochem. Physiol.

A 65, 463–472.

Chen, Z.Z., 1988. Topography and climate of Xilin river basin. Res.

Grassland Ecosyst. 3, 21–82 (In Chinese with English summary).

Degen, A.A., 1997. Ecophysiology of Small Desert Mammals. Springer,

Berlin, pp. 296.

Gorecki, A., 1975. Kalabukhov-Skvortsov respirometer and resting

metabolic rate measurement. In: Grodzinski, W., et al. (Eds.),

Methods for Ecological Energetics. Blackwell Scientific, Oxford,

pp. 309–313.

Haim, A., Izhaki, I., 1993. The ecological significance of resting metabolic

rate and nonshivering thermogenesis for rodents. J. Therm. Biol. 18,

71–81.

Hayssen, V., Lacy, R.C., 1985. Basal metabolic rates in mammals:

taxonomic differences in the allometry of BMR and body mass. Comp.

Biochem. Physiol. A 81, 741–754.
Heldmaier, G., 1971. Zitterfreie warmebidung und korpergrobe sauge-

tieren. Z. Vergl. Physiol. 73, 222–248.

Heldmaier, G., Klaus, S., Wiesinger, H., Fridrichs, U., Wenzel, M., 1989.

Cold acclimation and thermogenesis. In: Malan, A., Canguilhem, B.

(Eds.), Living in the Cold II. John Libbey, Montrough, pp. 347–358.

Jessen, C., 2001. Temperature Regulation in Humans and Other

Mammals. Springer, Berlin, pp. 27–36.

Li, X.S., Wang, D.H., 2005a. Regulation of body weight and thermogen-

esis in seasonally acclimatized Brandt’s voles (Microtus brandtii).

Horm. Behav. 48, 321–328.

Li, X.S., Wang, D.H., 2005b. Seasonal adjustments in body mass and

thermogenesis in Mongolian gerbils (Meriones unguiculatus): the roles

of short photoperiod and cold. J. Comp. Physiol. B 175, 593–600.

Lovegrove, B.G., 2003. The influence of climate on the basal metabolic

rate of small mammals: a slow–fast metabolic continuum. J. Comp.

Physiol. B 173, 87–112.

Luo, Z.X., Chen, W., Gao, W., et al. (Eds.), 2000. Fauna Sinica:

Mammalia, Rodentia. (Part III: Cricetidae), vol. 6. Science Press,

Beijing, China, pp. 81–278 (In Chinese).

McNab, B.K., 1979a. Climatic adaptation in the energetics of heteromyid

rodents. Comp. Biochem. Physiol. A 62, 813–820.

McNab, B.K., 1979b. The influence of body size on the energetics and

distribution of fossorial and burrowing mammals. Ecology 60,

1010–1021.

McNab, B.K., 1980. On estimation thermal conductance in endotherms.

Physiol. Zool. 53, 145–156.

McNab, B.K., 1986. The influence of food habits on energetics of

eutherian mammals. Ecol. Monog. 56 (1), 1–19.

McNab, B.K., 1988. Complications inherent in scaling the basal rate of

metabolism in mammals. Q. Rev. Biol. 63, 25–54.

McNab, B.K., 1992. The comparative energetics of rigid endothermy: the

Arvicoldae. J. Zool. Lond. 227, 586–606.

McNab, B.K., 2002. The Physiological Ecology of Vertebrates: A View

from Energetics. Cornell University Press, Ithaca, NY.

Wang, D.H., Wang, Z.W., 1996. Seasonal variations in thermogenesis and

energy requirements of plateau pikas Ochotona curzoniae and root

voles Microtus oeconomus. Acta Theriol. 41, 225–236.

Wang, J.M., Wang, D.H., 2006. Comparison of nonshivering thermogen-

esis induced by dosages of norepinephrine from 3 allometric equations

to body mass in Brandt’s voles (Lasiopodomys brandtii). Acta Theriol.

Sin. 26 (1), 84–88 (In Chinese with English summary).

Wang, D.H., Wang, Y.S., Wang, Z.W., 2000. Metabolism and thermo-

regulation in the Mongolian gerbil Meriones unguiculatus. Acta

Theriol. 45, 183–192.

Wang, D.H., Wang, Z.W., Wang, Y.S., Yang, J.C., 2003. Seasonal

changes of thermogenesis in Mongolian gerbils (Meriones unguiculatus)

and Brandt’s voles (Microtus brandti). Comp. Biochem. Physiol. A

(Abstract) 134, 96.

Weiner, J., Heldmaier, G., 1987. Metabolism and thermoregulation in two

races of Djungarian hamsterss: Phodopus sungorus sungorus and P.s.

campbelli. Comp. Biochem. Physiol. A 86 (4), 639–642.

Wunder, B.A., Dobkin, D.S., Gettinger, R.D., 1977. Shifts of thermo-

genesis in the prairie vole (Microtus ochrogaster). Oecologia 29, 11–26.

Zhan, X.M., Wang, D.H., 2004. Energy metabolism and thermoregulation

of the desert hamster (Phodopus roborovskii) in Hunshandake desert of

Inner Mongolia, China. Acta Theriol. Sin. 24 (2), 152–159 (In Chinese

with English summary).

Zhao, Z.J., Wang, D.H., 2005. Short photoperiod enhances thermogenic

capacity in Brandt’s voles. Physiol. Behav. 85 (2), 143–149.

Zhong, W.Q., Zhou, Q.Q., Sun, C.L., 1981. Study on structure and spatial

pattern of rodent communities in Baiyinxile typical steppe, Inner

Mongolia. Acta Ecol. Sin. 1, 12–21 (In Chinese with English summary).


	Metabolism and thermoregulation in Maximowicziaposs voles (Microtus maximowiczii) and Djungarian hamsters (Phodopus campbelli)
	Introduction
	Materials and methods
	Animals
	Metabolic trials
	Thermal conductance
	Statistics

	Results
	Discussion
	Metabolic rates
	Nonshivering thermogenesis
	Thermal conductance and body temperature

	Acknowledgements
	References


