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ABSTRACT 

Energy metabolism strategy in small mammals determines the species’ distribution, richness, reproduction success rate and survival adaptability. The 

balance between the acquisition and consumption of energy were essential for the survival, growth and reproduction of vertebrates, which depended on 

the balance between the intake, treatment, distribution and consumption of energy. Thermogenesis and thermoregulation of small mammals were 

closely related to their energy utilization, distribution, life history strategies and evolutionary pathways, reflecting the adaptation mode and 

physiological ability of animals to the environment. Basic metabolic rate (BMR) or resting metabolic rate (RMR), nonstivering thermogenesis (NST) 

and maximum metabolic rate (MMR) were critical for the survival of small mammals. 
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1. INTRODUCTION 

Different physiological regulation mechanisms of energy 

budget may lead to different energy utilization patterns and life 

history characteristics of animals. Therefore, basic metabolic rate 

(BMR) or resting metabolic rate (RMR) had become physiological 

factors affecting energy consumption in animals’ growth and 

reproduction (Derting and Austin, 1998). Among them, BMR is an 

important index in physiological ecology, which can reflect the 

energy consumption level between different species and 

individuals. It had an important significance in the process of 

animal adaptation to the environment (McNab, 1997), which 

affected by many factors such as temperature, food or animals’ 

activity (Terblanche et al., 2007). Nonstivering thermogenesis (NST) 

is an effective and economical way of heat production for small 

mammals to adapt to cold environment (Jansky, 1973). Many 

small mammals showed an increase in NST during low 

temperature acclimation (Anderson et al., 2006). The maximum 

metabolic rate (MMR) is a short-term energy budget, which also 

affects the survival rate of animals, including resistance to cold, 

avoidance of natural enemies and capture of prey, which was 

affected by many factors (Dorota, 2005). 

2. BMR or RMR 

Up to now, the most important indicator of energy 

metabolism is still BMR or RMR in vertebrates (McNab, 1997). 

The difference between BMR and RMR is mainly due to the 

difference in the measurement conditions of oxygen consumption 

or CO2 production under the laboratory measurement conditions. 

BMR is the lowest metabolic rate of animals. Animals must be 

adult individuals in thermoneutral zone (TNZ) and non 

thermogenic state, and remain inactive in the measurement process     

However, the measurement conditions of RMR was more 

relaxed than those of BMR, because when determining BMR, 

animals cannot be required to be in the “basic” conditions, such as 

post absorptive state, but still need to be in TNZ and the resting 

state (Speakman et al., 2007). Because the difference between 

BMR and RMR is small, they can be interchanged in some 

literatures. The main selection factor for the identification of 

interspecific differences in metabolic rate (MR) is the main 

purpose of physiological ecology and evolutionary physiology 

(Garland and Carter, 1994). The most common research approach 

is based on MR changes in species or population and various 

biological factors (such as food) or inorganic factors (such as 

altitude, latitude, environmental temperature, etc.) (McNab, 2002). 

About 600 species of mammals and 300 species of birds have 

been reported in the study of RMR (McNab, 2002). Body mass is 

the main factor to explain the variation of RMR among species. 
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The variation of body mass can explain more than 95% of the 

variation of RMR. Recent studies have shown that phylogeny, 

climate, water availability, temperature, habitat productivity, and 

food variability account for only 5% of the variation in RMR. 

These results showed that RMR is a physiological characteristic 

with important ecological and evolutionary significance. Therefore, 

RMR is likely to be an important physiological index for species 

to respond to selection pressure when they explore different 

ecological conditions (McNab, 2002). 

Previous studies have shown that there are interspecific 

variations in the RMR of 530 mammals with 5 orders and large 

body mass variations (Lovegrove, 2000). Although in all 

mammals, body mass can account for 95% of the variation in 

RMR, the effect of body mass on the variation in RMR is 

correspondingly reduced if the range of body mass change is 

relatively small. For example, when the animal weight is between 

100-200g, the effect of body weight on RMR is only 17%. At this 

time, RMR of 133 g in Hemicentetes semispinosus was 64mlO2h
−1

 

and 139 g in Sigmodon hispidus was 230mlO2h
−1

, which can 

change 3.6 times. RMR of small mammals in all body weight 

ranges varied greatly, including 8.1g in Sorex araneus 

(60.2mlO2h
−1

) and 8.5g in Hipposideros galeritus (9.4mlO2h
−1

), 

which can change 6.4 times. RMR in 8kg of Lycaon pictus was 

5862mlO2h
−1

 and 10kg in Zaglossus bruijni was 1215mlO2h
−1

, 

which was 4.8 times. It shows the allokinetic equation is 

calculated as BMR = 0.070W
0.721

 between body mass and BMR in 

639 species  and while the correlation coefficient and allokinetic 

equation of different mammal is different order (McNab, 2002). In 

addition, it also analyzes the coefficient of ecological factors, 

which also showed differences (Daan et al., 1990). 

Effect of intraspecific body weight on RMR is relatively 

weak, and generally the effect is not significant (Puerta and 

Abelenda, 1987). Although various conditions can be strictly 

controlled in the laboratory, there is still a large variation in RMR 

among individuals within the species (Speakman, 2003). 

Evolutionary physiologists realize that individual variation at the 

population and species level has important evolutionary and 

adaptive significance, so they can be associated with different 

ecological variables to explain the evolutionary and adaptive 

significance of intraspecies variation diversity, such as from the 

individual level to explain competitiveness, parasite load, 

community level, mating selection, habitat selection and migration 

mode  (McNab, 2002). If we assume that RMR is affected by 

natural selection, the genetic variation range of RMR is 10-40% 

(Dohm et al., 2001). However, the successful explanation of 

intraspecific variation of RMR is far less than that of interspecific 

variation (Speakman, 2003). Most studies on intraspecific 

variation focus on the variation among populations, although the 

average value is much more important than the variation around 

the average (Thomas et al., 2001). For example, adult Peromyscus 

maniculatus measured the individual variation of RMR under 

laboratory conditions. Body weight can only account for 18% of 

individual variation in RMR. Although the body weights of 

individuals were similar, their RMR were 25 and 59mlO2h
−1

, 

respectively, with a difference of 2.4 times (Lovegrove, 2000). 

There are indeed many errors in the measurement of MR. 

There are two main sources of errors, namely, measurement error 

and variation of organism itself. At this time, biological variation 

is mainly caused by individual differences, that is, it is mainly 

caused by the differences between measured individuals (Koteja, 

2000). It can be seen from the relationship between RMR and 

body weight of birds and mammals with similar body size that the 

variation range among species is 6 times, while the variation 

within species is generally about 2 times. Therefore, the error 

caused by the difference between biological individuals is actually 

far more important than the measurement error (Nespolo et al., 

2001). 

Morphological characteristics, such as brain, liver, kidney, 

heart, digestive tract and adipose tissue, bone, water, hair or wings 

have different effects on the oxygen consumption and mass 

production under specific weight conditions; the liver of Mus 

musculus only accounts for about 5% of body weight, but it can 

explain 33.5% of the residual of RMR (Selman et al., 2001). 

However, there are few new studies on the effect of organ size on 

RMR, and only a few reports on the effect of intraspecific organ 

size on metabolic rate change (Koteja, 2000). In addition, earlier 

studies have shown that organ effects on RMR can play an 

important role (Speakman, 2003). It is clear that the ecological and 

morphological characteristics of interspecific variation of RMR 

are still unclear. 

Although there are few studies on the effect of behavioral 

characteristics on MR, behavioral characteristics may also 

significantly affect RMR of animals. For example, hyperactivity 

or stress response can also significantly lead to a high level of 

activity in animals, or enhance skeletal muscle tension, resulting in 

a significant difference in RMR. If the activity or stress level of an 

individual is random, the change of MR caused by activity or 

stress can be regarded as random error. However, various 

behavioral characteristics of an individual, such as activity level, 

stress type and stress response intensity, can often occur 

repeatedly, and may be the inherent characteristics of an 

individual, which is what we call personality here. 

3. NST 

In addition to changing BMR or RMR, reducing heat 

conduction and increasing the thickness of fur, NST is a rapid way 

of heat production. For small mammals, the oxidation metabolism 

of brown adipose tissue (BAT) as a cost-effective means of heat 

production has become an important way for small animals to 

adapt to low temperature environment (Hill, 1983). For example, 

the study on NST of desert animals has found that many species of 

rats also have strong NST ability, which is an adaptive 

countermeasure to the large day night temperature difference in 

desert environment (Haim, 1984). The study also shows that the 

range of NST of desert rodents with lower BMR is higher than 

that of species in humid environment, and the range of NST of 

nocturnal species is lower than that of diurnal species, and this 
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heat production mechanism is considered to be beneficial to desert 

rodents Toothed animals have important adaptive significance. 

Shivering thermogenesis (ST) refers to the regulatory 

thermogenesis by the activity of muscle contraction. No matter 

whether there is muscle tremor or contraction in the process of 

thermogenesis, under continuous cold exposure, the aerobic 

respiration ability of muscle increases, resulting in the 

enhancement of ST in muscle (Hill, 1983). Because the heat 

production induced by norepinephrine (NE) is equivalent to the 

cold induced NST (Claussen et al., 1991), the maximum NST is 

generally defined as the total metabolic response to NE (Bozinovic 

and Rosenmann, 1993), which can be determined by injecting the 

ne dose related to body weight and measuring the maximum 

oxygen consumption of animals under TNZ with a quiet and 

awake state. Many non-hibernating small mammals have seasonal 

differences in NST, such as Microius oeconomus, Photodopus 

sungorus, P. roborovskii, Criscetu lusbarabensis (Adolph and 

Lawrow, 1951). The maximum NST of mammal is 4-5 times of 

BMR, which is of great significance in improving the ability of 

low temperature resistance. In recent years, there have been a lot 

of reports on the research of NST, which has attracted more and 

more attention of scholars all over the world (Jansky, 1973). 

BAT mainly exists in different parts of small mammals, 

which not only has rich capillary supply, but also has rich 

sympathetic innervations. During cold exposure or winter, the 

release of catecholamine from sympathetic nerve increased, and 

the latter activated heat production of bat through blood 

circulation. Bat cells enhance heat production mainly by 

uncoupling protein 1 (UCP1), which belongs to mitochondrial 

cationic carrier protein family. UCP1, previously known as 

thermogenin, was the first uncoupling protein discovered 30 years 

ago. Later, it was found that UCP1 was only specifically 

expressed in brown adipose tissue cells and located on the inner 

membrane of mitochondria, with the function of proton 

conduction and heat production. The proton leakage of UCP1 was 

inhibited by purine nucleotides and activated by fatty acids. 

Generally, in resting brown adipocytes, the free fatty acid content 

is very low, while the purine nucleotide concentration is high, so 

UCP1 activity is low. When sympathetic stimulation activated 

lipolytic enzyme in bat cells, the content of free fatty acid in bat 

cells increased significantly, and the latter activated the proton 

leakage function of UCP1. NST produced by the proton leakage 

mediated by UCP1 in BAT cells can play an important role in 

maintaining normal body temperature or consuming excess energy 

in high energy density food for cold exposed animals. The 

metabolic phenotype of mice by knocking UCP1 gene showed that 

UCP1 played a key role in NST. UCP1 knockout mice showed 

life-threatening hypothermia due to lack of NST under cold 

exposure. In addition, BAT not only improves the resistance of 

animals to low temperature by uncoupling cogeneration, but also 

is an important organ for animals to maintain energy balance. It 

can release excess energy in the form of heat, such as food 

induced thermogenesis, so as to prevent animals from obesity. 

Especially recently, it has been found that bat cells with functions 

also exist in adult human body, which provides a new way to 

further clarify human obesity (Jansky, 1973). 

4. MMR 

The maximum rate of energy consumption of animals in a 

short period of time (several seconds to half an hour) is called the 

maximum metabolic rate (MMR), which is a typical measure of 

the maximum rate of O2 consumption of animals for cold or forced 

exercise. MMR is usually expressed by the maximum energy 

consumption in the cold environment of the constant temperature 

animal, which reflects the heat production capacity of the animal 

(Swanson, 2006). In many cases, MMR is associated with fitness, 

such as migration, avoidance of predators, or survival in extremely 

cold environments (Popko et al., 2007). Because it restricts the 

maximum power output of ecological important activities such as 

exercise and thermoregulation. As a character of animals, the 

reproducibility of MMR is a decisive factor to determine how it is 

affected by natural selection (Green and Millarm, 1987). In the 

study of Labrador white footed mice, the MMR was retested from 

one day to several months (Hayes and Chappell, 1990); the MMR 

was highly retested within two hours in the yellow mouse of 

Babbitt, and the retest decreased after a long time. The MMR 

measured in the sub adult did not have MMR repeatability in the 

adult after one or two years (Chappell and Bachman, 1995). This 

indicates that adaptive thermogenesis is related to exercise ability 

and life history, which is a main research direction of 

physiological ecology recently (Wikelski and Ricklefs, 2001). 

MMR is mainly determined by exercise or cold exposure. 

There are two kinds of MMR according to different measurement 

methods, i.e. thermogenic MMR (or cold induced MMR) and 

exercise MMR. Whether there is a constant relationship between 

the two is controversial. In addition to BAT that produces NST, 

skeletal muscle is mainly responsible for shivering heat production. 

Therefore, the common organ of MMR and exercise MMR is 

skeletal muscle, both of which depend on the circulatory 

respiratory system of gas and nutrient exchange. The uncertainty 

of the relationship is mainly due to the difficulty in obtaining 

MMR of heat production in large animals (more than 2-3kg). The 

relationship between thermogenic MMR and exercise MMR is 

quite different. In one case, the MMR of thermogenesis is greater 

than that of exercise, for example, Labrador white foot mice 

(Segrem and Hart, 1967); in the other case, the MMR of cold 

induction is less than that of exercise induction, such as Baiomys 

taylor, Tamias stratus, Rattus norvegicus and Apodemus sylvaticus 

(Hoppeler et al., 1984). According to the comparative study of 

marsupials, echidnas and birds in Australia, it is found that the 

MMR of birds is three times larger than that of thermogenic MMR, 

and the MMR of monotremes is two times larger than that of 

thermogenic MMR. For animals in this area, it is worth further 

exploration (Hinds et al., 1993). In addition to the above two 

situations, no significant difference was found between 

thermogenic MMR and exercise MMR in the Labrador white foot 

mice. Further experiments showed that thermogenic MMR was 

less than exercise MMR before cold acclimation, but opposite 

after acclimation (Taylor et al., 1987). 
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MMR of different taxa was different. For example, the MMR 

of heat production of Dasyuroides byrnei is higher than 75% of 

the predicted value, while that of Tachyglossus aculeatus, is 

significantly lower than the predicted value, but not significantly 

lower than the predicted value in Ornithorhynchus anatinus 

(Hinds et al., 1993). Compared with other animals, MMR of 

rodents induced by cold or exercise is lower, which may be related 

to the smaller individual, more concealed lifestyle and relatively 

less activity of such animals, and the large mammals are good at 

running, whose input for maintaining exercise and 

thermoregulation is larger than that of rodents, and rodents rely 

more on behavior regulation (Taylor et al., 1987). MMR is 

affected by environmental temperature, which includes three 

aspects: different regions, different seasons and different 

domestication environments. The MMR of mammals living in 

different regions is also different. MMR of mammals living in 

cold environment is higher than that in temperate environment 

(Jansky, 1973), which is because the ability of heat production 

directly affects the survival ability of mammals in the environment, 

and MMR is the decisive factor. In contrast, the MMR of tropical 

species is relatively small, such as Callosus (Ashoff, 1981). The 

MMR of desert species is also relatively low, such as Dipodomas 

panamintinus (Scelza and Knoll, 1979), which is the physiological 

characteristics of animals in desert areas. The environment of high 

altitude area is special. The living animals are under the dual stress 

of low temperature and low oxygen, and their MMR is unique. 

Ontogeny is an important stage in animal life history. In this 

process, there are few studies on MMR. At present, only 

researches on the yellow mouse are seen (Chappell and Bachman, 

1995). During the growth and development of BMR, there is an 

inflection point in the isokinetic growth curve, which is considered 

to be related to the higher growth rate and the higher metabolic 

rate, but not to the adult storage fat. The only possible explanation 

is that BMR is related to MMR, the body mass index (BMI) of 

BMR and MMR is higher, which is also related to the rapid 

growth of sub adults. At the same time, BMI of cold induced or 

exercise-induced MMR is significantly higher than that of BMR, 

so the range of respiratory factors increases with the increase of 

body weight (i.e. individual development); it is difficult to 

determine whether it is a common phenomenon. The comparative 

study of most adult species shows that the range of respiratory 

factors is relatively constant (Scelza and Knoll, 1979), but there is 

also a contrary view (Koteja, 2000). 

5. Conclusion 

RMR, NST and MMR are very important for the survival of 

small mammals. Small mammals need to adjust different 

metabolic rates to adapt to environmental changes.
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