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The bioenergetic studies on animals have shown that basal metabolic rate P (kJ/d), is related to the 
body mass M (kg) of animals as expressed by the equation: P = aM

k, where a and k are allometric 
coefficients. The aim of this study was to investigate the allometric relationship between the total 
metabolic energy per life span Pls =PTls, where Tls is the life span, and the body mass of terrestrial 
mammals in captivity. Using statistical analyses it was shown that in 86 terrestrial mammals (Pro-
totheria, Metatheria and Eutheria), a linear relationship between total metabolic energy per life span 
(PTls, kJ) and body mass (M, kg) existed: PTls= A

+
ls M

0.968, where  Tls (d) is the life span of animals 
in captivity in days, calculated from formula of Sacher Tls(y)= 11.8×M

0.20 and the linear coefficient  
A+

ls = 11.407×10
5 kJ/kg  is the total metabolic energy, expended during the life span per 1 kg body 

mass of animals with physical dimension of “potential”. This linear coefficient can be regarded as 
relatively constant metabolic parameter for all terrestrial mammals, in spite of 6-degree differences 
between basal metabolic rate and body mass of animals. A mean values of linear coefficient Āls for 13 
studied orders (Monotremata, Didelphimorphia, Dasyuromorphia, Peramelemorphia, Diprotodontia, 
Xenarthra, Pholidota, Rodentia, Lagomorpha, Artiodactyla, Carnivora, Chiroptera, Primates) grow 
from 5.6×105 kJ/kg in Didelphimorphia to 18.1x105 kJ/kg in Monkeys. It was shown that from the 
view of classical physics,  the basal metabolic rate could be expressed as: P = (Als ach M)/Rch  , where 
Als – total metabolic energy per life span, per 1kg body mass, Rch = body (volume/surface) ratio of 
organisms and ach= Rch/Tls (m/s) −   characteristics speed with values 5×10−10÷2×10−11 (m/s). The 
conventional ‘metabolic force’ Fmet=P/ach=(AlsM)/Rch, related to basal metabolic rate P, was ex-
pressed as a function of metabolic potential (Als), body mass (M) and conventional length (Rch),  
which is characteristics length for every organism. 
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INTRODUCTION 

The pattern existing between various 
fundamental characters of living organ-
isms and their body size or mass are gen-
erally described as a power function 
called ‘allometric’. The bioenergetic 
studies on poikilothermic, mammals and 
aves (Hemmingsen, 1960; Kleiber, 1961; 
Hofman, 1983; Heusner, 1985; McNab, 

1988; Gillooly et al., 2001) have shown 
that the basal metabolic rate (P, kJ/d) is 
related to the body mass (M, kg) as ex-
pressed by the equation of the type 
P=aMk. The biological meaning of linear 
and power coefficients a and k is con-
nected with evolutionary range of ani-
mals (Zotin & Lamprecht, 1996; Atana-
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sov & Dimitrov, 2002). In previous 
works Atanasov (2005a, b, c) using life 
span (longevity) (Tls, d) of animals as a 
parameter, showed that the relationships 
between the total metabolic energy per 
life span (Pls=PTls) and the body mass 
(M) in a great number of animals 
(poikilothermic, mammals and birds) was 
expressed by the linear equation of the 
type Pls=AlsM, where  Als is the total 
metabolic energy per life span, per 1 kg 
body mass (with a physical SI dimension 
as the chemical and the gravitational po-
tentials, i.e. kJ/kg). Als for multicellular 
poikilothermic organisms range from 
1×105 kJ/kg in snakes to about 5×105 kJ/kg 
in fish and reptiles (Atanasov, 2005b).  

A prognostic estimation of Als in 
mammals can be made from the law of 
Kleiber for the basal metabolic rate 
(Kleiber, 1961): P=70M0.75 (P, kcal/d; 
M, kg) and the formula of Sacher (1959) 
for the longevity of mammals in captivi-
ty: Tls=11.8M

0.20 (Tls, years; M, kg). 
From the relation Als=(PTls)/M, we can 
calculate the total metabolic energy per 
life span, utilized per 1kg body mass as a 
function of mass: Als =(12.6×10

5) M−0.05, 
kJ/kg. This formula shows, that Als 
slightly depends on body mass of mam-
mals (~M-0.05). Indeed, for animals with 
difference in body mass one million 
(from 1 g to 1×103 kg), the computed 
values of Als change only two-fold: from 
8.9×105 kJ/kg (for animals with body 
mass ~1 g) to 19.8×105 kJ/kg (for ani-
mals with body mass ~1×103 kg).  

The aim of this study was to establish 
and calculate the exact allometric rela-
tionship between the total metabolic en-
ergy per life span and the body mass in a 
wide range of terrestrial mammals in 
captivity, with variation of the rate of 
metabolism and the body mass of about 6 
orders of magnitude. 

DATA AND METHODS 

Data for the basal metabolic rate (P), 
body mass (M) and life span (Tls) for 86 
terrestrial species, including 3 monot-
remes (subclass Prototheria), 16 marsu-
pials (subclass Theria, infraclass Metathe-
ria) and 67 “placentals” (subclass Theria, 
Infraclass Eutheria) are presented in Table 
1.  

Data for the basal metabolic rate and 
the body mass of animals in orders were 
obtained from scientific literature (Table 
1). 

The life span of mammals in captivity 
(Tls) was calculated from the formula of 
Sacher (1959): Tls(years)=11.8 M0.20, 
where M is in kg. Only for monkeys we 
used the data of Cutler (1984) for maxi-
mum life span in captivity. 

For each animal, the total metabolic 
energy per life span (PTls, kJ) was calcu-
lated as a product of  the basal metabolic 
rate (P, kJ/d) and the life span (Tls ,d).  

The total metabolic energy per life 
span, per 1 kg body mass (Als) was calcu-
lated as a ratio of  PTls (kJ) and M (kg) of 
mammals: Als =(PTls)/M (kJ/kg).  

A statistic package “Statistica” of the 
Institute for Space Research (Bulgarian 
Academy of Sciences) was used for sta-
tistic calculations. 

RESULTS  

The studied mammalian species, the 
body mass, the basal metabolic rate, the 
life span in captivity, the calculated data 
for the total metabolic energy per life 
span (PTls), and the total metabolic en-
ergy per life span, per 1 kg body mass 
(PTls/M) are given in Table 1. 

The logarithmic graphic of the rela-
tionship between PTls and M of terrestrial 
mammals is presented on  Fig. 1.  
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Statistical analyses of data showed that 
there was a linear relationship between 
the total metabolic energy per life span in 
captivity and  the body mass of terrestrial 
animals:  

log (PTls) = 6.0572 +0.968 logM        (1) 
with R2= 0.98     

If  log A+
ls = 6.0572, the above equa-

tion can be presented as:  

log (PTls) = log (A
+
ls M

0.968)               (2) 

where A+
ls is the total metabolic energy 

spent during the life span per 1 kg body 
mass of animal with the physical dimen-
sion of “potential”,  and further:  

PTls = A
+
ls M

0.968                                  (3) 

with linear coefficient A+
ls =11.407x10

5 
kJ/kg.  

The correlation coefficient (R2) be-
tween PTls and M was 0.98. This means 
that relationship between PTls and M is 
not random and  A+

ls =11.407x10
5 kJ/kg 

was a constant or parameter for all 13 
studied terrestrial orders. The individual 
values of Als for all 86 species are  given 
in Table 1.  

The mean values of allometric 
coeficients (Āls ± SA) for the different 
orders given in Table 1 are: for order 
Monotremata (6.054±1.16)×105 kJ/kg, 
n=3; order Didelphimorphia (9.62±0.49) 
×105 kJ/kg, n=3; order Dasyuromorphia 
(14.3±1.098)×105 kJ/kg, n=7; order Para-
melemorphia (9±0.32)×105 kJ/kg, n=2;   
order Diprotodontia  (8.376±0.304) ×105 

kJ/kg, n=4; order Xenarthra  (5.6±0.712) 
×105 kJ/kg, n=2; order Pholidota (7.8± 
0.638)×105 kJ/kg, n=2; order Rodentia 
(14.67±1.27)×105 kJ/kg, n=27; order 
Lagomorpha (11.5±1.75)×105 kJ/kg, 
n=6; order Artiodactyla (11.1±0.78)×105 

kJ/kg, n=12; order Carnivora (16.875± 
1.79)×105 kJ/kg, n=8; order Chiroptera 
(10.14±1.65)×105 kJ/kg, n=5; order Pri-
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 Fig. 1. Relationship between the total metabolic energy per life span  (PTls, kJ) and the body mass 
(M, kg) for  86 terrestrial mammals (in captivity), including 3 monotremes  (Prototheria), 16 marsu-
pials (Metatheria)  and 67 “placentals” (Eutheria). The 95% confidence limits are shown by dashed 
lines. 
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mates (18.1±0.835)×105 kJ/kg, n=5.  
The mean Āls value for all 13 orders 

is 11.8 kJ/kg, which is near to A+
ls  of 

11.407×105 kJ/kg (since Āls and A
+
ls 

have one and same mathematical mean-
ing). 

DISCUSSION 

The study shows that 1 kg body mass of 
terrestrial mammals from any subclasses 
and orders expends nearly an equal 
amount of metabolic energy (5.6÷ 
18.1)×105 kJ/kg, during the life. Exhaus-
tion of this energy possibly leads to bio-
logical death of the animals. Our survey 
shows that the body mass, basal meta-
bolic rate and the life span of animals are 
three mutually related parameters, so that 
the ratio Als =(PTls)/M remains a rela-
tively constant parameter.  Āls for the 13 
orders differs 3.5-fold (from 5.6×105 to 
18.1×105 kJ/kg), in spite of the ~106  fold 
differences between basal metabolic rate 

and body mass of animals. For example: 
the body mass of studied mammals var-
ied from minimum value 8.5×10−3 kg in 
the marsupial  Antechinomus laniger to a 
maximum value 3×103 kg in the elephant. 
The amount of spent total metabolic en-
ergy per life span (PTls) varies from 
8.58×103 kJ in Antechinomus laniger to 
32.52×108 kJ in the elephant. Despite of 
the considerable differences in the basal 
metabolic rate and the body mass of An-
techinomus laniger and the elephant,  the 
individual values of Als for the two ani-
mals are nearly equal to 10.1×105 kJ/kg 
and 10.8×105  kJ/kg respectively.  

The highest values of Als=(15÷20)× 
105 kJ/kg were those of the species from 
order Primates (monkeys).  

The graphical relationship between 
individual values of Als and the body 
mass for 86 terrestrial species is given on 
Fig. 2. The statistical calculation showed 
that: 

Als= 11.407×10
5 M−0.0319  kJ/kg           (4) 
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Fig. 2. Relationship between the total metabolic energy per life span per unit body mass (Als=PTls/M 
kJ/kg) and the body mass (M, kg) for 86 terrestrial mammals in captivity (Prototheria, Metatheria 
and Eutheria). The 95% confidence limits are shown by dashed lines. 
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This relation  is very near to the theo-
retical relation Als= 12.6×105 M−0.05 
kJ/kg, calculated by us in Introduction. 
But in this case, the dependence between 
Als and M is much weaker, since the 
power coefficient is 0.0319. 

The existence of linear relationship 
between the total metabolic energy  per 
life span and body mass of mammals 
leads to some consequences: 

First, in a fixed steady state values of 
basal metabolic rate, the duration of life 
is a time interval, for which the total 
metabolic energy per life span becomes 
directly proportional to the body mass of 
animals. 

From the relation (3): PTls = AlsM
  we 

obtained a new equation for the basal 
metabolic rate: P=(AlsM)/Tls, that was 
related to the body mass (M), life span 
(Tls) and the linear coefficient (Als) in 
comparison to power relation P=aMk

 , 
that  was related  to the body mass (M), 
the linear coefficient (a), and the power 
coefficient (k).  

Second, from the relation (3) we ob-
tained the inversely proportional relation 
between the life span (Tls, days) and the 
basal metabolic rate, per 1kg body mass 
(intensity of the metabolism)  P* =P/M 
(kJ/d.kg): 

Tls = Als /P*                                          (5) 

For order Primates (monkeys) the 
same relation, with mean value of coeffi-
cient  Āls = 18.1×10

5 kJ/kg can be modi-
fied to:  Tls  = (18.1×10

5)/ P*. For exam-
ple, in the Tarsier monkey with life span 
Tls ≈10 years (3650 d) we obtained an  
intensity of metabolism P*=496 kJ/d.kg. 
This calculated value for P* is close to 
the experimental value 518 kJ/kg.d for 
this monkey, measured by Cutler (1984). 

Third, the size of living organisms 
varies from 10−6 m to ~ 10 m and the life 
span from 103 s to  ~100 years. This 

shows, that living organisms are into the 
field of classical physics with respect to 
their size and life span. According to the 
concept of classical physics, the basal 
metabolic rate is the work (or energy), 
spent from living organism per unit time 
i.e. the basal metabolic rate have the di-
mension of 'power': 

Pmet (J/s) = Work/Time = Power = 
(Force × Displacement)/Time or 

Pmet (J/s) = Pls/Tls = (F×Rch)/Tls,  

where F is the force, Rch =V/S (volume/ 
surface) ratio of the living organism. 

According to the classical mechanics, 
the total metabolic energy per life span 
(Pls, kJ) can be expressed as a product of 
the “power” (Pmet, kJ/s) and the life span 
(Tls, s) or as a product of conventional 
“metabolic force” (Fmet, N) and given 
conventional 'displacement' equal to 
characteristics length (Rch, m):   Pls = 
Pmet×Tls = Fmet×Rch.  Since the basal 
metabolic rate is connected with body 
volume/surface ratio (Metzler, 1980), the 
characteristic length can be presented as: 
Rch =V/S (m), where V is the body vol-
ume, S is the body surface of organism. 
From the relationship: Pmet×Tls= Fmet×Rch 
= Als×M, the conventional “metabolic 
force” acting across body mass (volume) 
of organism was:  

Fmet = (Als×M)/Rch, (N)                         (6)   

The basal metabolic rate expressed 
trough conventional “metabolic force” 
was  Pmet= (Fmet×Rch)/Tls = Fmet×ach, 
where ach=Rch/Tls is the characteristics 
speed. The calculation for the character-
istics speed ach shows, that the character-
istics speed has relatively constant values 
for living organisms in the interval  
5×10−10 ÷ 2×10−11 m/s (Atanasov, 2006). 
For the basal metabolic rate as a function 
of  Rch we found:  
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Pmet= Fls×ach = (Als× ach×M)/Rch  (J/s)  (7) 

The conventional “metabolic force” 
Fmet and the gravitation force Fg acting on 
body mass M (in the gravitation field of 
the Earth) could be compared: 

1. The gravitation force is expressed 
as: Fg= M×g, where g=9.8 m/s2 is the 
acceleration of a body on the surface of 
the Earth.  

2. The conventional “metabolic for-
ce” is expressed as: Fmet = (Als×M)/Rch , 
where Als is the total metabolic energy 
per life span (per 1 kg body mass) play-
ing role of “metabolic potential”. M is 
the body mass of living organism and Rch 
is the characteristic (volume/surface) 
ratio of  orga-nism, which in this case 
play role of conventional “displacement”. 

3. The basal metabolic rate (power of 
metabolism) is expressed as: 

Pmet=(Als×ach×M)/Rch,  

where Als corresponds to the “metabolic 
potential” of living organism, ach is the 
characteristic speed ≈ 5×10−10 ÷ 2×10−11 
m/s, M is the body mass and Rch is the 
characteristic (volume/surface) ratio of 
living organism.  

For bacteria with body mass 
M=1.10−15 kg, Rch=0.083×10

−6 m (Metz-
ler, 1980),  Als=0.1×10

8 J/kg (Atanasov, 
2005b) for Tls=20 min, the calculated 
metabolic force is: Fmet=0.12 N and the 
calculated gravitation force is: Fg=M×g ≈ 
1.10−14 N. The ratio of the two forces is 
Fmet/Fg=1.2×10

13.  
For a mouse with body mass 

M=0.021 kg, Rch=2.7×10
−3 m (Metzler, 

1980), Als=5.42×10
8 J/kg for Tls=1.5 

years (Atanasov, 2005a), the calculated 
metabolic force is Fmet=4.2×10

9 N, and 
the calculated gravitation force is: 
Fg=M×g= 0.2 N. The ratio of the two 
forces is:  Fmet/Fg=2.1×10

10.  
For a man with body mass M=90 kg, 

Rch = 3.3×10
−2 m (Metzler, 1980), Als = 

30×108 J/kg for Tls=70 years (Atanasov, 
2005a) the calculated metabolic force is 
Fmet=8.1×10

12 N, and the calculated 
gravitation force is: Fg=M×g=882 N. The 
ratio of the two forces is  Fmet/Fg= 
9.2×109.  

Therefore, we can say that the com-
parison between the “metabolic force” 
and the gravitational force is possible, 
because the total metabolic energy per 
life span is linearly proportional to the 
body mass of living organisms. Possibly, 
the linear relationship between the total 
metabolic energy per life span and the 
body mass of animals appears a general 
allometric law in animal energetic, since 
it is valid for poikilotherms, mammals 
and aves (Atanasov, 2005a, b, c). 
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