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BODY SIZE AND METABOLISM
MAX KLEIBER'

INTRODUCTION
The statement that the basal metabolism of animals differing in

** is nearly proportional to their respective body surfaces, is called
'« surface law.

Benedict has shown that this law is already over ninety years old,
-liquet and Tillaye having formulated it quite clearly in 1839. The
story of the surface law is given in the paper-of Harris and Benedict
•' J). We may here only briefly mention the different ways in which
"as been found. The early writers derived the law from theoretical

^derations on a rather small experimental basis, as did Bergmann,
| » 1347 had already written a book on the subject. Respiration"is were carried out by Regnault and Reiset, and Rameaux based the
ace law on measurements of the amount of air respired per minute
wo thousand human beings of different sizes. Rubner (1883)' "onstrated the law in accurate respiration trials on dogs and Richet
covered it empirically on rabbits. The latter writes (p. 223):

« apres coup seulement que je me suis avise que la donnee surface
'Pius mtercssante que la donnde pads."

I -olhfiUSh Armsby' Fries> and Braman (1918, p. 55) found the surface
.fay • 6d t0 a rather sfcrikine deSree> this law is not at all so clear
E6 ** ? appeared to its earIy discoverers. Carman and Mitchell- . p. 380) state the situation very well: "In spite of the theoretical

Min? °f thC SUrface law> the computation of basal metabolism to
&tod -ihe b°dy surface scems at Present the most satisfactory
*** T abIe °f e^ualiz«ng experimental results for differences in
^^cT experimental animals."

**»ate in Animal Husbandry in the Experiment Station.
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the necessity of having a method which allows

The surface law offers such a common basis, but the theoretical weak
of this law is recognized.

It is obvious that the scientist should strive to overcome any t'
cal weakness; that purpose is one of the essential stimuli for «
But, also, if the law between body size and metabolism were or
sidered as a means for equalizing results and estimating food 1
ments, it would still be important to get rid of the theoretical weakix
of the method, because this weakness may mean a wrong app*"
also.

Harris and Benedict (1919) based their critique of the surf
upon the classical investigation of the Carnegie Nutrition Labora
on human metabolism. They separated the interspecific point of vii
from the intraspecific and came to the conclusion that within the hum
species there is no evidence of that law; DuBois (1927, p. 202) on »
contrary, on the basis of the same experiments, finds the law confin

The situation is therefore that the critique of the surface la>
on material within the human species has not given definite res
the question of the validity of that law. Benedict himself appi
the application of the surface law for comparisons between
Benedict and Ritzman (1927, p. 153) write: "The method of conii
is, however, justified on the basis of usage, provided a false signi
is not attached to it and that- a causal relation between body i
and heat production is not insisted upon."

In this paper the surface law, its theory and its application
cussed mainly from the interspecific point of view. It ma
as a working hypothesis that there is a general influence of body'£
on the metabolism, an influence upon which the other influences .
metabolism are superimposed. In order to study the general influent
of size, animals as different in size as possible should be chosen so thnl
this influence of size may predominate over the other influences.

EMPIRICAL RESULTS OF RECENT WORK ON MET..
The surface law is illustrated by Voit's table (Voit, 190

which has received wide publication (Krogh, 1916, p. 142; Lusk, 1928,
p. 123). From this table it follows that the basal metabolism of al!
animals is close to 1,000 Cals. per 24 hours per square meter of body
surface. Recent determinations, however, show considerable deviation
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TABLE 1

1 S t e e r
! S t e e r
3 C o w
4 M a n
fi W o m a n
C Sheep
7 Male dog
8 Female dog
0 H e n

10 Pigeon
11 M a l e i a t

! Female rat
13 Ring dove

Average Cats, per
weight, 24 lira,k i l o - p e r
grams animal

iT8y^^»Iv^T?^S"8?J»Sj'>'AV/i'

Formula
for

surface area

8,274 O. lOHlxH""
6,255 0.1081xH"'«
0.121 0.1081xH'»'»
1.632 71.84x H'° mx/>»4*
1,349 71.84xJV°'»x/>'»
1,219.0 0.124xH">4"

625 0.112x1V""
443 0.1l2x»'»/»
100 5.86x»"»x/.<"
30.8 0.0985xH™>
25.5 0.1136xH"/»
20.2 0.1136x11™
19.5 0.0985xIP/»

Average of all 13 groups, Calories:
Average of 9 groups (excluding ruminants). Calories:

V, Coefficient of variability,! 13 groups, per cent:
V, Coefficient of variability, 9 groups, per cent:
r, Coefficient of tendency,! 13 group*, por cent:
r. Coefficient of tendency, 9 groups, per cent:

Heat production in 24 hours in Calories per unit of:

Body surface (s(|.
meter)

per cent per cent per cent per cent per cent per cent per cent per cent per cent percent
± 3 3 . 7 ± 2 3 . 9 ± 1 4 . 3 ± 7 . 9 ± 7 . 6 ± 8 . 1 ± 1 0 0 ± 1 2 . 6 ± 2 1 . 5 ± 8 0 . 2
± 1 0 . 0 ± 1 0 . 9 ± 9 . 1 ± 5 . 0 ± 0 . 5 ± 8 . 2 ± 1 0 . 0 ± 1 2 . 1 ± 1 9 . 4 ± 6 1 . 9
-f- 0.215 + 0.103 -f 0.088 -f- 0.024 4- 0.002 - 0.031 - 0.042 - 0.004 - 0.132 - 0.606
+ 0.701 + 0.808 + 0.355 - 0.050 - 0.187 _ 0.328 - 0.450 - 0.603 - 1 003 - 3.270

• L - Body length. t 1' - Standard deviation in per cent of the mean. % r - Term explained on p. 320.
Sources of data:

w e f c t t ^ i n * • T ( M o u h o n f o r m u l a ) w a s u s e d , a n d t h e t f

&S5"«i 5S£ •' Harj'*ni,*7'f?&. V*1?}?'?7' 6B' and 07): Avor»K° ol J30 men »nd 103 women. "
Gro ,m ?■' •' 'Xl^tfL?! , ,,ih Vl ¥}a\AYnv' o{ Z determination* on 7 .hep lyiiw 18 to 60 hour. «ft«r food. 21* to US' C.
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a basal metabolism as low as 440 Cals. per 24 hours per squ
of body surface. Results of extensive work on basal metabolL
has been done in recent years in America are summarized in tableT

The main objection to using a table such as this is that basal metaL.
lism is not so well defined a term as might be desirable. As earl •
1888, Hoesslin stated that there was no minimum metabolism of defiV?*
m a g n i t u d e . . , t < ;

By observing certain rules, i.e., comparing animals under the sat
conditions, one may, however, obtain comparable results. The requir"
ments to be observed are summarized by DuBois (1927).

It is difficult to tell exactly what the same conditions are for different
animals: 24 hours after the last food, is for example, physiological) v
not the same for the steer as for the hen or the rat, also a certain environ*.
mental temperature may have a very different effect on a cow than on
a pigeon.

Although it cannot be claimed that the results in table 1 have been
obtained under the same conditions, there is nevertheless reason to
believe that the animals compared in this table have all been studied ir
an environmental temperature above the so-called critical temperature
so that the metabolism is practically independent of variations in
temperature. It must be admitted, however, that the question of the
critical temperature is not entirely settled. The data in table 1 were
obtained on mature individuals so that the influence of age should not
be important. This statement may indeed still be open to some criticism.
For example, it follows from a curve given by Benedict and Macleod
(1929, p. 381), showing the influence of age on the heat production of
female albino rats, that the rate of metabolism per square meter of
body surface increases in these animals with increasing age, namely
from 650 Cals. for rats of 8 months to 900 Cals. for rats which are
24 months old.2 These data were obtained at an environmental tem
perature of 28.9° C. There is further reason to assume that in all
cases summarized in table 1 the after-effect of food is excluded or at
least does not seriously affect the result.

Differences in the degree of motility may have an influence on the
figures of table 1 and may be partly responsible for the especially high
rates of metabolism in ruminants compared with the other animals.
The metabolism of the rats, for example, is taken only from the periods
in which the rats were quiet; periods of activity were excluded. The
influence of differences in motility cannot, however, change the general

o « ,%-wau««?F8 caIcu,ated the surface area according to the Meeh formula:0*sv.lWv* (p. 361).
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result; for Benedict and Ritzman (1927, p. 229) state that rarely more
than 15 per cent difference in metabolism was found for the maximum
difference in activity of their steers. The relatively low value of the
hen may be in connection with the fact that the determinations had
been made in darkness.

ugh comparison of the column giving Calories per unit of body
surface with the column giving Calories per unit of W on the one hand
and the column giving Calories per animal on the other may be taken
as a confirmation of the opinion of Lusk and of Armsby: By calculating
the rate of metabolism to the unit of body surface, one obtains much
closer results than by calculating it to either the unit of body weight

ho whole animal as a unit.
B coefficient of variability in the calculation of the metabolism
unit of body surface is ±34 per cent. Although this coefficient

w not even half of that resulting from the calculation to the unit of
body weight, it seems at first that with such a variability one must deny
the validity of the surface law as Benedict (1915, p. 277) has done.

A high coefficient of variability as such, however, is not sufficient
reason to refute a suggested law. If the same deviations from the mean
as those of the Calories per square meter in table 1 were so distributed
among the different groups that the averages of six groups of the larger

Is as well as the averages of six groups of the smaller animals would
i than, say, 14 per cent ( —-= J from the total average there

ie reason to expect that with a material of six hundred instead of
>ups on each side the difference of the means of each half from

we total average might be within ±1.4 per cent and that with increas
es number of groups the average metabolism per square meter of large
•nunals might be found more and more nearly the same as the corre-
ponding average of small animals. If the deviations were so distributed
?ere would be reason to expect that with increasing number of groups
J* surface law (the theory that the heat production per square meter of
UJjy surface is the same for large and small animals) could be proved

creasing accuracy and then the title of "law" would be justified
of the coefficient of variability of ±34 per cent.

re serious for the surface law than the high coefficient of varia-
* the fact that the metabolism per square meter in table 1 shows
•unced tendency to be increased with increasing size of the animal.
esults are grouped in two halves (omitting the middle group 7)

1 senting the larger and six the smaller animals the average heat
n per square meter of the large animals is 512 Cals. or 56
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H = heat passed (calories)
k = coefficient of thermal conductivity
0 = cross-section area of thermal conductor
L = length of thermal conductor
Mi — Ui = difference in temperature for the length L
t = time

This formula, originally derived for the flow of heat within a con
ductor may, as the application of the architect shows, be used for the
calculation of the heat transmission entirely through a conductor.

For application to the problem of body metabolism, the surface area
j animal would be taken as the cross-section area and the thickness

>ody covering as the length of the conductor.' body covering of an animal includes the hair, the air in the

^ ices between the hair, the skin, the subcutaneous fat, and perhapsional tissues (Benedict and Ritzman, 1927, p. 143; Benedict and
,1911, p. 35).

The thermoconductive thickness, i.e., the thickness representing a
certain average conductivity, of this cover is difficult to define. The
situation may be simplified by introducing the term specific insulation

i animal and defining it as:
Lr = —
k

= specific insulation (resistance against heat flow)
£ = the thermoconductive thickness of the cover
k = the average heat conductivity of the cover.

ie following formula can then be derived:

H X l l — U n

[heat flow per unit of surface per unit of time (in the follow-= -jing tables given as small calories per square centimeter
of body surface per day)

-w2 = the difference in temperature inside and outside the
covering, given in °C

= the specific insulation

eans here the part of the total heat loss of the animal which
through the skin. For an approximation, the total heat loss
substituted for H and the additional amount resulting from heat
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The results show that steers can adapt their specific insulation
onsiderably to the environmental temperature. In No. 4, where the
eer had been first at high and then at low temperature, the regulation
f the specific insulation was so pronounced that the animal had a
versed chemical regulation and produced less heat at low than at high

nvironmental temperature.
Substantially the same results may be calculated from data on sheep

ublished recently by Ritzman and Benedict (1931, p. 26, table 9).

TABLE 4
Specific Insulation of Sheep

No.
Temperature, °C //

Ot rOutside (in) Body (m) ui — u:

l

■ !

■ (

3.4
5.8

23.3

8.7
11.5
27.5

3.2
9.2

30.7

- 0 . 1
20.S

39.2
39.2
39.2

39.4
39.4
39.4

39.4
39.2
39.2

39.2
39.2

35.8
33.4
15.9

30.5
27.7
11.7

36.0
30 0
IS.5

39.3
18.4

129
131
153

109
112
117

131
154
172

121
120

0.277
0.255
0.104

0.280
0.247
0.100

0.275
0.195
0.049*

0.325
0.153

Two days before lambing

The reversed chemical temperature regulation occurs in three of
'"ir cases in these experiments with sheep.

A behavior opposite to that of the one steer and the three sheep,
llnely a strict action of the chemical temperature regulation in Rubner's
"se and even a reversed physical regulation may be calculated from
lt& on fasting experiments with eight female albino rats published
,,(,'Jtly by Horst, Mendel, and Benedict (1930, tables 4 and 5). The
''•illation is presented in table 5.

TABLE 5
- , S p e c i fi c I n s u l a t i o n o f R a t s

V of fast Activity
Temperature, °C 111

Ot T
Outside (ui) Bodyt (ui) ui — Ut

1*
1

7
7

* 22 k„—

15
16

28
10

16
26

16
26

37.5
37.5

37.5
37 5

21.5
11.5

21.5
11 5

126
66

123
50

0.171
0.174

0.175
0.230

calculated according to Meeh, 0 =9.1 W*».
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animals, shows as far as the respiration is concerned a certain uniformity
and gets its specificity only by means of the influence of the regulating
*&>'»«»" of the animal."

"e, Reinwein, and Singer (1925, p. 109) found some differences in
liration of tissues of different animals in vitro. The average

u consumption per gram of dry matter per minute is 0.2 cc for
mouse tissue and 0.119 cc for that of the ox. These authors state,
however, that this difference cannot explain the fact that in vivo one
gram of mouse body uses up per unit of time 33 times as much oxygen
as one gram of ox body.

The law of body size and mclabolism is therefore not a matter of the
,[±B"es, but a matter of the organism as a whole.

TABLE 6
Blood Volume and Body Weight

Sources of formulas
Body weight,

grains
( ID

jBlood quantity,
j in per cent ofbody weight

JUbbi t Average of 22 determinat ions, ! 670-3,250 0.632 F»"
table 1, p. 138

Guinea pig Average of 9 determinations, 215-825 0.1S9 TV1'*
table 16, p. 152

I Average of 19 determinations,
table 20. p. 154

11.9-29 .3 0 .149 W*"

urface Law and Composition of the Body.—Benedict has shown
15, p. 298) that the proportion of inert body fat and active proto-

Ptitmic tissue influences the metabolism. This influence may be as
effective as that of size within the human species. An influence of this

'"ijd cannot, however, be used as an explanation for the surface law if
toimals of considerably different size are compared. Thus Carman and

hell (1926, p. 3S0) have calculated that if a rat consisted entirely
tive protoplasm, then a man, with his lower metabolism per unit
right, should on that basis contain only 9.4 kg of active protoplasm.
tayer, Rayj ana- \yaiker (1910, p. 158) suggested that the blood

[m« of an animal was proportional to the surface area of that animal

*y<l that "the practice of expressing the blood volume as a percentagehe body weight is both erroneous and misleading." The results of
* last named investigators may be summarized in table 6.
Gillian 4 of table 6 shows that according to the formulas of Dreyer,
j a.ud Walker the blood volume is to be calculated by multiplying'3 power of the body weight by a factor which varies directly with
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Kleiber: Body Size and Metabolism

k. second group of vessels, represented by the capillaries, which
e termed the tissue vessels. Their size is independent of the size

Of the animal, but their number depends upon the amount of tissues and
therefore upon the size of the animal.

'3. The connecting-vessels, which connect the system of the individual
jsels with the capillary net work. The vessels of this group depend
size as well as in number upon the body size of the animal.
The amount of blood passing a cross section of the duct per unit of

time is, for laminar flow, according to Poisseuille10 proportional to the
difference in pressure at the end of a given part of that duct and inversely
proportional to the hemodynamic resistance. The hemodynamic
resistance is proportional to the length and inversely proportional to
the square of the cross section of the duct.

For the individual vessels, which may collectively be represented as
asingle vessel, the length is proportional to the Wl/3 and the cross section
proportional to TT2/3. The hemodynamic resistance of this system is

—e arterial blood pressure of animals is independent of the body size
erstedt, 1921, p. 209). This may be expected from Hoesslin's

point of view of the similarity of large and small animals, for it is a
technical rule that pipes of different width in which the wall thickness
is proportional to the diameter can stand the same pressure. (Hulte,
1925, vol. 1, p. 675.) If, however, in pursuance of this idea, it is assumed
that there is the same difference in blood pressure for corresponding
Parts of the individual vessels of large and small animals, then according
to Poisseuille's law the intensity of blood flow would be proportional
to the body weight instead of being proportional to the 73 power of this
term.

The same result is obtained for the tissue vessels if it is assumed that
the number of available capillaries is proportional to the amount of
"Ssue, and hence to the body weight, and that the average length and
*idth of each capillar}' are independent of the body size. It is difficult,

nr>t impossible, to verify this assumption. The number of open (but
1 The law of Poisseuille may be formulated as follows:

V = r-^-rAPXf where:StttjL
V = volume of liquid passing a certain part of the duct

i= cross section of duct= length of duct
AP = difference in pressure

time
3.14 . . .

• viscosity

R l

Ii '
If ; ;.H ' p .

11 1III
i l l '11 i
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rabbit fits better into Rubner's scheme of 1,000 Calories per square
meter, for it is then 917 Calories (Lusk, 1928, p. 124). In determining
the surface of the rabbit, it is therefore doubtful whether or not the
area of the ears belongs to that surface. This means a difference of 20
per cent, and it may be asked: What do we gain if we can develop a
method which allows us to determine the surface area to within few per
cent accuracy, if an amount of 20 per cent is in any way doubtful?
A physiological reason may be found for subtracting the area of the
rabbit ears from its total surface area, but what remains of the surface
law if corrections of this kind have to be made? What remains is in
accordance with the empirical result of table 1: A general influence of
body size on the metabolism which may be related to W" as well as
or even better than, to the actual surface.

It may therefore be concluded: Although no definite power function
of the body weight can as yet be given as the best unit to which the
metabolism of animals which differ in size may be calculated, there is

and because its strict application tends to obscure rather than to clear
up the knowledge of the influence of body size on metabolism. Any
unit of body weight from the % up to the % power is preferable to the
unit of body surface because a power function of the body weight is
so much better defined than the unit of body surface and because its
general application to all homoiotherms opens such a wide field from
the point of view of comparative physiology that even considerably
greater deviations from the mean by the use of Wn instead of the surface
would be outweighed.

The Intraspecific Application of the Interspecific Results.—The be
fitting unit of body size for comparing the metabolism of rat, man, and
steer has been found to be W3/4. Is there objection to using this unit
for comparisons within one species?

From a table on the metabolism of dogs given by Rubner (1928,
p. 164) it follows that the metabolism per square meter of body surface
is on the average somewhat higher in the smaller dogs than in the larger
ones. The coefficient of tendency, the term r (see p. 320), is in this
case —0.362 per cent of the mean.

From another table by Kunde and Steinhaus (1926, p. 128) giving
also results obtained on dogs by Rubner the contrary conclusion would
be drawn, namely a larger metabolism per square meter of body surface
in the larger dogs, the term r being 4-0.200. As Rubner calculated the
surface on the basis of Meeh's formula, the result is applicable also for
the % power of the weight.



*°» a msqoqopturJ??x\ °t^^ °>

•oq P|no.tt ,q3rajl
uoF,o,no[oa aS IT « -\ « ^*

WI'0+
uvo-
oeio+
9?0'0-

6E£0-
8LVQ-

.ser-o+
owo-
SOEO+
ESOO+
SOIO-
ssro-

i° Wao jsd u,3z?s A'poq
,no,I K Jad S[B.-.

W« .fpoq ;o

^ aiavx

«oo4,0[::;r:2-'.."p-'-^^j<
IV" ivsvg

JOjABOq 9q? )(
Ua-W iou a

w oq; uo 9Ja.u

njmwni q;i.u Posboj. 9pT I { W ^ "* '**«P osaqr ^^7

r ^U ' q0jH "fq U3AIS S9.tn5rj



r, pou,o,qo aJB ,aq, ,oq, „ sa^Ta™""^

'.ooTod In ,, L ' Pffl"00 8q' 3u!u™° J° o3o,uoaPB aqj .ao ,od j-go s, uomo.u JOj a,nSu Suipuodsoiaoa aq, faSo u, asoaaou,
.< uooa ,oj (.s,o0 9Z6) o3BJaAB J0d /gq;uo^!^°DU'

2"ta-d W r"bS * "°!,0npOJd ^ W. Po npuo o°q « ,! (021 d 6I6I) ,D,pauaa pUB s,JJBH sq ua.uS qdoi B ,„oij

rr,K, T D|qB' m°J^ P3A"3P W* qOID.» ff)?T d 30^ &«..-« -UP —»,- ,=,», .„ . „.,„„„, 038q „, mm 0] ĵj » 7̂-̂s?
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