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A n  approach  a ltern a tiv e  to the co n v en tio n a l reg ressio n  a n a lysis of 

tw o -d im en s io n a l d istr ib u tion  of m am m alian  body sizes  and m etab o lic  

rates is  proposed. It is h yp oth etized  th a t th e a c tu a l sp ec ies-sp ec if ic  

en ergy  bud gets f ill  th e  sp ace b etw een  p h ysio lo g ica l con stra in ts fu n c 
t io n a lly  rela ted  to body m ass. T he a llom etr ic  correlation  b etw een  

en erg y  budgets and body m ass is a  s id e  e ffe c t  o f  th is  pattern . A n  attem p t  

w a s m ad e to  id en tify  and  q u a n tify  th e re lev a n t co n stra in in g  fun ction s. 
T he fo llo w in g  a llom etr ic  regression s, b ased  on n um erous litera tu re  data, 
w ere com p uted : m in im u m  m eta b o lism  in  h ib ern ation  M min = 0 .2 4 6 X  

XIO 8 W8-878 ; m ax im u m  aerob ic m etab o lism  M m ax^O.lO l W085T; m a x 
im um  n o n -sh iv er in g  th erm ogen esis N ST rnax= 0.112 W°'05S; m axim u m  tota l 
h eat p rod uction  H P max= 0.168 W°-°’|J; m axim u m  rate o f  en erg y  a ss im 
ila tion  from  food A max= 0 .2 1 4  W0M1; a l l  m etab o lic  rates in  W att, 
b ody m ass (W) in  gram s. T h e th eo retica l sca lin g  p o w ers a re  2/3 (surface) 

and 1 (m ass). Thus, M min and M max seem  to b e lim ited  by processes  

d irectly  p rop ortional to  body m ass, w h erea s other co n stra in in g  fun ction s  

d ep en d  on su rface areas of m orp h olog ica l structures, e .g .  su rface area  

of th e  gu t in  the case o f  A max. T he f ie ld  en erg y  b ud gets o f m am m als  

flit w ith in  th ese  con stra in ts but c lo se ly  approach th e  lim it for AmaX. 
M an a v o id ed  th e p h y sio log ica l con stra in t o f in d iv id u a l en ergy  budget  

ex p lo it in g  en ergy  sou rces from  ou tside th e  a lim en ta ry  tract.

[D epartm ent o f E cosystem  S tu d ies, Ja g ie llo n ia n  U n iv ers ity , K arasia  6, 
30-060 K raków , P oland]

1. IN TR O D U C TIO N

B io e n e r g e t i c s  i s  a  d o m a i n  w e l l  s u i t e d  to  e x e r c i s e  t h e  s e a r c h  f o r  u n i 

v e r s a l ,  q u a n t i t a t i v e  l a w s  in  b io lo g y .  A  g o o d  e x a m p l e  o f  s u c h  a t t e m p t s  

is  t h e  a lm o s t  c e n t e n n ia l  d e b a t e  o n  t h e  f a c t o r s  a f f e c t i n g  t h e  r e l a t i o n  

b e t w e e n  b o d y  s iz e  a n d  m e ta b o l i c  r a t e  i n  a n im a l  ( R u b n e r ,  1883). S in c e  

t h e  c o n c e p t  o f  a l l o m e t r y  w a s  i n t r o d u c e d  ( B r o d y  &  P r o c t o r ,  1932; K le ib e r ,  

1 9 32 ), p o w e r  f u n c t i o n s  o f  t h e  f o r m :  ( w h e r e  M = m e t a b o l i c  r a t e

a n d  W  =  b o d y  m a s s )  a r e  n o t o r i o u s ly  b e in g  f i t t e d  t o  v a r i o u s  s e t s  o f  d a t a  

a n d  t h e  d e b a t e  c o n t i n u e s  a s  to  t h e  m e a n i n g  o f  n u m e r i c a l  v a lu e s  o f  t h e  

p a r a m e t e r s  a  a n d  b.

T h e  v a r i e t y  o f  e x p l a n a t o r y  m o d e l s  p r o p o s e d  i s  a m a z in g  (c / . f o r  

e x a m p l e :  M c M a h o n , 1 97 3; U l t s c h ,  1 97 3; A p p le  &  K o r o s ty s h e v s k iy ,  1980;

1 T h is  paper w a s p resen ted  a t  th e 4th P o lish  T h erio log ica l C onference, K arn iow ice,
23—26 M ay, 1988.
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G r a y ,  1 98 0 ; H e u s n e r ,  1 9 8 2 a , b ,  1 98 4; F e l d m a n  &  M c M a h o n , 1 98 3; F r a z i e r ,  

1 98 4 ; W ie s e r ,  1 9 84 ; s e e  a ls o  P e t e r s ,  1 98 3  a n d  S c h m id t - N ie l s e n ,  1984 

f o r  r e v ie w s ) .  T h e  i n d i v i d u a l  d e v ia t i o n s  f r o m  t h e  v a lu e s  p r e d i c t e d  ac 

c o r d in g  to  a  f o r m u l a  a r e  u s u a l l y  r e g a r d e d  a s  r a n d o m  e f f e c ts ,  u s u a l ly

e x p la i n e d  b y  s o m e  p e c u l i a r i t i e s  o f  a  g iv e n  o b j e c t  (P o c z o p k o ,  1971;

M ü l l e r  et dl. 1 97 3 ; H e n n e m a n  et a I. 1 98 3; t o  n a m e  j u s t  3 e x a m p le s ) .

R e c e n t ly ,  a  m o r e  r i g o r o u s  a p p r o a c h  a n d  a  m o r e  a d v a n c e d  s t a t i s t i c a l  

a n a ly s i s  h a v e  b e e n  a p p l i e d .  T h e  c u r v e s  a r e  s t i l l  b e in g  f i t t e d ,  b u t  th e  

a n a ly s i s  i s  n o t  f o c u s e d  s o  m u c h  o n  t h e  f u n c t i o n  p a r a m e t e r s  a s  r a t h e r  

u p o n  t h e  r e s i d u a l  v a r i a t i o n ,  w h ic h  c o u ld  e x p l a i n  s o m e  a d a p t i v e  s t r a t e g i e s  

o f  s p e c ie s  o r  t a x o n s  ( H a y s s e n  &  L a c y ,  1 9 8 5 ; E l g a r  &  H a r v e y ,  1987;

M c N a b , 1 986 , 1 9 8 8 ). T h e  a d v a n t a g e s  a n d  t h e  d r a w b a c k s  o f  s u c h  a p 

p r o a c h e s  h a v e  b e e n  r e p e a t e d l y  p o i n t e d  o u t  { H e u s n e r ,  1 9 8 2 a ; P e t e r s ,  1983; 

S c h m id t - N ie l s e n ,  1 98 4; P r o t h e r o ,  1 9 8 4 , 1 9 8 6 ; W ie s e r ,  1 98 4; M c N a b , 1988). 

A p a r t  f r o m  th e  t e c h n i c a l  d i f f i c u l t i e s  w i t h  s t a t i s t i c s  ( H a r v e y  &  M a ce , 

1 98 2; S e i m  &  S a e t h e r ,  1 9 8 3 ; S m i t h ,  1984; W e in e r ,  1 9 8 5 ; P r o t h e r o ,  1986; 

M c N a b , 1 9 8 8 ), tw o  p r o b le m s  s h o u ld  b e  m e n t io n e d :

F i r s t l y ,  i n  t h e  l a c k  o f  d a t a  c o n c e r n in g  th e  w h o l e  l o n g - t e r m  e n e r g y  

b u d g e t s  o f  f r e e - l i v i n g  a n im a ls ,  t h e  s t u d i e s  c o n c e n t r a t e  u p o n  s o m e  m o r e  

o r  l e s s  a r t i f i c i a l  b i o e n e r g e t i c a l  i n d ic e s ,  f i r s t  o f  a l l  t h e  b a s a l  ( s t a n d a r d )  

m e ta b o l i c  r a t e s  (B M R , S M R ). O n  th e  o t h e r  h a n d ,  h o w e v e r ,  t h e  d i s c u s s io n  

c o n c e r n s  t h e  e c o lo g ic a l  a n d  e v o l u t i o n a r y  p r o b le m s  p e r t a i n i n g  to  n a t u r a l  

s i t u a t i o n s  o f  a n im a l s  s tu d i e d ,  e.g. a d a p t a t i o n s  to  c e r t a i n  c l im a te s ,  h a b i t a t s  

o r  f o o d  h a b i t s  ( H a r t ,  1962 , 1 9 7 1 ; M c N a b , 198Q, 1 9 8 6), T h i s  a p p r o a c h  

r e l i e s  u p o n  a n  e x p l i c i t  o r  i m p l i c i t  a s s u m p t io n  t h a t  t h e  b io e n e r g e t i c a l  

i n d e x  u n d e r  s t u d y  a t  l e a s t  r o u g h l y  s c a le s  to  t h e  t o t a l  e n e r g y  e x p e n d i t u r e  

in  t h e  f ie ld .  B a s e d  o n  r e a s o n a b le  t h e o r e t i c a l  c o n s id e r a t io n s ,  t h i s  s u p p o s i 

t io n  s t i l l  l a c k s  g o o d  e m p i r i c a l  e v id e n c e .  I n d e e d ,  c e r t a i n  s t u d i e s  s e e m  to  

c a s t  s o m e  d o u b t  o n  t h e  v a l i d i t y  o f  t h i s  f u n d a m e n t a l  a s s u m p t io n  ( P a d le y ,  

1 9 85 ; K o t e ja ,  1 98 7).

S e c o n d ly ,  e v e n  i f  t h e  a b o v e  a s s u m p t io n s  w e r e  a l lo w e d ,  o n e  s h o u ld  n o t  

ig n o r e  t h e  a b s o lu t e  v a lu e  o f  t h e  e x t e n t  o f  r e s i d u a l  v a r i a t i o n  (M c N a b , 

1 9 88 ). W h e n  k e e p in g  i n  m in d  t h e  b io lo g ic a l  m e a n i n g  o f  t h e  d i f f e r e n c e  

i n  b o d y  s iz e  o r  i n  m e ta b o l i c  r a t e  b y  o n e  o r d e r  o f  m a g n i tu d e ,  o n e  c a n n o t  

t r e a t  s u c h  a  v a r i a t i o n  a s  a  “ r a n d o m  n o i s e ” , w h i c h  m e r e l y  s c a t t e r s  t h e  

v a r i a t e s  a r o u n d  a n  i m a g i n a r y  l in e  d e t e r m i n e d  b y  t h e  s u p p o s e d  s t r o n g ,  

f u n c t i o n a l  r e l a t i o n s h ip .

G iv in g  u p  t h e  c o n v e n t i o n a l  r e g r e s s i o n  a n a ly s i s  o n e  c a n  s e t  t h e  p r o b le m  

in  q u i t e  a n o t h e r  w a y .  L e t  u s  a s s u m e  t h a t  t h e  a c t u a l  s p e c ie s - s p e c i f ic  

e n e r g y  b u d g e t s  r a n d o m l y  f i l l  a  s p a c e  b e t w e e n  th e  c o n s t r a in t s ,  w h ic h  

a r e  t h e  s t r i c t l y  d e t e r m i n e d  f u n c t i o n s  o f  t h e  b o d y  w e i g h t .  I f  i t  w e r e  so , 

t h e n  o n e  c o u ld  a ls o  e x p e c t  a  c o r r e l a t i o n  b e t w e e n  th e s e  b u d g e t s  a n d  b o d y
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m a s s ,  b u t  t h e  p a r a m e t e r s  o f a  r e g r e s s io n  f i t t e d  to  t h i s  s c a t t e r  w o u l d  

b e  b io lo g ic a l ly  m e a n in g le s s .  I n s t e a d ,  a n  i d e n t i f i c a t i o n  a n d  q u a n t i t a t i v e  

a s s e s s m e n t  o f  t h e  c o n s t r a in i n g  f u n c t i o n s  m a y  b e  m o r e  p r o d u c t iv e .

2. THE D IST R IB U T IO N  OF BO D Y  SIZ E S A N D  M ETABO LIC RA TES

T h e  t w o - d im e n s io n a l  a r r a y  d e t e r m i n e d  b y  t h e  a x e s  o f b o d y  s iz e s  a n d  

e n e r g y  b u d g e t s  is  o n ly  a n  e x t r a c t  o f  a  m u l t i d i m e n s i o n a l  a d a p t a t i v e  s p a c e ,  

w i t h i n  w h ic h  th e  n a t u r a l  s e le c t io n  o p e r a t e s .  V a r io u s  e v o l u t i o n a r y  s t r a t 

e g ie s  m a y  p u t  a n  o r g a n i s m  i n t o  a  c e r t a i n  p o s i t i o n  w i t h i n  t h i s  s p a c e . 

M a c A r t h u r  &  W ils o n  (1 96 7) h a v e  d i s t i n g u i s h e d  t h e  w e l l - k n o w n  r  a n d  

K  a x i s  w h ic h  c o n c e r n  t h e  e v o l u t i o n a r y  s t r a t e g i e s  r e l a t e d  t o  b o d y  s iz e . 

S z a r s k i  (1 98 3) p r o p o s e d  a n o t h e r  a x i s  e x t e n d e d  b e t w e e n  t h e  e x t r e m e s  o f  

t h e  “ f r u g a l ”  (P) a n d  “w a s t e f u l ” (W ) e f f i c i e n c y  o f  r e s o u r c e  u s e .  M o re  

r e c e n t l y ,  G n a i g e r  (1 9 8 7 ) i n d e p e n d e n t l y  d e v e lo p e d  a  s im i l a r  c o n c e p t ,  

m a t h e m a t i c a l l y  r i g o r o u s  a n d  d i r e c t l y  a p p l i c a b l e  to  b io e n e r g e t i c s .  H e  

d e f i n e d  t h e  e v o l u t i o n a r y  s t r a t e g i e s  o f “p o w e r ”  (P )  a n d  “e c o n o m y ” (P ).

O b v io u s ly ,  t h e  e v o l u t i o n a r y  s t r a t e g i e s  o f  b o t h  a x e s  c o r r e l a t e  w i th  

m a n y  m o r e  p a r a m e t e r s  t h a n  m e ta b o l i c  r a t e  a n d  b o d y  m a s s ,  t h e y  a r e  

a ls o  m o s t  p r o b a b l y  c o n n e c t e d  w i t h  e a c h  o t h e r .  A t  a n y  r a t e ,  i t  r e m a in s  

t r u e  t h a t  tw o  in d iv i d u a l s  o f  t h e  s a m e  s iz e  ( e q u a l ly  p o s i t i o n e d  o n  t h e

o  i n  •
5  Unicells

<v Homeotherms

Poikilotherms

j _________ i_________ i i _________ i  | . i  , ,  i

1er12 irf ° 1a8 io B io'4 1er2 1 102 io4

Body mass (g)

Fig. 1. A pp rox im ate, com p uter sim u la ted  d istr ib u tion s of m etab o lic  rates o f an im als  

(double logarth m ic scale). B ased  on regression  eq u ation s and sta tis tic s  of R obinson
e t  a l .  (1985).
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r— K  a x is )  m a y  e m p lo y  m o r e  o r  l e s s  p o w e r  (“w a s t e f u l ” o r  “f r u g a l ” b io -  

e n e r g e t i c  a d a p ta t i o n s ) ,  a s  w e l l  a s  tw o  i n d iv i d u a l s  o f  t h e  s a m e  e n e r g y  

b u d g e t s  m a y  b e  m o r e  r  o r  m o r e  K  s t r a t e g i s t s .  T h e  p u r s u i t  o f  a  g iv e n  

s t r a t e g y  c a n n o t  c o n t i n u e  i n f i n i t e l y :  v a r i o u s  p h y s ic a l  a n d  p h y s io lo g ic a l  

c o n s t r a in t s  d e t e r m i n e  t h e  s p a c e  a v a i l a b l e  f o r  o r g a n i s m s  o f  p a r t i c u l a r  

s t r u c t u r a l  a n d  f u n c t i o n a l  p r o p e r t i e s .

T h e  e m p i r i c a l  d i s t r i b u t i o n  o f  a n im a l  s p e c ie s  w i t h in  t h e  t w o - d im e n 

s io n a l  s p a c e  o f  m e t a b o l i c  r a t e s  a n d  b o d y  s iz e s  i s  t h r e e - m o d a l  (H e m -  

m in g s e n ,  1 96 0; P h i l l i p s o n ,  1 9 8 1 ; R o b in s o n  et al., 1 982): o n e  c l u s t e r  is  

c o m p o s e d  o f  u n i c e l l u l a r  o r g a n i s m s ,  t h e  o t h e r  o f  m u l t i c e l l u l a r  e c to th e r m s ,  

a n d  th e  t h i r d  —  o f  b i r d s  a n d  m a m m a l s  (F ig . 1). W i th in  e a c h  g r o u p ,  th e  

tw o  v a r i a b l e s  c o r r e l a t e :  l a r g e r  a n im a l s  t e n d  to  b e  e n e r g e t i c a l l y  m o re  

“e c o n o m ic a l”  (“f r u g a l ” ) t h a n  t h e  s m a l l  o n e s . T h e  t h r e e  g r o u p s  d i f f e r  i n  

t h e  r e l a t i v e  m e ta b o l i c  l e v e l  b y  a n  o r d e r  o f  m a g n i tu d e  (F ig .  1). A p 

p a r e n t l y ,  v a r i o u s  s e t s  o f  c o n s t r a i n t s  d e t e r m i n e  t h e  s p a c e  o c c u p ie d  b y  

t h e  t h r e e  g r o u p s .  T h e  e v o l u t i o n a r y  s t r a t e g y  t o w a r d s  l a r g e r  s iz e  a n d  h i g h 

e r  p o w e r  (K  a n d  P  s e le c t io n )  i n  u n i c e l l s  e n c o u n te r s  a n  u n s u r m o u n t -  

a b le  o b s ta c le :  t h e  l i m i t e d  d i f f u s io n  r a t e ,  b e c a u s e  t h e  r e l a t i v e  s u r f a c e  

o f  a  c e ll  d e c r e a s e s  w i t h  i n c r e a s i n g  v o lu m e .  T h e  s t r u c t u r a l  c h a n g e  t h a t  

e n a b le d  a n  i n c r e a s e  o f  t h e  b o d y  s iz e  a s  w e l l  a s  o f  m e t a b o l i c  p o w e r  

c o n s is t e d  i n  t h e  a p p o r t i o n  o f  t h e  b o d y  in to  m a n y  c e l l s  a n d  t h e  d e 

v e lo p m e n t  o f  s p e c i a l i z e d  t i s s u e s  ( P h i l l ip s o n ,  1981).

E v e n  g r e a t e r  m e ta b o l i c  p o w e r  c o u ld  h a v e  b e e n  a t t a i n e d  o n l y  a f t e r  

d e v e lo p in g  a  s t a b l e  a n d  d a n g e r o u s l y  h ig h  b o d y  t e m p e r a t u r e  ( e n d o t h e r m y ) ,  

a  c o m m o n  c h a r a c t e r i s t i c s  o f  b i r d s  a n d  m a m m a ls ,  w h i c h  c o n s t i t u t e  t h e  

t h i r d  c lu s t e r  (F ig . 1). A  s u r v e y  o f  t h e  f a c t o r s  c o n s t r a in i n g  e n e r g y  b u d g e t s  

o f  m a m m a l s  is  t h e  a im  o f  t h i s  s tu d y .  T h e  p o i n t  o f i n t e r e s t  i s  t h e  q u a n 

t i t a t i v e  a s s e s s m e n t  o f  t h e  l i m i t s  s e t  to  e n e r g y  b u d g e t s  r a t h e r  t h a n  t h e  

e x p la n a t i o n  o f  t h e  u n d e r l y i n g  p h y s io lo g ic a l  m e c h a n is m s .

I n  t h e  v i e w  o f  t h e  p a t t e r n  o u t l i n e d  a b o v e ,  t h e  b i v a r i a t e  a r r a y  o f  

n a t u r a l l y  v a r i a b l e  e n e r g y  b u d g e t s  (o r  S M R ’s) a n d  b o d y  w e i g h t s  is  

u n s u i t a b l e  to  a  s t a n d a r d  r e g r e s s i o n  a n a ly s i s ,  f o r  i t  r e p r e s e n t s  a  lo o se  

a s s o c ia t io n  ( c o r r e l a t i o n )  r a t h e r  t h a n  a  f u n c t i o n a l  r e l a t i o n s h i p  ( H a r v e y  

&  M a c e , 1982; W e in e r ,  1 9 85 ). O n  th e  o t h e r  h a n d ,  i t  i s  a priori p o s t u l a t e d  

h e r e  t h a t  t h e  p h y s io lo g ic a l  c o n s t r a i n t s  to  e n e r g y  b u d g e t s  a r e  f u n c t i o n a l l y  

r e l a t e d  to  b o d y  s iz e . A s s u m in g  f u r t h e r  t h a t  s o m e  m o r p h o lo g ic a l  s t r u c 

t u r e s  m a y  b e  r e s p o n s ib le  f o r  t h e s e  r e l a t i o n s h ip s ,  t h e  u s e  o f  a l l o m e t r i c  

r e g r e s s i o n s  s e e m s  a p p r o p r i a t e .  A l l  s u b s e q u e n t  e q u a t i o n s  h a v e  b e e n  f i t t e d  

b y  l e a s t - s q u a r e s  l i n e a r  r e g r e s s i o n s  i n  d o u b le  l o g a r i t h m ic  t r a n s f o r m a t i o n ,  

a c c o r d in g  to  Z a r  (1 9 7 4 ). T h e  p a u c i t y  o f  d a t a  p r e v e n t s  a n y  d e e p e r  i n s i g h t  

i n to  t h e  i n f l u e n c e  o f  t a x o n o m y ,  l i f e  h i s t o r y ,  o r  s e a s o n a l  a c c l im a t i o n  o n  

t h e  f u n c t i o n s  s tu d i e d .  O n  t h e  o t h e r  h a n d ,  t h e r e  a r e  n o  g r o u n d s  to  a s -
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s u m e  a priori t h a t  d a t a  s h o u ld  b e  s e g r e g a t e d  a c c o r d in g  to  t h e  s u p p o s e d  

e f f e c t s  o f  t h a t  k i n d ;  q u i t e  o n  t h e  c o n t r a r y ,  i t  h a s  b e e n  s h o w n  t h a t  

e x t r e m e  m e ta b o l i c  r a t e s  o f  m a r s u p i a l s  d o  n o t  d i f f e r  f r o m  t h o s e  o f  

e u t h e r i a n s  ( B a u d i n e t t e  e t  a l . ,  1 97 6; D a w s o n  &  D a w s o n ,  1 9 82 ). W ith ' a  

f e w  e x c e p t io n s ,  m o s t  o f  t h e  d a t a  u s e d  h e r e  c o n c e r n  w i l d  m a m m a ls .

3. EX TR EM E LEVELS OF M A M M A L IA N  EN ER G Y  BU D G E TS

A  s c r u t i n y  o f  t h e  a c tu a l  d i s t r i b u t i o n  o f  m a m m a l i a n  e n e r g y  b u d g e t s  

c o u ld  h e l p  i n  o u t l i n in g  t h e i r  l im i t s  a n d  i d e n t i f y i n g  th e  c o n s t r a i n i n g  

f a c t o r s  i n v o lv e d .  U n f o r t u n a t e l y ,  t h e  m e a s u r e m e n t s  o f  c o m p le te  e n e r g y  

b u d g e t s  i n  n a t u r a l  c o n d i t io n s ,  f o r  a  r e p r e s e n t a t i v e  s a m p l e  o f  m o r e  t h a n  

4 0 0 0  e x t a n t  s p e c i e s  o f  m a m m a l s  h a v e  n o t  y e t  b e e n  c o m p le te d .  W e  w i l l  

l a t e r  r e t u r n  to  t h e  l im i t e d  s e t  o f  s u c h  e s t i m a t e s  a v a i l a b l e  so  f a r .

H o w e v e r ,  k e e p in g  in  m in d  t h e  r e s t r i c t i o n s  m e n t io n e d  a b o v e ,  o n e  c a n  

d r a w  s o m e  c o n c lu s io n s  e x a m i n in g  t h e  p a t t e r n  o f  d i s t r i b u t i o n  o f  s t a n d a r d  

m e ta b o l i c  r a t e s .  ( F o r  t h e  s a k e  o f  s im p l i c i t y  a l l  d a t a  o r ig i n a l l y  r e p o r t e d  

a s  " b a s a l " ,  “s t a n d a r d ” o r  “r e s t i n g ” m e ta b o l i c  r a t e s  a t  t h e r m o n e u t r a l i t y  

a n d  i n  p o s t a b s o r p t i v e  s t a t e  a r e  p o o le d  t o g e t h e r  a n d  u n i f o r m l y  c a l l e d  

“S M R " ) . S o m e  s i x  h u n d r e d  s u c h  m e a s u r e m e n t s  f o r  a s  m a n y  a s  a b o u t  4 5 0  

s p e c ie s  o f  m a m m a l s  h a v e  b e e n  p u b l i s h e d  s o  f a r .  T h e  s a m p l e  is  s l i g h t l y  

b i a s e d  d u e  to  t h e  n o to r io u s  i n c l in a t io n  o f  r e s e a r c h e r s  to  s t u d y  t h e  r a r e

100
CJ
a

.5  10
o  
-Q
a
a  1 

£
TJ

- g  0,1
c  
o

(/)

10 100g 1 10 100 1000 kg

Body mass

Fig. 2. B iv ar ia te  d istr ib u tion  o f m am m alian  specitro accord in g  to th e ir  standard  

m eta b o lic  rates (W att) and body m asses (g, kg). D ata co llec ted  from  num erous
sou rces (W einer, unpubl.).
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s p e c ie s  o f  e x o t i c  t a x o n s  r a t h e r  t h a n  t h e  c o m m o n  o n e s . W h e n  p lo t t in g  

t h e  s t a n d a r d  m e t a b o l i c  r a t e s  a g a i n s t  b o d y  w e i g h t  o n  a  d o u b le  lo g a r i th m ic  

s c a le ,  a  f o l l o w in g  p a t t e r n  e m e r g e s  (F ig . 2): t h e  s p a n  o f  b o d y  w e ig h ts  

c o v e r s  6 o r d e r s  o f  m a g n i tu d e ,  w i t h  t h e  s m a l l e s t  a n d  l a r g e s t  m a m m a ls  

d i f f e r i n g  b y  a b o u t  o n e  m i l l i o n  t im e s ,  f r o m  s e v e r a l  g r a m s  to  t h o u s a n d s  

o f k i lo g r a m s .  T h e  e x t e n t  o f  s t a n d a r d  m e t a b o l i c  r a t e s  is  s m a l l e r  —  a b o u t  

4 o r d e r s  o f  m a g n i tu d e ,  f r o m  le s s  t h a n  o n e  to  s e v e r a l  h u n d r e d s  W a t t  p e r  

a n im a l .  M e ta b o l ic  r a t e s  a r e  c l e a r l y  c o r r e l a t e d  w i t h  b o d y  m a s s ,  b u t  th e  

v a r i a t i o n  is  im m e n s e :  o v e r  t h e  w h o le  s p a n  o f  b o d y  s iz e s ,  t h e  v a r i a t i o n  

o f  E M R ’s  a p p r o a c h e s  o n e  o r d e r  o f  m a g n i tu d e ,  i.e. t h e  a n im a l s  o f  th e  

s a m e  b o d y  s iz e  m a y  d i f f e r  10 t im e s  i n  t h e i r  S M R ’s. E v e n  m o r e  s t r i k in g  

is  t h e  v a r i a t i o n  o f  b o d y  s iz e s  vs. m e t a b o l i c  r a t e s :  t h e  s a m e  le v e l  o f  S M R  

m a y  c h a r a c t e r i z e  s o m e  s p e c ie s  o f  m a m m a ls  d i f f e r i n g  i n  s iz e  b y  t h e  f a c to r  

o f  20  o r  3 0 . S u c h  d i f f e r e n c e s  m a y  h a r d l y  b e  a t t r i b u t e d  to  t h e  i n a c c u r a c y  

o f  m e a s u r e m e n t s  o r  to  v a r i o u s  e x p e r i m e n t a l  p r o c e d u r e s .  A  p o w e r  f u n c t i o n  

w i t h  t h e  e x p o n e n t  o f  0 .7 5  (3 /4 ) f i t s  q u i t e  w e l l  i n to  t h e  w h o le  s e t  o f  d a ta ,  

b u t  o n e  c a n  a ls o  s e e  t h a t  a  s t r a i g h t  l in e  r e p r e s e n t i n g  s im p le  p o w e r  f u n c t i o n  

in  a  lo g '/lo g  t r a n s f o r m a t i o n  i s  n o t  n e c e s s a r i l y  a  g o o d  m o d e l  f o r  t h i s  

p e c u l i a r  d i s t r i b u t i o n  (F ig . 2). T h e  l in e s  o f  t h e  b e s t  f i t  c o m p u t e d  b y  

v a r i o u s  a u t h o r s  f o r  s i m i l a r  s e t s  o f  d a t a  d i f f e r  s l i g h t l y  i n  t h e i r  p a r a m e t e r s  

a n d  a c c o u n t  f o r  t h e  v a r i a t i o n  o f  S M R ’s  i n  75%  ( H a y s s e n  &  L a c y ,  1985), 

80%  ( E lg a r  &  H a r v e y ,  1987) a n d  78%  (M c N a b , 1 988).

A  s e t  o f  f ie ld  m e t a b o l i c  r a t e s  m a y  h a v e  a  s i m i l a r l y  e x t e n d e d  d i s t r i b u 

t io n ,  a l t h o u g h  i t s  a c tu a l  s h a p e  a n d  c o o r d i n a t e s  a r e  u n k n o w n .  T o  d e t e r 

m in e  i t s  p o s s ib le  b o r d e r l i n e s  o n e  s h o u ld  f i t  e m p i r i c a l  e q u a t i o n s  to  t h e  

e x t r e m e  v a lu e s  o f  m a m m a l i a n  e n e r g y  b u d g e t s  a s  f u n c t i o n s  o f  t h e  b o d y  

m a s s .  S u c h  d a t a  a r e  a v a i l a b l e  f o r  m u c h  s m a l l e r  s e t s  o f m a m m a l i a n  s p e c ie s  

t h a n  th e s e  f o r  S M R ’s. M o r e o v e r ,  e a c h  c o l l e c t i o n  o f  d a t a  c o n c e r n i n g  a  

p a r t i c u l a r  m e ta b o l i c  l e v e l  c o n ta in s  a  d i f f e r e n t  s e le c t i o n  o f  s p e c ie s ,  f a r  

f r o m  b e in g  r e p r e s e n t a t i v e  f o r  a n y  g r o u p  o f m a m m a ls .  N e v e r th e l e s s ,  

t h e y  m a y  w e l l  b e  o f  u s e  i n  a n  a t t e m p t  t o  o u t l i n e  t h e  a p p r o x i m a t e  

s p a c e  a v a i l a b l e  f o r  m a m m a l i a n  e n e r g y  b u d g e t s .

3,1. E nergy B u d g ets  at M inim um

I t  h a s  b e e n  s u g g e s t e d  t h a t  S M R  m a y  b e  u s e d  f o r  c o m p a r i s o n s  a s  a  

lo w e r  l i m i t  o f  e n e r g y  m e ta b o l i s m  o f  a  m a m m a l  ( P o c z o p k o ,  1 9 71 ; T a y l o r ,  

1982). T h i s  v i e w  h a s  b e e n  s t r o n g l y  c r i t i c i z e d  b e c a u s e  t h e  s t a n d a r d  l a 

b o r a t o r y  c o n d i t io n s  a t  w h i c h  S M R  is  to  b e  m e a s u r e d  d o  n o t  r e s e m b le  

a n y  n a t u r a l  s i t u a t i o n  o f  a  m a m m a l .  M o r e o v e r ,  i n  n a t u r a l  c o n d i t io n s  

m a m m a l s  c a n  s p o n t a n e o u s l y  a n d  r e v e r t i b l y  r e d u c e  t h e i r  m e ta b o l i c  r a t e  

f a r  b e lo w  th e  S M R , e v e n  f o r  p r o lo n g e d  p e r i o d s  o f  t i m e  ( w h e n  a s le e p ,
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to r p id ,  e s t i v a t i n g ,  o r  h i b e r n a t i n g ;  S w a n ,  1 9 7 4 ; S e h m id t - N ie l s e n ,  1 984). 

V a r io u s  k in d s  o f c o n t r o l l e d  h y p o t h e r m y  a r e  e m p lo y e d  b y  q u i t e  a  l a r g e  

f r a c t i o n  o f  m a m m a l i a n  s p e c ie s  w h ic h  e c o n o m iz e  o n  t h e i r  e n e r g y  e x 

p e n s e s  i n  t h i s  w a y .  O n e  c a n  a s s u m e  t h a t  i f  t h e  n a t u r a l  s e le c t i o n  w e r e  

to  f a v o u r  t h e  “f r u g a l ”  s t r a t e g y  (“E - s e l e c t i o n ” ; S z a r s k i ,  1983; G n a ig e r ,  

19 87), t h e n  t h e  s a f e  l o w e r  l im i t  o f  e n e r g y  b u d g e t  c a n  a p p r o a c h  t h a t  

a t t a i n e d  b y  d e e p  h i b e r n a t o r s  ( S w a n ,  1 974).

T o  e s t i m a t e  q u a n t i t a t i v e l y  w h e r e  t h i s  l o w e r  e x t r e m e  m i g h t  b e  s i t u a t e d ,  

t h e  d a t a  o n  o x y g e n  c o n s u m p t io n  o f  h i b e r n a t i n g  m a m m a l s  h a v e  b e e n  

g a t h e r e d  f r o m  l i t e r a t u r e  ( T a b le  1). O n ly  t h e  m e a s u r e m e n t s  t a k e n  a t  

p o s s ib ly  lo w  b o d y  t e m p e r a t u r e s ,  b u t  c lo s e  to  t h e  o n e s  p r e f e r r e d  i n  n a 

t u r e ,  w e r e  s e le c te d .  T h e y  f i t  w e l l  to  a n  a l l o m e t r i c  r e g r e s s io n  (F ig . 3):

M mln =  0.246 W«»™, r*=0.95 (1)

w h e r e  M min i s  m e ta b o l i c  r a t e  d u r i n g  d e e p  h i b e r n a t i o n  (m W ) a n d  W  

is  b o d y  m a s s  (g).

T able 1

M etabolic rates of m am m als during d eep  h ibern ation . A ll v a lu es  reca lcu lated  

in to W atts u sin g  th e fo llo w in g  eq u iv a len ts; 1 cm , O3= 2 0 .1  J; 1 ca l= 4 .1 8 4  J.

S p ecies B ody m ass H ib ern ation  

tem p era tu re  

fg) (°C)

M etabolic
rate

(W att)

R eferen ces

T a c h y g l o s s u s  acú leo  tus 2500 5.5 0.418 15
N yctalus n octu la 24 4.3 0.003 77
P i p i s t r e l l u s p ip istre llu s 7.4 4.3 0.001 77
M y a t i s  v e l i f e r 12.9 5 0.005 124
E r in a c e u s  e u r o p a e u s 600 5 0.037 142

H 600 6 0.052 77
390 6 0.045 77
320 6 0.031 77

M a rm o ta  j l a v i v e n t r i s 2500 5 0.251 30
M . m a r m o t a 2670 10 0.267 77

„ 2140 10 0.214 77
M. m a r m o t a  (juv.) 850 10 0.L 77
M. m a r m o t a  (juv.) 800 10 0.093 77
C r i c e tu s  c r i c e tu s 305 6 0.051 77
C i t e l l u s  c ite llu s 275 7.8 0.027 77

165 6 0.015 77
C. ¡ateralis 200 5 0.02B 159

„ 200 5 0.033 40
C. u n d u la tu s 650 5 0.109 62
G l i s  g l i s 130 9.2 0.01 77

E l io m y s  q u e r c ín u s

100 8.7 0.008 77
89 5 0.014 77
72 6 0.012 77

M uscard inus a v e l l a n a r í a s 23 10.1 0.005 77
Z a p u s  h u d s o n iu s 26.5 5 0.007 103

20 5 0.004 103
Z ,  p rin ceps 28 5 0.004 16
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Pig. 3. R egressio n  o f m am m a lia n  m in im u m  m eta b o lic  rate d uring  h ibern ation  

(M m in; W att) to  body m a ss (W ; g). D ashed  lin es: 95°/» co n fid en ce  b e lts  of
regression .

M u c h  c o n f u s i o n  r e i g n s  i n  t h e  l i t e r a t u r e  a s  to  t h e  m e a n i n g  o f  t h e  

c o n c e p t  o f  m a x i m u m  m e t a b o l i c  r a t e  o f  a n im a ls .  E x t r e m e  l e v e l s  o f  t h e  

m e ta b o l i c  p o w e r  o u t p u t  m a y  b e  e x p e r i m e n t a l l y  i n d u c e d  i n  e n d o th e r m s  

b y  f o r c i n g  e i t h e r  i n t e n s e  t h e r m o r e g u l a t i o n  o r  m u s c u l a r  w o r k  ( T a y lo r ,  

1 9 82 ). I n  t h e  f i r s t  c a s e , h i g h  c o o l in g  r a t e s  a r e  r e q u i r e d ,  a n d  m a y  b e  

a c h ie v e d  b y  l o w e r i n g  c o n s i d e r a b l y  t h e  a i r  t e m p e r a t u r e  i n  e x p e r i m e n t a l  

c h a m b e r ,  o r  b y  s u b s t i t u t i n g  th e  m e d i u m  i n  w h i c h  t h e  a n im a l  is  s u b 

m e r g e d  w i t h  t h e  o n e  o f  a  m u c h  h i g h e r  t h e r m o c o n d u c t i v i t y :  h e l i u m -  

o x y g e n  a t m o s p h e r e  ( R o s e n m a n n  &  M o r r i s o n ,  1 9 7 4 ; C y g a n ,  1 98 5 ) o r  w a t e r  

(G ia ja ,  1 9 2 5 ). H ig h  m u s c u l a r  e f f o r t  i s  m o s t  c o m m o n ly  p r o v o k e d  b y  f o r 

c in g  a n im a l s  t o  r u n  o n  a  t r e a d m i l l  ( S e e h e r m a n  et  a ! .,  1 9 81 ). R e g a r d le s s  

o f t h e  m e t h o d  u s e d ,  t h e  v a r i a b l e  b e in g  a c t u a l l y  m e a s u r e d  m o s t  o f t e n

is  t h e  r a t e  o f  o x y g e n  c o n s u m p t io n .  T h u s ,  t h e  r e s u l t s  a r e  r e f e r r e d  to

“m a x i m a l  o x y g e n  c o n s u m p t io n "  ( L e c h n e r ,  1 9 7 8 ; P r o t h e r o ,  1 9 7 9 ; R o s e n 

m a n n  &  M o r r i s o n ,  1 97 4), “m a x i m u m  a e r o b ic  c a p a c i t y ” ( L a n g m a n  et al., 

1 9 81 ; S e e h e r m a n  et al., 1 9 8 1 ; H a y e s  &  C h a p p e l ,  1 986 ), “m a x i m a l  o x y g e n  

u p t a k e ”  ( P a s q u i s  et al., 1 9 7 0 ). T h i s  v a l u e  is  o f t e n  r e p o r t e d  i n  r e l a t i o n  

to  t h e  r e s t i n g  (“b a s a l ” o r  “s t a n d a r d ” ) m e t a b o l i c  r a t e  a s  a  “m e t a b o l i c

s c o p e ”  ( D a w s o n  &  D a w s o n ,  1 9 8 2).

3.2. S h o rt-term  M axim a of E nergy B u d gets
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E x t r e m e  m e t a b o l i c  r a t e s  d e v e lo p e d  b y  e n d o t h e r m s  d u r i n g  i n t e n s e  

t h e r m o r e g u l a t i o n ,  a ls o  m e a s u r e d  b y  o x y g e n  c o n s u m p t io n ,  a r e  o f t e n  d e 

f in e d  a s  “m a x i m u m  th e r m o g e n i c  c a p a c i t y ”  ( A b b o ts  &  W a n g ,  1980; 

W ic k le r ,  1 9 8 0 ), “m a x i m u m  c o ld - i n d u c e d  o x y g e n  c o n s u m p t io n "  ( H e ld m a ie r  

et al., 19 82 ) o r  “m a x i m u m  c o ld - in d u c e d  h e a t  p r o d u c t i o n ” ( W a n g ,  1 9 78 ). 

D a w s o n  &  D a w s o n  (1 9 8 2 ) a n d  H u l b e r t  e t  al. (1 9 8 5 ) u s e  t h e  t e r m  “s u m m i t  

m e ta b o l i c  r a t e ” , s y n o n y m o u s  to  “m a x i m a l  s u s t a i n a b l e  t h e r m o g e n i c  r e 

s p o n s e  to  c o ld ”  (D a w s o n  O ls o n ,  1 987), a ls o  i n d u c e d  b y  lo w  a m b i e n t  

t e m p e r a t u r e s  b u t  b e l i e v e d  to  r e p r e s e n t  a  m e t h o d - i n d e p e n d e n t  m a x i m u m  

r a t e  o f  o x y g e n  c o n s u m p t io n .  O n  t h e  o t h e r  h a n d ,  D a w s o n  &  C a r e y  (1 9 7 6 ) 

p r e f e r r e d  to  c a l l  a  s i m i l a r l y  o b t a i n e d  v a l u e  a  “p e a k  m e t a b o l i c  r a t e ” 

w h ic h  m e r e l y  “c lo s e ly  a p p r o a c h e s  t h e  s u m m i t  m e ta b o l i c  r a t e ”  a s  i t  w a s  

d e f in e d  b y  G i a j a  (1 9 2 5 ). S o m e  a u t h o r s  r e s e r v e  t h e  t e r m  “s u m m i t  m e 

t a b o l i s m ” f o r  a  p r o lo n g e d  c o ld - in d u c e d  h e a t  p r o d u c t i o n ,  a n d  “m a x i m u m  

m e t a b o l i s m "  f o r  m u s c u l a r  e f f o r t .

I n  e a r l i e r  w o r k s ,  b o t h  m e t h o d s  o f  i n d u c i n g  h ig h  m e ta b o l i c  l e v e l s  w e r e  

u s e d  i n t e r c h a n g e a b l y ,  a n d  t h e  r e s u l t s  w e r e  p o o le d  t o g e t h e r  i n  c o m p a r a 

t i v e  s t u d i e s  ( L e c h n e r ,  1 97 8; P r o t h e r o ,  1 9 7 9 ). L a t e r  o n  i t  b e c a m e  e v i d e n t  

t h a t  t h e  tw o  m e t h o d s  m a y  p r o d u c e  i n c o m p a t i b l e  r e s u l t s  ( S e e h e r m a n  

e t  a l . ,  1 9 81 ; C h a p p e l ,  1 9 8 4). H o w e v e r ,  u n t i l  r e c e n t l y  t h e s e  d i f f e r e n c e s  

w e r e  r e g a r d e d  m o s t l y  a s  t e c h n i c a l  d i f f i c u l t i e s  i n  o b t a i n in g  a  “ t r u e ” 

m a x i m u m  r a t e  o f  o x y g e n  c o n s u m p t io n  ( S e e h e r m a n  et al., 1 9 8 1 ; T a y l o r ,  

1 9 8 2 ), a l t h o u g h  c o n c e r n s  w e r e  a ls o  e x p r e s s e d  a s  to  p o s s ib le  s u b s t a n t i a l  

d i f f e r e n c e s  i n  p h y s io lo g ic a l  p r o c e s s e s  u n d e r l y i n g  t h e  i n c r e a s e  o f  m e t a b 

o l ic  r a t e s  f o r  t h e r m o r e g u l a t i o n  a n d  f o r  m e c h a n ic a l  w o r k  ( C h a p p e l ,  

1 9 84 ; H a y e s  &  C h a p p e l ,  1 9 8 6 ; T a y lo r ,  1 98 2; K o t e j a ,  1 9 8 6). A s  f a r  a s  

t h e  m a j o r  i n t e r e s t  i s  f o c u s e d  o n  t h e  m a x i m u m  r a t e  o f  o x y g e n  c o n s u m p 

t io n  per se ( W e ib e l  &  T a y lo r ,  1 98 1; S e e h e r m a n  et al., 1 98 1; T a y l o r ,  1 9 8 2 ), 

s u c h  d i s t i n c t io n  m a y  b e  s u p e r f lu o u s .  O n  th e  o t h e r  h a n d ,  w h e n  t h e  

m e t a b o l i c  r a t e  i s  c o n s id e r e d  in  t e r m s  o f  e n e r g y ,  a n d  w h e n  t h e  f a c t o r s  

c o n s t r a in i n g  t h e  m e ta b o l i c  p o w e r  o f  a n  a n im a l  a r e  d i s c u s s e d ,  t h e  c h o ic e  

o f t h e  e x p e r i m e n t a l  p r o c e d u r e  m a y  b e  c r u c i a l .  T h u s ,  t h e  d a t a  f o r  c o ld -  

in d u c e d  t h e r m o g e n e s i s  a n d  f o r  m u s c u l a r  w o r k  s h o u ld  b e  s e g r e g a t e d .

A n o t h e r  c o n f u s i o n  m a y  c o n c e r n  t h e  tw o  p a t h w a y s  o f  h e a t  p r o d u c t i o n  

i n  m a m m a ls :  s h iv e r in g  (S H ) a n d  n o n - s h i v e r i n g  t h e r m o g e n e s i s  (N S T ) . 

I n  t h i s  l a s t  p r o c e s s  t h e  h e a t  is  q u i c k l y  l i b e r a t e d  i n  a  p u r e l y  c h e m ic a l  

w a y  o f  “ u n c o u p l e d ” o x id a t io n ,  t a k i n g  p l a c e  f i r s t  o f  a l l  i n  t h e  m i t o 

c h o n d r i a  o f b r o w n  a d ip o s e  t i s s u e  ( H e ld m a ie r  e t  a l . ,  1 9 85 ). S in c e  N S T  

is  c o n t r o l l e d  b y  th e  s y m p a t h e t i c  n e r v o u s  s y s te m ,  i t  i s  r e l a t i v e l y  e a s y  

to  a c t i v a t e  i t  e x p e r i m e n t a l l y  b y  i n j e c t i o n  o f  n o r e p i n e p h r i n e  ( H e ld m a ie r ,  

19 7 1) a n d  to  m e a s u r e  i t s  m a x i m u m  r a t e .  S u c h  d a t a  h a v e  b e e n  e r r o n e o u s l y  

u s e d  a s  in d ic e s  o f  m a x i m u m  th e r m o g e n i c  m e ta b o l i c  r a t e s  ( P r o t h e r o ,  1 9 7 9).
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I n  f a c t ,  b o t h  m e ta b o l i c  p a t h w a y s  c o n t r i b u t e  to  t h e  t o t a l  h e a t  p r o d u c t i o n  

in  m a m m a ls ,  a n d  t h e i r  s u m  m a y  b e  tw ic e  a s  h i g h  a s  t h e  m a x i m u m  r a t e  

o f  t h e  N S T  a lo n e  ( B o c k le r  &  H e ld m a ie r ,  1 9 83 ).

A l l  t h e  a b o v e  m e a s u r e s  o f  h i g h  m e ta b o l i c  r a t e s  r e p r e s e n t  t h e  so  c a l l e d  

“s u s t a i n e d  m e a b o l i s m ” , w h i c h  i s  p u r e l y  a e r o b ic  a n d  m a y  l a s t  f o r  e x 

t e n d e d  p e r io d s  o f  t im e  ( a t  l e a s t  m in u t e s  o r  t e n s  o f  m i n u t e s  i n  t h e  c a s e  

o f  m u s c u l a r  w o r k ,  o r  a s  m u c h  a s  s e v e r a l  h o u r s  o f  i n t e n s e  t h e r m o r e g u l a 

t io n ) .  I n  s h o r t  b u r s t s  o f  i n t e n s e  m u s c u l a r  w o r k  t h i s  r a t e  m a y  b e  s u p 

p l e m e n t e d  in  m a m m a l s  w i t h  t h e  c o n t r i b u t i o n  o f  a n a e r o b ic  m e t a b o l i s m .  

T h is  c o m b in e d  p o w e r  o u t p u t  m a y  l a s t  f o r  s e c o n d s  o n ly  a n d  i s  d i f f i c u l t  

to  m e a s u r e ,  so  t h a t  t h e  d a t a  a r e  s c a r c e .  T a y lo r  (1 9 8 2 ) c a l l s  i t  “p e a k

T able 2
M axim u m  rate of n o n -sh iv er in g  th erm og en esis (NST). A ll v a lu es  

reca lcu lated  in to  W atts u s in g  th e fo llo w in g  eq u iv a len ts: 1 cm *02=  20,1 J;
1 ca l —  4.184 J. (S) —  su m m er; (W) —  w in ter; (H) — data in clu d ed  

in  H eld m a ier’s (1971) regression .
_ ,

S p ecies  B ody m ass N S T max  R eferen ces
_____________________(g)________(W att)_______________

E rinaceus e u r o p a e u s 733 7.16 71 (H)
S o r e x  v a g r a n t 5.4 0.4 147
M y o t i s  lu c i f u g u s 8.91 0.36 51

8.23 0.4 51
C a ilith n x  jacchus 282.0 20,2 129
C am s d o m e s t i c u s 9950 82.21 109 (H)
S p e r m o p h i l u s  r i c h a r d s o n i 400,0 18.87 ;
R e i t h r o d o n t o m y s  m e g a l o t i s 14.6 0.5 147
P e r o m y s c u s  l e u c o p u s  (S) 19.0 0.72 91
P e r o m y s e u s  l e u c o p u s  (W) 18.0 1.13 91
P e r o m y s c u s  m anicw lafus 21.1 0.64 147
C l e t h r i o n o m y s  g la r e o lu s 26.8 1.16 52 (H)
C l e t h r i o n o m y s  rutilus 147 1.17 25
M icrotus m o n ta n u s 30.1 0.94 147
P h o d o p u s  s u n g o r u s 37.5 0.97 52 <H)
M e s a c r i c e tu s  a u r a tu s 114.4 2,57 52 (H)
M e r io n e s  s h a m i 158.0 2.42 52 (H)
G l i s  g l i s 136.0 2.67 52 (H)
M u s  m u s c u lu s 33.4 1.29 52 (H)
R a t t u s  n o r v é g i e n s 300 4.96 57

it 301 3.53 88 (H)
rt 336 3.73 88 (H)
a 369 6.82 21 (H)
»» 378 5.38 72 (H)
» 100 1.94 2
S» 150 2.56 2
>> 200 2.97 2
tt 250 3 1 2

C a v i a  p o r c e l l u s 295 2.67 164 (H)
it 575 3.98 164 (H)
it 584 4.5 164 (H)

O r y c t o l a g u s  cunntcuius 3044 12.3 52 (H)



M am m alian  en ergy  b ud gets 13

r a t e  o f  a e r o b ic  a n d  a n a e r o b ic  m e t a b o l i s m ”  ( u s a g e  d i f f e r e n t  f r o m  t h e  “p e a k  

m e ta b o l i c  r a t e ”  o f  D a w s o n  &  C a r e y ,  1 9 76 ).

T h r e e  c a te g o r i e s  o f  s u s t a i n e d  m e t a b o l i c  r a t e s  a r e  c o n s id e r e d  h e r e :  

t h e  m a x i m u m  r a t e  o f  n o r e p i n e p h r i n e - i n d u c e d  n o n - s h i v e r i n g  t h e r m o g e 

n e s is  ( N S T max), t h e  m a x i m u m  t o t a l  c o ld - i n d u c e d  h e a t  p r o d u c t i o n  ( s h i 

v e r i n g  +  n o n - s h i v e r i n g  th e r m o g e n e s i s ,  H P m ax), a n d  t h e  m a x i m u m  a e r o b ic  

c a p a c i ty  f o r  m u s c u l a r  w o r k  (M maJi). T h e s e  h i g h  r a t e s  o f  e n e r g y  e x 

p e n d i t u r e  m a y  s e t  u p p e r  l im i t s  f o r  s h o r t - t e r m  e n e r g y  b u d g e t s  w h i c h  

m a y  l a s t  f o r  m i n u t e s  o r  e v e n  h o u r s  o r  d a y s ,  b u t  n e e d  n o t  n e c e s s a r i l y  

to  b e  b a l a n c e d  b y  th e  e n e r g y  a c q u i r e d  f r o m  fo o d .

D u e  to  t h e  w e l l - e s t a b l i s h e d  e x p e r i m e n t a l  p r o to c o l ,  t h e  m a s t  u n i f o r m  

s e t  o f  d a t a  is  t h a t  c o n c e r n in g  t h e  n o n - s h i v e r i n g  t h e r m o g e n e s i s  (N S T ) , 

t h o r o u g h l y  r e v i e w e d  b y  H e l d m a i e r  (1 9 7 1 ), w h o  a ls o  p r o v id e d  a  r e g r e s s i o n  

e q u a t i o n  r e l a t i n g  m a x i m u m  N S T  to  b o d y  m a s s .  S in c e  t h a t  t im e  m o r e  

d a t a  h a v e  b e c o m e  a v a i l a b l e  ( T a b le  2), so  t h a t  a  n e w  r e g r e s s i o n  h a s  b e e n  

c o m p u te d  (F ig . 4):

N ST max=  0.112 W»-w, r*=0.86 (2)

w h e r e  N S T max is  m a x i m u m  r a t e  o f  n o r e p i n e p h r i n e - i n d u c e d  n o n s h iv e r in g  

t h e r m o g e n e s i s  ( W a t t )  a n d  W  is  b o d y  m a s s  (g ).

Body mass

Fig. 4. R eg ressio n  of m a x im u m  rate of n o n -sh iv er in g  th erm o g en esis  (NSTm ax; 

W att) to b ody m ass (W; g) in  m am m als. D ash ed  lin es ;  95% co n fid en ce  b e lts  of
regression ,
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T able 3

M axim u m  co ld -in d u ced  h ea t prod uction . A ll v a lu es reca lcu la ted  in to  W atts  

using  th e fo llo w in g  eq u iv a len ts: 1 cm !O2= 2 0 .1  J; 1 ca l= 4 .1 8 4  J. (S) —  sum m er, 
(W) —  w in ter . * —  M a r s u p ia l i a .

S pecies B ody m ass H eat R eferen ces
p rod uction  

(g) (W att)

P la n ig a l e  g i l e s i  * 10.1 0.62 19
D a s y u r o i d e s  b y r n e i  * 118.0 3.82 19
D a s y u r o i d e s b y r n e i  (S) * 126. 4.85 137
D a s y u r o id e s  b y r n e i  (W) 116. 4.42 137
S o r e x  c i n e r e u s 3.3 0.54 102
T a m ia s  s t r i a t u s 90.2 6.04 133
D ip o d o m y s  m e r r i a m i 34,2 1.44 67

32.6 1.27 67
P e r o g n a th u s  f a l l a x 19.7 0.95 67

21.2 0.93 67
17.6 0.82 67

U o m y s  s a l v i u m 45.1 1.12 67
P e r o m y s c u s  l e u c o p u s  (S) 19. 1.23 156
P e r o m y s c u s  l e u c o p u s  (W) 18. 1.96 156
P e r o m y s c u s  l e u c o p u s 25. 1.66 135

23. 1.94 41
P e r o m y s c u s  m a n i c u l a tu s 20. 1.21 13

23. 1.82 42
P e r o m y s c u s  e r e m i c u s 18.4 0.81 67

19.1 0.81 67
P e r o m y s c u s  c a l i f o r n i e n s 41.3 1.17 67
B a i o m y s  t a y l o r i 7.3 0.42 65

6.9 0.47 127
>f 7.2 0.49 133

P h o d o p u s  s u n g o r u s  (W) 26.4 2.02 54
P hodopus s u n g o r u s  (S) 42.3 2.38 54
P h o d o p u s  c a m p b e l l i  (W) 24.0 1.9 155
P h o d o p u s  c a m p b e l l i  (S) 31.9 2.28 155
M esocriceiu s a u r a tu s 98. 3.32 119
C l e t h r i o n o m y s  rutitus 14.7 1.89 25
C l e t h r i o n o m y s  r ü t i l u s  (S) 28. 2.11 128
C l e th r i o n o m y s  r u t i l u s  (W) 15. 2.21 128
M ic r o tu s  o e c o n o m u s 32. 2.23 127
O n d a t r a  z i b e t h i c u s 1100. 21.49 43
A p o d e m u s  f l a v i c o l l i s  (S) 25.9 1.68 85
A p o d e m u s  f l a v i c o l l i s  (W) 31.1 2,33 85
A pod em u s s y l v a t i c u s 20.3 1.59 64
C a l o m y s  d u c i l l a 16.0 1.25 127
C a l o m y s  ca îosus 48.0 1.82 127
N o t o m y s  c e r v in u s 33.1 1.64 19
P s e u d o m y s  g r a c i l i c a u d a t a 81.2 1.83 19
R a t t u s  n o r v é g i e n s  (S) 250. 4.88 46
R attus n o r v e g i c u s  (W) 281. 8.31 46
R a t tu s  n o r v e g i c u s 380. 6.79 58

»1 385. 5.93 22
>y 115. 3.09 33
>* 400. 6.5 150
»» 205. 5.24 133
» 253. 7.34 127

M us m uscu ïus 18.5 1.11 33
t t 29.5 2.27 127

C ontin ued  on p. 15
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T able 3 —  concluded .

M us m u s c u lu s  fera l 17.3 1.07 127
M us m u s c  u lu s  fera l 17.0 1.17 127
O r y c t o l a g u s  c u n n ic u lu s 2540. 37.58 45
L e p u s  a m e r i c a n u s  (S) 1544.0 29.31 26
L epus a m e r i c a n u s  (W) 1506.0 35.31 26

T h e  d a t a  f o r  m a x i m u m  t o t a l  h e a t  p r o d u c t i o n  h a v e  b e e n  g a t h e r e d  f r o m  

v a r i o u s  s o u r c e s  ( T a b le  3) a n d  a r e  m u c h  m o r e  d i v e r s e  t h a n  t h e  p r e 

v io u s  o n e s . T h e y  c o n c e r n  m a m m a l s  e x p o s e d  to  lo w  a m b i e n t  t e m p e r a t u r e s ,  

i n  a i r  o r  i n  a  m i x t u r e  o f h e l i u m  a n d  o x y g e n .  S o m e  v a lu e s  w e r e  e x p l i c 

i t l y  r e p o r t e d  b y  th e  a u t h o r s  a s  m e ta b o l i c  m a x im a ,  o t h e r s  w e r e  i n t e r 

p r e t e d  a s  s u c h  i f  t h e  s o u r c e  c o n ta i n e d  a n  i n f o r m a t i o n  t h a t  a n y  l o n g e r  

e x p o s u r e  o r  a n y  f u r t h e r  l o w e r i n g  o f  a m b i e n t  t e m p e r a t u r e  l e a d  to  a  

d e c r e a s e  i n  m e ta b o l i c  r a t e  o r  a  c o l la p s e  o f  e x p e r i m e n t a l  a n im a ls .  T h e  

p o s s ib le  e f f e c t s  o f  s e a s o n a l  a c c l im a t i z a t i o n  ( H e ld m a ie r  e t  a l . ,  19 85 ) w e r e  

ig n o r e d .

T h e  a l l o m e t r i c  r e g r e s s i o n  f i t t e d  to  t h e s e  d a t a  (F ig . 5) h a s  a n  e x p o n e n t  

c lo s e  to  t h e  p r e v i o u s  o n e :

H P m a x =  0 -1 6 8  W »  87°, T * = 0 .9 0  (3)

Body mass

F ig. 5. R eg ression  of m ax im u m  rate o f  to ta l h ea t p rod uction  (H Pm ax; W att) to  

b ody m ass (W ; g) in  m am m als. D ashed  lin es: 95°/o co n fid en ce  b e lts  o f regression .
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T able 4

M axim u m  aerobic m eta b o lic  ra te  in  ex e rc is in g  m am m als. A ll v a lu es  

reca lcu la ted  in to  W atts u sin g  th e eq u iva len ts: 1 cm ’ O 2=20.1  J;  

1 ca l= 4 .1 8 4  J. * —  M a r s u p i a l i a ;  D —  d om estica ted  sp ec ie s ;  ? —  no  

sc ien tific  nam e reported.

Speaies B ody m ass 

(g)

M etab o lic
rate

(W att)

R eferen ces

S m in t h o p s i s  c r a s s i c a u d a t a  * 15 1.09 6
A n t e c h in u s  f l a v i p e s  * 40 2.43 6
D a sy u T O id e s  b y r n e i  * 115 5.78 6
D a s y u r o i d e s  v i v e r r i n u s  * 1120 37.51 6
B e t t o n g i a  p e n i c i l l a t a  * 1100 65.09 133
P h y l l o s t o m u s  h a s ta tu s 94 13.7 146
E id o lo n  h e l v u m 315 23.77 11
H y p s i g n a t h u s m o n s t r o s u s 258 25.13 11
P t e r o p u s  p o l i o c e p h a lu s 465 26.94 11

629 40.17 11
H o m o  s a p i e n s 68500 1158.66 29

65400 1307.02 4
81500 1524.13 4

C a n i s  f a m i l i a r i s  (D) 24000 803.87 12
10000 455.52 162

6300 150.88 15
25300 1357.27 87
21000 1113.69 133

C ants l a t r a n s 12400 764.79 151
C a n i s  lupus 27550 1442.3 151
C a n i s  lu p u s  (?) 23300 1226.56 87
V ulp es v u l p e s  (?) 4700 288.09 B7
V ulp es v u l p e s 4610 281.15 151
M u s t e l a  v i s o n 943.5 32.66 158
G e n e t t a  t i g r i n a 1458 51.85 144
H elop a le  p a r v u l a 583 24.93 144
M u n g o s  m u n g o 1151 46.84 144
P a n th e r a  l e o 50000 837.36 14

n 57000 954.59 14
! !

E q u u s  c a b a l lu s  (D)
30000 602.9 133

677000 8578.98 9
n 105000 3393.82 133

M a d o q u a  k ir k U 4354 79.38 144
C o n n o c h a e t e s  ta u r in u s 98000 1459.02 144
K o b u s  d e f a s s a 114000 1804.68 144
T a u r o t r a g u s  o r y x 217000 2632.66 144
N e s o t r a g u s  m o s c h a t u s 3500 112.93 144
G a z e l l a  g r a n t i 11200 200.7 144
C a p r a  h i r c u s  (D) 21150 367.19 144
O v i s  a r i e s  (D) 22650 351.51 144
Bos i n d i c u s  (D) 160000 1482.69 144

254000 2509.74 144
S u s  s c r o f a  (D) 18500 578.34 133
B a i o m y s  t a y l o r i i 7.2 0.63 133
T a m ia s  m e r n a m i 75 2.96 161
T a m ia s  s t r i a t u s 90.2 7.19 133
P e r o m y s c u s  m a n i c u l a tu s 20 1.14 13
M e s o c r i c e tu s  a u r a tu s 113 3.75 113

» 75 3.66 70

C ontinued  on p. 17
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T able 4. —  concluded .

C l e t h r i o n o m y s  g la r e o lu s 18. 1.24 69
M ic r o tu s  a r v a l i s 20. 1.59 69
D ic r o s t o n y x  g r a e n la n d i c u s 61 2.51 46
A p o d e m u s  s y l v a t i c u s 16.9 1.49 64
R a t tu s  n o r v é g i e n s 346 8.44 113

11 286 7.78 113
11 461 9.06 7
M 472 11.73 7
>1 207 5.63 7
11 254 7.71 7
11 205 6.64 133

M u s  m uscu lu s 34 1.9 113
27 1.86 41

Ondatra z i b e t h i c u s 649 10.43 28
P e d e t e s  c a p e n s i s 3000 97.47 133
C a v ia  p o r c e l l u s 868 18.8 113

11 959 19.11 113
O r y c t o l a g u s  c u n n ic u lu s  (D) 2540 38 46

w h e r e  H Pm ax —  m a x i m u m  t o t a l  c o ld - i n d u c e d  h e a t  p r o d u c t i o n  ( W a t t ) ;  

W  —  b o d y  m a s s  (g ). A  c o m p a r i s o n  o f  t h e  e q u a t i o n s  (2) a n d  (3) w i t h i n  

t h e  r a n g e  o f  a c t u a l  b o d y  m a s s e s  o f  m a m m a l s  l e a d s  t o  t h e  c o n c lu s io n  

t h a t  N S T  c o n s t i t u t e s  a  r e l a t i v e l y  c o n s t a n t  f r a c t i o n ,  a b o u t  50% , o f  t h e  

m a x i m u m  t o t a l  h e a t  p r o d u c t io n .  A  s l i g h t  t e n d e n c y  to  t h e  d e c r e a s e  o f  

i t s  s h a r e  i n  l a r g e r  a n im a ls ,  w h i c h  m a y  b e  i n f e r r e d  f r o m  th e  d i f f e r e n c e  

o f  e x p o n e n t s ,  i s  s t a t i s t i c a l l y  i n s i g n i f i c a n t .

T h e  m a x i m u m  r a t e s  o f  a e r o b ic  m e t a b o l i s m  i n  e x e r c i s i n g  m a m m a l s  

h a v e  b e e n  i n v e s t i g a t e d  i n t e n s e l y  a n d  in  d e t a i l  w i t h i n  a  f r a m e w o r k  o f  

a  w e l l  d e s ig n e d  t e a m  p r o j e c t  ( T a y lo r  &  W e ib e l ,  1 9 8 1 ; T a y l o r  et al., 

1 9 81 ; S e e h e r m a n  e t  a i . ,  1 9 81 ; T a y lo r ,  1 9 82 ). T h e  s a m e  a u t h o r s  p r o v id e d  

th e  l a r g e s t  a n d  m o s t  u n i f o r m  c o l l e c t io n  o f  e m p i r i c a l  d a t a  ( S e e h e r m a n  

e t  al., 1981; T a y l o r  e t  a h ,  1 9 8 1 ), b u t  e v e n  m o r e  i n f o r m a t i o n  c a n  b e  f o u n d  

i n  t h e  l i t e r a t u r e  ( T a b le  4). A n  a l l o m e t r i c  r e g r e s s i o n  w a s  f i t t e d  to  a l l  

t h e s e  d a t a  (F ig , 6), y i e ld in g  a  f o l lo w in g  e q u a t i o n :

M m a x =  0 .1 0 1  W » M J, r * = 0 . 9 7  (41

w h e r e  M max i s  m a x i m u m  e x e r c i s e  m e t a b o l i c  r a t e  ( W a t t )  a n d  W  —  b o d y  

m a s s  (g ). T h e  s lo p e  o f  t h i s  r e g r e s s i o n  d o e s  n o t  d i f f e r  s u b s t a n t i a l l y  f r o m  

t h e  o n e  r e p o r t e d  b y  T a y l o r  e t  al. (1 9 8 1 ) f o r  a  s u b s e t  o f t h e  d a t a  u s e d  

h e r e ,  b u t  i t  is  c o n s i d e r a b l y  s t e e p e r  t h a n  t h e s e  f o r  N S T max (e q , 2 , F ig .  4) 

a n d  H P max (eq . 3 , F ig .  5 ). T h e  l i n e s  f o r  Mmax a n d  H P m ax c o n v e r g e  a t  

lo w  b o d y  m a s s e s ,  w h ic h  m e a n s  t h a t  s m a l l  m a m m a l s  ( u p  to  a  h u n d r e d  

g r a m s )  d e v e lo p  a  s i m i l a r  m a x i m u m  m e t a b o l i c  p o w e r  b o t h  f o r  m e c h a n ic a l  

w o r k  a n d  f o r  i n t e n s e  t h e r m o r e g u l a t i o n ,  w h e r e a s  i n  l a r g e r  m a m m a l s  t h e
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Body mass

F ig. 6. R egression  of m a x im u m  rate  of aerob ic m etab o lism  of e x e r c is in g  m am m als  

(M m ax; W att) to  body m ass (W ; g). D ashed  lin es: 95% co n fid en ce  b e lts  of regression .

p o w e r  o u t p u t  f o r  m u s c u l a r  e x e r c i s e  m a y  b e  a s  m u c h  a s  5 t im e s  l a r g e r  

t h a n  t h a t  f o r  h e a t  p r o d u c t io n .  T h i s  c o n c lu s io n ,  h o w e v e r ,  m u s t  b e  t a k e n  

w i t h  c a u t io n ,  b e c a u s e  n o  e x p e r i m e n t a l  d a t a  o n  I I P niax i n  l a r g e  m a m m a l s  

c a n  b e  o b t a in e d .

3.3, L ong-term  E nergy B udgets: L im its Set by E nergy A ssim ila tio n  R ate

I n  t h e  l o n g  r u n ,  t h e  e n e r g y  e x p e n d i t u r e  m u s t  b e  b a l a n c e d  b y  t h e  

e n e r g y  a s s i m i l a t e d  f r o m  fo o d . T h u s ,  t h e  p h y s io lo g ic a l  f a c t o r s  t h a t  r e s t r i c t  

t h e  e n e r g y  a s s i m i l a t i o n  r a t e  a r e  a ls o  r e s p o n s i b l e  f o r  t h e  l i m i t a t i o n  o f  

t o t a l  e n e r g y  b u d g e t s  i n  l o n g e r  p e r io d s  o f  t im e .  A  q u a n t i t a t i v e  a s s e s s 

m e n t  o f  t h e  u p p e r  l i m i t  to  e n e r g y  a s s i m i l a t i o n  s e e m s  to  b e  o f  k e y  i m 

p o r t a n c e  i n  t h e  u n d e r s t a n d i n g  o f  e c o lo g ic a l  a n d  e v o l u t i o n a r y  o p t i m i z a 

t i o n  o f  a n i m a l s ’ e n e r g y  b u d g e t s  ( K a r a s o v ,  1 9 86 ). H o w e v e r ,  a  s u r v e y  o f  

l i t e r a t u r e  r e v e a l s  t h a t  r e l e v a n t  e m p i r i c a l  d a t a  a r e  a s t o n i s h i n g l y  s c a r c e .  

K l e i b e r  (1 9 3 3 , c i t e d  a f t e r  K l e ib e r  19 61 ) w a s  p r o b a b l y  t h e  f i r s t  t o  t a c k l e  

t h i s  p r o b le m  a n d  to  d e m o n s t r a t e  t h a t  t h i s  l im i t ,  i n  s e v e r a l  s p e c i e s  o f  

d o m e s t i c a t e d  a n im a ls ,  l a y s  a t  t h e  l e v e l  o f  a b o u t  5 - fo ld  t h e i r  f a s t i n g  

m e t a b o l i c  r a t e .  I n  a  m o r e  p u r p o s e f u l  m a n n e r  a n d  w i t h  a  c l e a r  u n d e r -
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s t a n d i n g  o f t h e  e c o lo g ic a l  a n d  e v o l u t i o n a r y  i m p l i c a t i o n s  o f  t h i s  c o n c e p t ,  

K e n d e i g h  (1 9 4 9 , 1 97 3; M o r r i s  &  K e n d e ig h ,  19 81 ) d e s ig n e d  a n d  c o n d u c te d  

e x p e r i m e n t s  t o  e s t i m a t e  i n d i r e c t l y  t h e  u p p e r  l i m i t  o f  e n e r g y  b u d g e t s  

i n  w i ld  b i r d s  a n d  a  m a m m a l  (“p o t e n t i a l  e n e r g y ” o r  “m a x i m u m  p o t e n t i a l  

m e t a b o l i s m ”  a c c o r d in g  to  K e n d e i g h ’s  o r ig i n a l  n o m e n c l a t u r e ) .

M o re  r e c e n t l y ,  K i r k w o o d  (1 98 3) m a d e  a n  a t t e m p t  to  e s t i m a t e  t h e  

l im i t  to  m e t a b o l i z a b l e  e n e r g y  i n t a k e  a s  a  f u n c t i o n  o f  b o d y  m a s s  i n  

h o m e o t h e r m s .  T o  t h i s  e n d  h e  p o o le d  d i v e r s e  d a t a  o n  b i r d s  ( n = 1 2 )  

a n d  m a m m a l s  ( n = 9 ) ,  m o s t l y  o n  d o m e s t i c a t e d  s p e c ie s ,  t h a t  h a d  b e e n  

o b s e r v e d  i n  p e c u l i a r  s i t u a t i o n s  c a u s in g  e x t r e m e l y  h ig h  in g e s t i o n  r a t e s .  

T h e  c o l l e c t i o n  c o n ta in s ,  f o r  e x a m p l e ,  g e e s e  f e d  b y  f o r c e ,  h o r s e s  a t  h e a v y  

w o r k ,  a  m a n  r e a l i m e n t a t e d  a f t e r  u n d e r n u t r i t i o n ,  a n d  a  n u m b e r  o f  f a s t -  

g r o w in g  y o u n g  a n im a ls .  N o n e  o f  t h e s e  f i g u r e s  h a s  b e e n  o b t a i n e d  f o r  t h e  

p u r p o s e  o f  m e a s u r i n g  m a x i m u m  e n e r g y  a s s i m i l a t i o n  r a t e s ,  y e t  t h e  f u n c 

t i o n  d e r i v e d  b y  K i r k w o o d  (1 9 8 3 ) m a y  s e r v e  w e l l  a s  a  f i r s t  a p p r o x i 

m a t io n .

T h e  m a x i m u m  r a t e  o f  e n e r g y  a s s i m i l a t i o n  c a n ,  h o w e v e r ,  b e  m e a s u r e d  

d i r e c t l y ,  i n  a r t i f i c i a l  l a b o r a t o r y  c o n d i t io n s  a s  w e l l  a s  i n  n a t u r a l  s i t u a t i o n s .  

O n e  o f t h e  p o s s ib i l i t i e s  is  to  m e a s u r e  l o n g - t e r m  e n e r g y  b u d g e t s  o f s m a l l  

m a m m a l s  b u r d e n e d  w i t h  h i g h  m e ta b o l i c  c o s ts  o f  t h e r m o r e g u l a t i o n .  S u c h  

e x p e r i m e n t s  h a v e  b e e n  m a d e  w i t h  b a n k  v o le s  Clethrionomys glareolus 

( P i ą t k o w s k a  &  W e in e r ,  1 9 8 7 ) , a n d  D j u n g a r i a n  h a m s t e r s  Phodopus sun- 

gorus ( W e in e r ,  1 9 8 7 a , b ). T h e  r e s u l t s  c l e a r l y  d e m o n s t r a t e  t h a t  t h e  

p o s s ib le  r a t e  o f  e n e r g y  a c q u i s i t i o n  c a n  o n l y  b e  m u c h  l o w e r  t h a n  th e  

r a t e  o f  s h o r t - t e r m  e n e r g y  e x p e n d i t u r e .  M o r e o v e r ,  t h e  a b i l i t y  to  a s s i m i 

l a t e  e n e r g y  f r o m  fo o d  m a y  u n d e r g o  s ig n i f i c a n t  a n d  r e l a t i v e l y  f a s t  

c h a n g e s  ( a c c l im a t i z a t io n ) ,  a d j u s t i n g  to  a n y  lo n g - l a s t i n g  in c r e a s e  i n  e n e r g y  

e x p e n d i t u r e  (e.g. a s  c a u s e d  b y  lo w e r e d  a m b i e n t  t e m p e r a t u r e  o r  l a c ta t io n ) .  

T h e s e  c h a n g e s  a r e  l i m i t e d  a n d  r e v e r t i b l e ,  w h i c h  s u g g e s t s  t h a t  t h e  i n 

c r e a s e d  a s s i m i l a t i o n  c a p a c i ty  is  c o n n e c t e d  w i t h  c o n s id e r a b l e  m e ta b o l i c  

c o s ts .

I t  i s  n o t  e n t i r e l y  c l e a r  w h ic h  p h y s io lo g ic a l  m o d i f i c a t i o n s  m a k e  u p  

s u c h  a  n u t r i t i o n a l  a c c l im a t i z a t i o n .  I t  i s  d o u b t le s s ,  h o w e v e r ,  t h a t  t h e  

i n c r e a s e  o f  g u t  s iz e ,  a n d  p a r t i c u l a r l y  o f  i t s  i n t e r n a l  s u r f a c e  is  o f  a  k e y  

i m p o r t a n c e  ( S ib ly ,  1 9 81 ), N u m e r o u s  s t u d i e s  h a v e  d e m o n s t r a t e d  t h e  o c 

c u r r e n c e  o f  s e a s o n a l  c h a n g e s  i n  m a m m a l i a n  g u t  s iz e ,  w h ic h  a p p a r e n t l y  

f o l l o w  t h e  s e a s o n a l  c h a n g e s  i n  n u t r i t i o n a l  r e q u i r e m e n t s  ( M y r c h a ,  1 9 64 , 

1 9 6 5 ; G ę b c z y ń s k a  &  G ę b c z y ń s k i ,  1 9 71 ; H o f f m a n ,  1 9 8 2). S t r o n g  e v id e n c e  

a ls o  e x is t s  f o r  t h e  i n f l u e n c e  o f  a n  i n c r e a s e d  e n e r g y  b u d g e t  ( o r  d e c r e a s e d  

n u t r i t i o n a l  v a l u e  o f  fo o d )  u p o n  g u t  m o r p h o l o g y  (G r o s s  eit al., 1985; 

G r e e n  & M il l a r ,  1 9 8 7 ) . I t  i s  o b v io u s ,  t h e r e f o r e ,  t h a t  t h e  i n t e r n a l  s u r f a c e  

a r e a  of t h e  a l i m e n t a r y  t r a c t ,  a n d  e s p e c i a l l y  o f  t h e  s m a l l  i n t e s t i n e ,
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c o n s t i t u t e s  a  b o t t l e n e c k  f o r  e n e r g y  b u d g e t  o f  a n  a n i m a l  ( M u s a c c h ia  &  

B a r r ,  1 96 9 ; S ib ly ,  1 9 81 ; K a r a s o v ,  1 9 86 ). S m a l l  w o n d e r ,  t h e n ,  t h a t  t h e  

e v o lu t io n a r y  t r a n s i t i o n  f r o m  e c to -  to  e n d o t h e r m y  w a s  a c c o m p a n ie d  b y  a  

1 0 - fo ld  i n c r e a s e  o f  t h e  a r e a  o f  t h e  g u t  ( K a r a s o v  et al., 1 985 , 1986;■ 

D ia m o n d ,  1 9 87 ). T h i s  m a j o r  m o r p h o lo g ic a l  e v o l u t i o n a r y  c h a n g e  i s  s im i l a r  

i n  i t s  c h a r a c t e r  to  t h e  o n e  t h a t  d i f f e r e n t i a t e s  u n i c e l l s  f r o m  m u l t i c e l l u l a r  

o r g a n i s m s :  a  l e a p  i n c r e a s e  o f  c o n ta c t  s u r f a c e s ,  w h ic h  e n a b le s  a n  e n o r 

m o u s  a m p l i f i c a t i o n  o f  m e ta b o l i c  p o w e r .

T able 5

M axim u m  rate o f en ergy  a ssim ila tio n  from  food  (Amax) in  fem a le  m am m als  

at p eak  lactation . * R eca lcu la ted  from  the ra te  o f en ergy  con su m p tion , a s 
su m in g  82% e ff ic ien cy  of en erg y  a ssim ila tion .

S p ecies B ody m ass  

(g)
Amax
(W att)

R eferen ces

C l e th r i o n o m y s  g la r e o lu s 24.5 2.01 73
C l e th r i o n o m y s  g a p p e r i 26.8 2.66 68*
M ic r o tu s  a r v a l i s 25.4 2.03 98
M ic r o tu s  p e n n s y l v a n i c u s 29.4 3.59 68 *
M ic r o tu s  p i n e t o r u m 30.1 1.54 90
M u s  m u s c u lu s 28.0 1.55 108
P e r o m y s c u s  l e u c o p u s 25.0 2.19 99*
P e r o m y s c u s  m a n ic u l t t tu s 25.4 2.02 100*

>1 24.0 2.89 139
P h o d o p u s  u n s g o r u s 34.0 1.21 133
S ig m o d o n  h isp idu s 126.0 2.3 123

tf 169.0 4.4 93
S ciu ru s n iger 875.3 25.56 48
O ryctolagus c u n n ic u lu s 4100.0 49.02 112
C a p r e o lu s  c a p r e o lu s 20000.0 174.47 W einer,

O d o c o i l e u s  h e m io n u s

* unpubl.
52000.0 321.85 131

T h e  s u p p o s e d  m e ta b o l i c  c o s t  p r e v e n t s ,  h o w e v e r ,  a n  i n f i n i t e  i n c r e m e n t  

o f  g u t  s iz e ,  b o t h  i n  e v o l u t i o n a r y  a n d  e c o lo g ic a l  t i m e  s c a le s .  D a t a  

g a t h e r e d  so  f a r  s u g g e s t  t h a t ,  i n  m a m m a ls ,  t h e  u l t i m a t e  m a x i m u m  e n e r g y  

a s s im i l a t i o n ,  i.e. i n c l u d in g  t h e  e f f e c t s  o f  a c c l im a t i z a t i o n ,  c a n  b e  a c h i e v e d  

b y  f e m a le s  a t  p e a k  l a c t a t i o n  ( W e in e r ,  1 9 8 7 a , b ) . A t  t h a t  p e r i o d  t h e  f e m a le s  

u s u a l l y  r u n  i n to  n e g a t i v e  e n e r g y  b a la n c e s ,  d e s p i t e  m a x i m i z e d  r a t e s  o f  

f o o d  c o n s u m p t io n .  T h u s ,  t h e  r e l a t i v e l y  n u m e r o u s  m e a s u r e m e n t s  o f  

e n e r g y  a s s i m i l a t i o n  r a t e s  a t  p e a k  l a c t a t i o n  p u b l i s h e d  s o  f a r  m a k e  u p  a  

h o m o g e n o u s  d a t a b a s e ,  w h i c h  c a n  b e  u s e d  to  o u t l i n e  t h e  u l t i m a t e  u p p e r  

l i m i t  to  t h e  l o n g - t e r m  e n e r g y  b u d g e t s .  T h e  r e l e v a n t  e m p i r i c a l  d a t a  

g a t h e r e d  f r o m  l i t e r a t u r e  ( n =  16, T a b le  5) y i e l d e d  a n  a l l o m e t r i c  r e g r e s s i o n  

( F ig .  7):
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A max =  0.214 W*-884, r* = 0 .9 5  (5)

w h e r e  A max is  t h e  m a x i m u m  r a t e  o f  e n e r g y  a s s i m i l a t i o n  f r o m  f o o d  ( W a t t )  

a n d  W  is  b o d y  m a s s  (g). T h e  s lo p e  c o e f f i c i e n t  d o e s  n o t  d i f f e r  s i g n i f i 

c a n t l y  f r o m  th e  t h e o r e t i c a l  v a lu e  o f  273 ( T a b le  6), w h ic h  i n d i c a t e s  th e  

g e o m e t r i c  c h a r a c t e r  o f  t h i s  r e l a t i o n s h i p  ( t h e  s u r f a c e  a r e a  o f  t h e  g u t  

l i m i t i n g  a s s im i l a t i o n  r a t e ) .

T h e  a b o v e  e q u a t i o n  is  p r e t t y  c lo s e  t o  t h a t  o b t a i n e d  f r o m  m u c h  l e s s  

h o m o g e n o u s  d a t a  b y  K i r k w o o d  (1 9 8 3 ):  A max =  0 .1 3 7  W °-Ti (F ig .  7). T h e  

s in g le  e s t i m a t e  o f  “m a x i m u m  p o t e n t i a l  m e t a b o l i s m ”  i n  Peromyscus 

m aniculatus  ( M o r r is  &  K e n d e i g h ,  19 81 ) d o e s  n o t  e x c e e d  m u c h  th e  

c o n f id e n c e  l i m i t  o f  t h e  r e g r e s s i o n  (F ig . 7).

4. ALLOM ETRY OF ENERG ETIC C O N ST R A IN T S

A c c o r d in g  to  t h e  r e s u l t s  p r e s e n t e d  a b o v e ,  tw o  k i n d s  o f  p h y s io lo g ic a l  

u p p e r  l i m i t s  to  e n e r g y  b u d g e t s  m a y  b e  d i s t i n g u i s h e d :  s h o r t - t e r m  l im i t s  

( m a x i m u m  th e r m o g e n e s i s ,  a c t i v i t y  m e ta b o l i s m )  a n d  a n  u l t i m a t e  l o n g -

F ig. 7. R egression  of m a x im u m  rate o f en erg y  a ss im ila tio n  o f lacta tin g  fem ales  

(A max, op en  circ les; W att) to body m ass (W; g). D ash ed  lin es: 95*/» con fidence  

b elts  o f  regression . D otted  lin e :  th e K irkw ood ’s (1983) es tim a te  of A max. C losed  

c irc le: s in g le  es tim a te  o f A nlax in  P e r o m y s c u s  m a n icu la tu s (M orris Si K endeigh ,
1981).
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D ifferen ces  b e tw e en  th e a llo m etr ic  regression s rep resen tin g  m etab o lic  con stra in ts to en ergy  b ud gets o f  th e  form : M = „ W ù, 
w h ere  M  —  m eta b o lic  p o w er  (W att), and  W  —  b ody m ass (g); n  — n u m b er of en tr ie s; r2 —  co e ffic ie n t  of d eterm in a tio n ;  

S y 'jc —  stand ard  error o f  e stim a te; sb —  standard  error o f regression  co e ffic ie n t b. E qual su p erscrip ts d en ote  groups of 

ex p o n en ts  s ta tis tica lly  u n d istin g u ish a b le  at th e  le v e l o f l*/o (A N C O V A , S N K -test; Zar, 1974). T he s ig n if ica n ce  o f d if 
feren ces b etw een  em p ir ica l ex p o n en ts  and th eoretica l con stan ts h a ve  b een  a ssessed  b y  t - te s t  (Zar, 1974).

M etab o lic  fu n ction  R egression  p aram eters S ig n ific a n c e  of d ifferen ces
b etw een  ex p o n en ts  and co n sta n ts:

n r2 S y ' j c a b 0.667 0.75 1.00

M in im u m  m etab o lic  ra te ¡= 5 .2 5 ¡= 3 .1 9 ¡= 2 .9 9
in  h ib ern ation  M min 27 0.95 0.154 0.246 X 1 0 “ s 0.879 1 0.040 p <  0.001 p < 0  01 p <0.01

M axim u m  aerob ic  ex erc ise ¡= 1 0 .0 4 ¡= 5 .6 3 ¡ =  7.58
m eta b o lism  M max 67 0 97 0.199 0.101 0.857 1 0.019 pCO.OOl p <0.001 p <0.001

F ie ld  en erg y  b u d g et ¡= 3 .2 5 ¡= 0 .7 8 ¡ = 1 2 8 8
(N agy, 1987, reca lcu lated) 74 0.95 0.205 0.057 0.734 2 0.021 p < 0 .0 1 N S p <0.001

M axim u m  n o n -sh iv er in g ¡= 0 .2 9 6 ¡= 2 .0 5 t =  7 31
th erm og en esis  N S T max 32 0.86 0.203 0,112 0.653 2 0.048 N S 0.01 < p < 0 .0 5 p < 0 .001

M axim u m  to ta l h eat ¡ =  0.36 ¡= 1 .9 2 9 ¡= 8 .8 4
production  H P max 55 0.90 0.143 0.108 0,670 2 0 031 N S 0 .0 1 < p < 0 .0 2 p < 0 ,001

M axim u m  rate  o f  en ergy ¡ = 0  07 ¡= 2 .1 8 ¡= 8 .4 9
a ss im ila tio n  A max 16 0.95 0.173 0.214 0.664 2 0 040 N S 0 .0 1 < p < 0  05 p <0.001
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t e r m  l im i t :  m a x i m u m  r a t e  o f e n e r g y  a s s im i l a t i o n .  T h e  u l t i m a t e  l o w e r  

l i m i t  o f  e n e r g y  b u d g e t s  is  p r o b a b l y  s i t u a t e d  a t  t h e  m in i m u m  m e ta b o l i c  

r a t e s  o f  h i b e r n a t i n g  m a m m a ls ,  a l t h o u g h  e m p i r i c a l  v a lu e s  m a y  b e  h i g h e r .

T h e  e m p i r i c a l  p o w e r  f u n c t i o n s  r e l a t i n g  t h e s e  e x t r e m e  v a l u e s  o f  e n e r g y  

b u d g e t s  to  b o d y  m a s s  h a v e  v a r i o u s  e x p o n e n t s  { T a b le  6). T h e  m a x i m u m  

a c t i v i t y  a n d  t h e  m in i m u m  h i b e r n a t i o n  m e ta b o l i c  r a t e s  b o t h  h a v e  t h e  

e x p o n e n t s  o f  o v e r  0 .8 5 , d i f f e r i n g  s ig n i f i c a n t l y  f r o m  th e  h y p o t h e t i c a l  

“m a s s ” a n d  “s u r f a c e "  s c a l in g  p o w e r  e x p o n e n t s  (1 a n d  2 /3 , r e s p e c t i v e ly ) ,  

a s  w e l l  a s  f r o m  th e  e s o t e r i c  S M R  e x p o n e n t  o f  3 /4  ( T a b le  6). T h i s  m a y  

i n d ic a te  a  r e l a t i v e l y  l a r g e  c o n t r i b u t i o n  o f  s o m e  m o r p h o lo g ic a l  s t r u c t u r e s  

o r  q u a n t i t i e s ,  d i r e c t l y  p r o p o r t i o n a l  to  b o d y  m a s s ,  to  t h e  f a c t o r s  c o n 

s t r a i n i n g  t h e s e  tw o  e x t r e m e  m e ta b o l i c  r a t e s .  T h e s e  tw o  b o r d e r l i n e s  a r e  

v i r t u a l l y  p a r a l l e l ,  s o  t h a t  w i t h i n  t h e  w h o le  r a n g e  o f  m a m m a l i a n  b o d y  

s iz e s  t h e  s h o r t - t e r m  e n e r g y  b u d g e t s  m a y  p o t e n t i a l l y  v a r y  b y  tw o  o r d e r s  

o f  m a g n i t u d e :  a b o u t  3 0 0  to  4 0 0  t im e s .  I t  is  n o t e w o r t h y  t h a t  t h e  s o  c a l l e d  

“m e ta b o l i c  s c o p e  f o r  a c t i v i t y " ,  i.e. t h e  r a t i o  o f  m a x i m u m  m e t a b o l i c  r a t e  

to  S M R , w a s  b e l i e v e d  to  b e  a  c o n s t a n t  o f  a b o u t  10 { H e m m in g s e n ,  1 9 60 ; 

T a y lo r ,  19 82 ) a l t h o u g h  i t  r e c e n t l y  b e c a m e  c l e a r  t h a t  i n  c e r t a i n  s p e c ie s  

t h i s  i n d e x  m a y  b e  a s  h ig h  a s  3 0 — 4 0 ( L a n g m a n  et al.t 1 9 8 1 ; K o t e j a ,

1987).

T h e  r e m a i n i n g  f u n c t io n s :  m a x i m u m  n o n - s h i v e r i n g  t h e r m o g e n e s i s ,  

m a x i m u m  t o t a l  h e a t  p r o d u c t io n  a n d  m a x i m u m  r a t e  o f  e n e r g y  a s s i m i l a 

t i o n  f r o m  f o o d  y i e ld  t h e  s lo p e  c o e f f i c i e n t s  s t a t i s t i c a l l y  i n d i s t i n g u i s h a b l e  

f r o m  2 /3  { T a b le  6), a n d  t h e r e f o r e  s u g g e s t i n g  t h a t  t h e y  s c a l e  to  t h e  s u r 

f a c e  a r e a  o f  s o m e  m o r p h o lo g ic a l  s t r u c t u r e s .  T h e  h o m o g e n e i ty  o f  t h e  

s lo p e s  o f  t h e s e  f u n c t i o n s  ( T a b le  6) m a y  a ls o  l e a d  to  t h e  c o n c lu s io n  t h a t  

p h y s io lo g ic a l  a d a p t a t i o n s  p e r t a i n i n g  to  p r o c e s s e s  o f  e n e r g y  a c q u i s i t i o n  

f r o m  fo o d  a n d  o f  e n e r g y  u s e  f o r  t h e r m o r e g u l a t i o n  a r e  “s y m m o r p h i c ” , 

i.e. o p t im a l l y  a d j u s t e d  to  e a c h  o t h e r  so  t h a t  t h e y  “s a t i s f y  b u t  n o t  e x c e e d  

t h e  r e q u i r e m e n t s  o f  t h e  f u n c t i o n a l  s y s t e m "  ( T a y lo r  &  W e ib e l ,  1 9 81 ). 

T h e  m e t a b o l i c  e f f o r t  c o n n e c te d  w i t h  m a i n t a i n i n g  a  c o n s t a n t  b o d y  t e m 

p e r a t u r e  i n  c o ld  a m b i e n t s  u s u a l l y  l a s t s  f o r  p r o lo n g e d  p e r i o d s  o f  t im e .  

I t  i s  t h e r e f o r e  o b v io u s  t h a t  t h i s  e n e r g y  e x p e n d i t u r e  c a n n o t  d e p e n d  o n  

b o d y  r e s e r v e s ,  b u t  r a t h e r  h a s  to  b e  c u r r e n t l y  b a l a n c e d  w i t h  e n e r g y  a s 

s im i la te d  f r o m  fo o d .

I n  c o n t r a s t  to  t h e  s i t u a t i o n  d e s c r i b e d  a b o v e ,  t h e  s h o r t - t e r m  c o n s t r a i n t  

f o r  m a x i m u m  a e r o b ic  m e ta b o l i s m  h a s  a  m u c h  s t e e p e r  s lo p e  t h a n  th e  

l o n g - t e r m  c o n s t r a i n t  f o r  e n e r g y  a s s im i l a t i o n  ( T a b le  6, F ig .  8). I n  l a r g e  

m a m m a ls  (1 0 — 1 00  k g )  t h e  i n s t a n t a n e o u s  r a t e  o f  e n e r g y  e x p e n d i t u r e  

m a y  e x c e e d  2 to  5 t im e s  t h e  a v e r a g e  r a t e  o f  e n e r g y  a s s im i l a t i o n ,  w h i l e  

i n  s m a l l  o n e s  (1 0 — 100 g) b o th  m a x i m u m  r a t e s  a r e  s i m i l a r  (cf. e q u a t i o n s  

4  a n d  5, F ig .  8 ). E n e r g y  r e s e r v e s  in  m a m m a l i a n  b o d y  t e n d  to  s c a l e
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Fig. 8. C onstra in ts to m am m alian  en ergy  b u d gets: M max (dotted  l in e =  m a x im u m  

rate o f  aerobic m etab o lism ; A max (dashed lin e )=  m a x im u m  rate  o f  en erg y  a ss im ila 
tion  from  food; M mln (solid  l in e )=  m in im u m  rate of m etab o lism  d u r in g  h ibern ation . 
C losed  c irc les: fie ld  m etab o lic  ra tes of m am m als (from  N agy, 1987); open  squares:  

standard  m eta b o lic  rates (c f . F ig. 2); c lo sed  tr ian g les: av era g e  in d iv id u a l u se  o f  

en erg y  in  v a r io u s hum an p op u la tion s (from  R oczn ik  S ta ty sty k i M ięd zyn arod ow ej,

1987).

i s o m e t r i c a l l y  ( S c h m id t - N ie l s e n ,  19 84 ) o r  e v e n  h y p e r m e t r i c a l l y  to  b o d y  

m a s s  ( P i t t s  &  B u l l a r d ,  1 9 68 , o b t a i n e d  a n  e x p o n e n t  o f  1.2 w h e n  r e g r e s s i n g  

t o t a l  f a t  c o n t e n t  t o  t h e  b o d y  m a s s  i n  m a m m a ls ) .  T h u s ,  l a r g e  m a m m a l s  

m a y  t e m p o r a r i l y  a f f o r d  d e e p ly  n e g a t i v e  e n e r g y  b a l a n c e s  t h a n k s  to  t h e i r  

r e l a t i v e l y  l a r g e  b o d y  r e s e r v e s ,  w h e r e a s  s m a l l e r  a n i m a l s  h a v e  to  r e l y  

u p o n  c u r r e n t  s u p p l y  o f  e n e r g y  f r o m  fo o d .

5. W IT H IN  LIM IT S A N D  BEY O N D

A s  h a s  b e e n  m e n t io n e d  a b o v e ,  n o  r e p r e s e n t a t i v e  s a m p l e  o f  n a t u r a l ,  

c o m p l e te  e n e r g y  b u d g e t s  o f  m a m m a l s  i s  a v a i l a b l e .  A  f e w  d o z e n  o f  s u c h  

d a ta ,  w h ic h  c a n  b e  f o u n d  i n  l i t e r a t u r e ,  h a v e  b e e n  d e r i v e d  b y  a  v a r i e t y  

o f  m e t h o d s ,  m o s t  c o m m o n ly  b e in g  c o m p i le d  f r o m  l a b o r a t o r y  m e a s u r e 

m e n t s  o f  v a r i o u s  m e ta b o l i c  r a t e s ,  s u p p l e m e n t e d  w i t h  s o m e  f i e ld  d a t a
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a n d  b a s e d  o n  n u m e r o u s  a s s u m p t io n s  ( G r o d z in s k i  &  W u n d e r ,  1 9 75 ; W u n 

d e r ,  1 9 7 5 ; G r o d z in s k i  &  W e in e r ,  1 98 4; H u d s o n  &  W h i te ,  1 9 8 5 ; K r o l ,  1985). 

A s  a c c u r a t e  a s  m a n y  o f t h e m  c a n  b e , t h e s e  d i v e r s e  a n d  i n d i r e c t  e s t i m a t e s  

c a n  h a r d l y  b e  u s e d  f o r  c o m p a r a t i v e  p u r p o s e s .  H o w e v e r ,  a s  m a n y  a s  74  

s p e c ie s  h a v e  a l r e a d y  b e e n  s u b j e c t e d  to  e m p i r i c a l  m e a s u r e m e n t s  o f  e n e r g y  

e x p e n d i t u r e s  i n  t h e  f ie ld ,  u s in g  th e  i s o to p ic  m e t h o d  o f  “d o u b l y  l a b e l l e d  

w a t e r ” (se e  N a g y ,  1 9 8 7 , f o r  a  r e c e n t  r e v i e w ) .  T h e  s a m p l e  i n c l u d e s  m a m 

m a l s  o f  t h e  s iz e  f r o m  s e v e r a l  g r a m s  to  a b o v e  100 k g . T h i s  c o l l e c t io n ,  

a g a in ,  is  f a r  f r o m  b e in g  r e p r e s e n t a t i v e .  N o t  o n ly  i s  t h e  c h o ic e  o f  s p e c ie s  

t o t a l l y  i n c i d e n t a l ,  b u t  a ls o  t h e  e c o - p h y s io lo g ic a l  s i t u a t i o n  o f  t h e  i n d i 

v i d u a l s  s t u d i e d  is  v a r i e d  a n d  s o m e t im e s  p o o r ly  d e f in e d .  T h e  n u m b e r  o f  

r e p l i c a t e s  f o r  e a c h  s p e c ie s  a r e  lo w , a n d  th e  v a r i a t i o n  f o r  e a c h  s p e c i f ic  

a v e r a g e  is  p o o r ly  e s t i m a t e d  o r  u n k n o w n ,  a l t h o u g h  s o m e  d a t a  s u g g e s t  

s t r i k i n g l y  l a r g e  v a r i a t i o n s  (N a g y ,  1 987). N e v e r th e l e s s ,  t h e s e  e s t i m a t e s  o f  

m a m m a l i a n  f i e l d  m e t a b o l i c  r a t e s  a r e  t e c h n i c a l l y  t h e  m o s t  a c c u r a t e  a n d  

t h e  m o s t  u n i f o r m  o f  a l l .  I f  n o t h in g  e ls e ,  t h i s  c o l l e c t i o n  c a r r i e s  a  m e s s a g e  

t h a t  s o m e  m a m m a l s ,  a t  s o m e  n a t u r a l  c o n d i t io n s ,  d  o  h a v e  c e r t a i n  

m e t a b o l i c  r a t e s .

W h e n  p l o t t e d  o n  a  g r a p h  (F ig . 8), m o s t  o f  t h e  f ie ld  m e ta b o l i c  r a t e s  

f a l l  s o m e w h a t  b e lo w  th e  l in e  r e p r e s e n t i n g  t h e  m a x i m u m  r a t e  o f  e n e r g y  

a s s i m i l a t i o n  f r o m  f o o d  (Am,,*). O n ly  t h e  l a r g e s t  s p e c ie s  s t u d i e d  ( s e a ls ,  

a  d e e r ,  a n d  a  k a n g a r o o )  h a d  th e  f ie ld  m e t a b o l i c  r a t e s  s l i g h t l y  e x c e e d in g  

t h e  a s s i m i l a t i o n  c o n s t r a i n t .  I n  l a r g e  a n im a l s ,  h o w e v e r ,  i t  i s  d i f f i c u l t  to  

a s s e s s  i f  t h e  e n e r g y  b u d g e t  w a s  b a la n c e d  d u r i n g  t h e  r e l a t i v e l y  s h o r t  

p e r i o d  o f  f i e ld  e x p e r i m e n t .

T h i s  p a t t e r n  s e e m s  to  c o r r o b o r a t e  a  p r e v i o u s  c o n c lu s io n  ( W e in e r ,  

1 9 8 7 a , b )  to  t h e  e f f e c t  t h a t  n a t u r a l  e n e r g y  b u d g e t s  t e n d  to  a p p ro a c h !  a  

m a x i m u m  w h ic h  i s  d e t e r m i n e d  b y  t h e  h i g h e s t  p o s s ib le  r a t e  o f  e n e r g y  

a s s i m i l a t i o n  f r o m  fo o d . A n  a l l o m e t r i c  r e g r e s s i o n  f o r c e d  t h r o u g h  a l l  t h e s e  

p o i n t s  h a s  a n  e x p o n e n t  o f  0 .7 3  (N a g y , 1 9 87 ; T a b le  6), s i m i l a r  to  m o s t  

o f  t h e  e x p o n e n t s  c a l c u l a t e d  b y  v a r i o u s  a u t h o r s  f o r  m a m m a l i a n  S M R ’s 

( K le ib e r ,  1 9 6 1 ; H a y s s e n  &  L a c y ,  1 98 5; E l g a r  &  H a r v e y ,  1 9 87 ; M c N a b ,

1 9 8 8 ). T h i s  e f f e c t ,  h o w e v e r ,  m a y  i n c i d e n t a l l y  r e s u l t  f r o m  f i t t i n g  c u r v e s  

t o  t h e  s e t s  o f  v a r i a t e s  w h i c h  r a n d o m l y  f i l l  a  s p a c e  c o n f in e d  b y  s t r i c t l y  

d e t e r m i n e d  f u n c t i o n s .

T h e  e n e r g y  u s e d  to  c o v e r  a l l  e x p e n d i t u r e s  o f  a n  a n im a l  m u s t  p e n e t r a t e  

f i r s t  t h r o u g h  t h e  w a l l s  o f  a l i m e n t a r y  t r a c t .  I n  c o m p a r i s o n  to  u n i c e l l s  

a n d  m u l t i c e l l u l a r  e c to t h e r m s ,  m a m m a l s  a c c o m p l i s h e d  a  v e r y  h i g h  e f 

f i c i e n c y  o f  d i g e s t i n g  fo o d  a n d  e x t r a c t i n g  v a lu a b l e  c o m p o n e n t s  o u t  o f  i t .  

A n  e x p a n s i v e  e v o l u t i o n a r y  s t r a t e g y  (W  o r  P s t r a t e g y ,  a c c o r d in g  to  

S z a r s k i ,  1 98 3; a n d  G n a ig e r ,  1 98 7; r e s p e c t i v e ly )  im p l ie s  a  m a x i m i z a t i o n  

o f  m e ta b o l i c  p o w e r .  W h e n  t h e  c o n s t r a i n t  o n  l i h i i t e d  s u r f a c e  a r e a  o f  t h e
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g u t  i s  m e t ,  a n y  a d a p t a t i o n  t h a t  a l l o w s  f o r  t a k i n g  a d v a n t a g e  o f  e n e r g y  

s o u r c e s  f r o m  o u t s id e  o f  a n  o r g a n i s m  m a y  i n s t a n t l y  b e  f a v o u r e d  b y  n a t 

u r a l  s e le c t i o n .  H u m a n  e v o lu t io n  a p p a r e n t l y  f o l lo w e d  t h i s  p a th .  F r o m  

t h e  e c o lo g ic a l  p o i n t  o f  v ie w ,  t h e  u s e  o f  f i r e ,  w in d ,  a n d  r u n n i n g  w a t e r ,  

a s  e n e r g y  s o u r c e s  e n h a n c i n g  s u r v i v a l  a n d  r e p r o d u c t i o n ,  c o u ld  h a v e  h a d  

a  m o r e  i m p o r t a n t  c o n t r i b u t i o n  to  t h e  e v o l u t i o n a r y  s u c c e s s  o f  m a n  t h a n  

t h e  i n v e n t i o n  o f  a r t i f i c i a l  to o ls  a n d  w e a p o n s .  I n t e r e s t i n g l y ,  t h e  i n c r e m e n t  

o f  h u m a n  e n e r g y  b u d g e t ,  a s  c o m p a r e d  to  t h a t  o f  a  m a m m a l  o f  t h e  s a m e  

b o d y  s iz e ,  a p p a r e n t l y  w a s  n o t  m u c h  g r e a t e r  t h a n  t h e s e  o f  t h e  t r a n s i t i o n s  

b e t w e e n  u n ic e l l s  a n d  m u l t i c e l l u l a r  e c to t h e r m s ,  a n d  b e t w e e n  e c to -  a n d  

e n d o th e r m s :  a b o u t  o n e  o r d e r  o f  m a g n i tu d e .  E v e n  to d a y ,  t h e  p o w e r  u s e d  

b y  a n  a v e r a g e  h u m a n  b e in g  i n h a b i t i n g  t h e  E a r t h  a m o u n t s  to  1.7 k W , 

i n c l u d in g  t h e  e x p l o i t a t i o n  o f  a l l  e n e r g y  r e s o u r c e s ,  f r o m  f i r e w o o d  to  

a to m ic  e n e r g y  (R o c z n ik  S t a t y s t y k i  M ię d z y n a r o d o w e j ,  1 9 8 7 ). T h i s  is  

s l i g h t l y  l e s s  t h a n  10 t im e s  t h e  a v e r a g e  m e ta b o l i c  r a t e ,  a n d  le s s  t h a n  th e  

p o w e r  d e v e lo p e d  b y  a t h l e t e s  a t  e x t r e m e  m u s c u l a r  e f f o r t s  (F ig .  8). I n  

s o m e  r e g io n s  o f  t h e  w o r ld ,  h o w e v e r ,  t h e  u s e  o f  e n e r g y  b y  a n  “a v e r a g e  

c i t i z e n "  i s  m u c h  h i g h e r ,  r e a c h in g  f o r  e x a m p l e  4 .2  k W  in  P o l a n d  a n d  

8 .9  k W  in  t h e  U S A  (F ig . 8; R o c z n ik  S t a t y s t y k i  M ię d z y n a r o d o w e j ,  1987). 

T h e  q u e s t i o n  r e m a i n s  u n a n s w e r e d  i f  t h i s  e x t r a v a g a n t  l i f e  s t r a t e g y  is  

b e in g  f a v o u r e d ,  o r  d i s f a v o u r e d ,  b y  th e  a c t i o n  o f  n a t u r a l  s e le c t i o n .

A cknow ledK em cls: In p rep aration  of th is  paper I h a v e  b en efited  from  d iscu ssion s  

w ith  m y co lleag u es , p a rticu la r ly  P aw eł K oteja  and E la K ról. I am  a lso  gratefu l 

to  J. R yb ick i for im provin g  th e  E nglish .
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January W EINER

M ETA BO LIC ZN E O G R A N IC ZEN IA  BU D ŻETÓ W  EN ERG ETY C ZN Y C H  SSA K Ó W

S treszczen ie

R ozm aite stra teg ie  ew o lu cy jn e  zw ierzą t m oga zm ierzać a lb o  do w y so k ich  w y 
datk ów  en ergetyczn ych , a lb o  do oszczęd n ego  w y k o rzy sty w a n ia  zasob ów  (dobór

i
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typu  “P (ow er)” lub  “E (con om y)”, podob nie jak  rozm aite  s tra teg ie  p op ierają  m n ie j 
sze  lub  w ięk sz e  rozm iary  c ia ła  (dobór typ u  r i f i ;  R yc. 1). D zia ła n ie  doboru  

n atu ra ln ego  w  obu tych  k ieru n k ach  n apotyka ogran iczen ia  f iz jo lo g iczn e  lu b  m or 
fo log iczn e. S k u tk iem  rozm aitych  ad aptacji p rzeciętn e b u d żety  en erg ety czn e  róż 
n ych  gatun ków  p rzyb ierają  lo so w e  w a rtości, w ew n ą trz  zak resu  ogran iczon ego  przez  

ow e czyn n ik i, k tóre są  fu n k cjo n a ln ie  zw ią za n e  z w ie lk o śc ią  c ia ła . U boczn ym  

sk u tk iem  teg o  fa k tu  je s t  a llo m etry czn a  k o relacja  tem p a  m eta b o lizm u  i  m asy  cia ła  

ssa k ó w  (Ryc. 2). P od jęto  p rób ę z id en ty fik o w a n ia  i ilo śc io w eg o  o sza cow an ia  czy n 
n ik ó w  ogran iczających  b u d żety  en erg ety czn e  ssak ów . Z ebrano z litera tu ry  d ane o  

skrajnych  w a rtościach  b u d żetó w  en ergetyczn ych  (T abele 1—5) i ob liczono  ich  

reg resje  do c iężaru  ciała. O trzym ano n a stęp u ją ce  ró w n an ia : m in im a ln e  tem po m e 
tab o lizm u  h ib ern a cji M min =  0 ,2 4 6 X 10 ~ 1 w 0 870 (Ryc. 3); m a k sym aln e tem p o  m eta 
b o lizm u  w y siłk o w eg o  M max=  0,101 W° 887 (Ryc. 4); m a k sy m a ln e  tem po term ogenezy  

b ezd reszczow ej N ST max= 0,1121 W °U!S (Ryc. 5); m ak sym aln e tem po term ogenezy  

ca łk o w itej H P max= 0,168 w ° U7D (Ryc. 6); m a k sym aln e tem po a sym ila c ji en erg ii z 

pokarm u A max =  0,214 W1Bi* (Ryc. 7); w szy stk ie  tem p a  m etab o lizm u  w  W atach, 
ciężar ciała (W) w  gram ach. P o ró w n a n ie  em p iryczn ych  w y k ła d n ik ó w  p otęg  z teo re 
tyczn y m i w artościam i w y k ła d n ik ó w  fu n k cji sk a lu jących  d la  p o w ierzch n i (2/3) i 
ob jętośc i (1) su g eru je  (T abela  6), że M rr)|n i M max ogran iczon e są  przez procesy  

m etab o liczn e w  zn aczn ym  sto p n iu  zw iąza n e z m asą c ia ła , podczas gd y  pozosta łe  

fu n k cje  ogran iczające u za leżn io n e są  od p o w ierzch n i stru ktur m orfo log iczn ych , np. 
tem po a sy m ila c ji en erg ii ogran iczon e je s t  p ow ierzch n ią  przew odu  p okarm ow ego. 
B u dżety  en erg etyczn e  ssa k ów  m ierzo n e w  teren ie  m etodą izo to p o w ą  m ieszczą  się  

w ew n ą trz  tych  ogran iczeń , a le  zb liża ją  s ię  do g ran icy  w y zn aczon ej przez A max 

(Ryc. 8). C złow iek  u n ik nął fizjo lo g iczn y ch  ogran iczeń  bud żetu  en erg ety czn eg o  dzięk i 
w y k o rzystan iu  stru m ien ia  en erg ii om ija jącego  jeg o  p rzew ód  pokarm ow y.


