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ENERGETICS FOR ACTIVITY IN THE DIAMOND-BACK WATER SNAKE,

NATRIX RHOMBIFERA

SUMMARY

The e f f e c t  o f r o u t in e  a n d .fo rc e d  a c t i v i t y  on t o t a l  e n e rg e t ic s  

o f th e  diam ond-hack w a te r snake , N a tr ix  rh o m b ife ra , was s tu d ie d  a t  15°C, 

25°C and 35°C, a l l  un d er a  p h o to p e rio d  o f LD 12 :12  w ith  th e  o n se t o f 

pho tophase a t  O6OO CDT.

T h is  snake e x h ib i te d  s ig n i f i c a n t  d a i ly  c y c le s  o f oxygen 

consum ption a t  15°C and 35°G b u t n o t a t  25°C. At a l l  te m p e ra tu re s .

oxygen consum ption in c re a s e d  a t  o r j u s t  b e fo re  th e  o n s e t o f pho tophase 

and a t  25°G and 35°G i s  maximal a t  t h i s  tim e (Vgg = 211 .1  p i  g ^ h r   ̂

and 483 p i  g  ̂ h r   ̂ r e s p e c t iv e ly ) .  At 15°C, oxygen consum ption i s  

maximal midway th ru  pho tophase  ( I 6I .9  p i  g  ̂ h r  ^ ) .  S ig n i f i c a n t  c y c le s  

o f r o u t in e  a c t i v i t y  e x i s t  a t  a l l  te m p e ra tu re s  and fo llo w ed  th e  oxygen 

consum ption c y c le s  a t  15°C and 35°G. At 25°C a c t i v i t y  was g r e a t e s t  in  

l a t e  pho tophase and e a r ly  sc o to p h a se .

The snakes  were s t im u la te d  e l e c t r i c a l l y  to  maximum a c t i v i t y  a t  

1400 h rs  CDT a t  a l l  te m p e ra tu re s  and a t  2200 h r s  CDT a t  25°C. Oxygen 

consum ption and t o t a l  body l a c t a t e  p ro d u c tio n  were m easured and in d ic a te d  

a  h igh  dependence on a n a e ro b io s is  a t  a l l  te m p e ra tu re s .  Y ie ld s  o f ATP 

from a e r o b io s is  and a n a e ro b io s is  r e s p e c t iv e ly  w ere: 1 .4  and 16 .2  pM oles 

g  ̂ a t  15°G, 1400 h r s ; 5*^ and 3 0 .2  pM oles g  ̂ a t  25°G, 1400 h r s ;
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4 .8  and I ? . ?  ;jMoles g  ̂ a t  25°G, 2200 h r s ;  and 5-3  and 2 8 .9  jJMoles g  ^

a t  35°Gi 1400 h r s .  The oxygen d e b t was 100.9 g 175.8  >il g
-1 -1 182.3  g t and 108.0  ;ul g a t  th e se  r e s p e c t iv e  te m p e ra tu re s  and

tim es  and cou ld  accoun t f o r  th e  o x id a tio n  of only  10 to  15^ of th e

l a c t a t e  form ed. T issu e  g lycogen  and b lood  g lucose  m easurem ents in d ic a te

t h a t  most o f th e  rem ain ing  l a c t a t e  undergoes g lu c o n eo g en es is .

T issu e  m e ta b o li te s  were m easured im m ediately a f t e r  and d u r in g

re c o v e ry  from a c t i v i t y  a t  2 5 °, 1400 h r s .  Muscle l a c t a t e  ro s e  from 1 .36

to  3 .03  mg g  ̂ d u rin g  a c t i v i t y  w h ile  m uscle g lycogen dropped  from  10.46

to  3 .93  mg g Both r e tu rn e d  to  r e s t i n g  le v e ls  by 3 h r  a f t e r  a c t i v i t y .

Blood and l i v e r  l a c t a t e  in c re a s e d  from O.O9 to  1 .08 mg ml ^ and from

0 .30  to  0 .9 3  mg g  ̂ r e s p e c t iv e ly  d u r in g  a c t i v i t y .  They c o n tin u e d  to  r i s e

to  a  maximum a t  1 h r  o f re c o v e ry  and th e n  d e c lin e d  to  r e s t i n g  l e v e l s  by

5 to  7 h r s  o f re c o v e ry . B lood g lu c o se  ro s e  from 0 .1 5  to  O.7O mg ml

d u rin g  a c t i v i t y  and c o n tin u e d  to  r i s e  to  a maximum a t  5 h r s  o f  re c o v e ry .

There was no s ig n i f i c a n t  d e c l in e  by 7 h r s  o f re c o v e ry .

The r e s p i r a to r y  exchange r a t i o  ro s e  to  w ell above 1 .0  d u r in g

th e  f i r s t  h r  of re c o v e ry , a  r e s u l t  o f b lood l a c t a t e  b e in g  b u f fe re d  by

th e  b ic a rb o n a te  b u f f e r  sy stem . The la c k  of an in c re a se d  R d u r in g

a c t i v i t y ,  a  tim e when b lood  l a c t a t e  has  become e le v a te d , in d i c a te s  o th e r

b u f f e r s  to  be im p o rtan t d u r in g  t h i s  tim e .

The s tro n g  dependence on a n a e ro b io s is  d u rin g  a c t i v i t y  i s  ta k en

a s  an a d a p ta tio n  to  a  s e m i-a q u a tic  l i f e  s ty le  in  which on ly  a  s h o r t  b u t

pow erfu l b u r s t  o f a c t i v i t y  i s  needed to  escape a  t e r r e s t r i a l  p re d a to r

and in  which th e  snake would have l i t t l e  o r no oxygen a v a i la b le  f o r

s t r u g g le s  w ith  an a q u a t ic  p re d a to r .



INTRODUCTION

While l i z a r d s  have heen  s tu d ie d  e x te n s iv e ly ,  th e re  a re  few 

s tu d ie s  o f e n e rg e t ic s  d u rin g  a c t i v i t y  i n  snakes and only  G ra tz  and 

H u tch ison  (19?6) examined th e  c o n t r ib u t io n s  of b o th  a e ro b ic  and 

an ae ro b ic  m etabolism . They found th a t  w h ile  th e  coachwhip snake, 

M astico p h is  f la g e l lu m , m eets most o f  i t s  in c re a se d  energy  demands 

d u rin g  a c t i v i t y  by a n a e ro b io s is ,  l a c t a t e  l e v e l s  were g e n e ra l ly  

in d ic a t iv e  o f a  l e s s e r  r e l i a n c e  on a n a e ro b io s is  th a n  i s  t r u e  in  l i z a r d s  

(M oberly, 1968; B en n e tt and Dawson, 1972; B en n e tt and L ic h t ,  1972). The 

coachwhip, however, i s  a  f a s t  moving an im al th a t  may o f te n  s u s ta in  

r a p id  movement f o r  lo n g  p e r io d s  o f tim e , a  s i t u a t io n  no t co m p atib le  w ith  

h ig h  l a c t a t e  p ro d u c tio n  and th e  r e s u l t a n t  a c id o t ic  c o n d it io n .

The diam ond-back w ate r snake, N a tr ix  rh o m b ife ra , a  r e s id e n t  of 

most b o d ie s  o f w a te r i n  th e  s o u th - c e n t r a l  U nited  S ta te s  and n o r th e rn  

Mexico, r a r e ly  v e n tu re s  f a r  from th e  w a te r 's  edge (P re s to n , 1970). As 

such i t  must on ly  make s h o r t  d ash es  to  re a c h  th e  s a f e ty  of th e  w ate r and 

avo id  t e r r e s t r i a l  p r e d a to r s .  A quatic  p re d a to rs  would f in d  th e  snake in  

an  e s s e n t i a l l y  a n ae ro b ic  environm ent ( f o r  th e  sn a k e ). E i th e r  s i t u a t i o n  

would fa v o r  a n a e ro b io s is  over a e ro b io s is  f o r  energy p ro d u c tio n .

Many r e p t i l e s  e x h ib i t  maximum energy p ro d u c tio n  a t  o r n ear 

t h e i r  p re fe r re d  body te m p era tu re  (Dawson, 1975) b u t a l s o  show a  d eg ree
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o f o f tem p era tu re  indépendance o f v a r io u s  a s p e c ts  of m etabolism  w ith in  

t h e i r  normal body te m p era tu re  ra n g e .  A pparen tly  no s tu d y  of th e  a f f e c t  of 

tem p era tu re  on t o t a l  e n e r g e t ic s  d u r in g  a c t i v i t y  of snakes has been  made.

S t r a te g ie s  o f re c o v e ry  have been l i t t l e  in v e s t ig a te d  i n  r e p t i l e s ,  

M oberly ( I 968) p re se n te d  d a ta  on b lo o d  l a c t a t e  d u rin g  re c o v e ry  in  Iguana 

iguana  and B en n e tt and L ic h t (1972) fo llo w ed  m uscle, l i v e r  and b lood  

l a c t a t e  th ru  th e  f i r s t  90 min o f  re c o v e ry  i n  A nolis c a r o l in e n s i s .

B ennett ( 1972a) p re se n te d  d a ta  on th e  e x te n t  and repaym ent tim e  o f th e  

oxygen d e b ts  of th e  ra c e h o rse  goanna, V aranus g o u ld i i , and th e  sp in y  

chuchw alla, Saurom alus h i s p id u s . The mechanism of l a c t a t e  rem oval and 

glycogen rep le n ish m en t have n o t been  in v e s t ig a te d  f o r  any r e p t i l e .

I  undertook  t h i s  s tu d y  to  d e te rm in e  ( l )  th e  le v e l  o f r o u t in e  

oxygen consum ption in  th e  d iam ond-back w a te r snake, N a tr ix  rh o m b ife ra , 

and i t s  v a r ia t io n  w ith  a  d iu r n a l  l i g h t - d a r k  c y c le , a c c lim a tio n  

tem p era tu re  and ro u t in e  a c t i v i t y ;  ( 2 ) th e  r e l a t i v e  c o n t r ib u t io n s  o f 

a e ro b ic  and an ae ro b ic  m etabo lism  to  in c re a se d  energy p ro d u c tio n  d u rin g  

fo rc e d  a c t i v i t y  and, by in c lu d in g  th e  oxygen d e b t, th e  t o t a l  c o s t  o f th e  

a c t i v i t y ;  ( 3 ) th e  mechanism o f re c o v e ry  from th e  a c t i v i t y .



MATERIALS AND METHODS

N a tr ix  rh o m b ife ra  from  60g to  l400g were c o l le c te d  over a  two 

y e a r p e r io d  from a re a s  w ith in  1?0 km o f Norman, Oklahoma, S in ce  no 

sex u a l d i f f e r e n c e s  were found in  th e  r e s u l t s ,  th e  d a ta  from b o th  sexes 

were combined. One to  fo u r  snakes were housed to g e th e r  in  p l a s t i c  

c o n ta in e rs  and a c c lim a tiz e d  a t  15°C, 25°C o r 35*^0 and a p h o to p e rio d  of 

LD 12:12 f o r  a t  l e a s t  one week b e fo re  u se . Snakes schedu led  f o r  

ex p e rim en ta tio n  w ith in  one month a f t e r  c a p tu re  were no t fe d . O th e rs  were 

fed  l i v e  o r fro z e n  f i s h  a t  i r r e g u l a r  i n t e r v a l s .  As w a te r d is h e s  k e p t in  

th e  c o n ta in e rs  tended  to  be s p i l l e d  a lm ost im m ediately  w ith  th e  

r e s u l t a n t  danger o f b l i s t e r  d is e a s e  (F ry e , 1973) no w ate r was l e f t  in  

th e  c o n ta in e r s .  Snakes were soaked in  a  b u ck e t of w ate r f o r  30 min to  

1 h r  every  2 - 4  days and b e fo re  in t r o d u c t io n  in to  an  e x p e rim e n ta l 

chamber. A ll m easurem ents were made a t  th e  a c c lim a tio n  te m p e ra tu re s .

The fo llo w in g  d e f i n i t i o n s  were u sed :

A erobic sco p e■ T h is  i s  th e  m e ta b o lic  scope o f Pry (194?) and r e p r e s e n ts  

th e  d if f e r e n c e  betw een th e  minimum and maximum s u s ta in e d  oxygen 

consum ption r a t e s  under g iv e n  c o n d i t io n s .

Index of m e tab o lic  e x p a n s ib i l i t y . T h is  i s  th e  r a t i o  o f th e  maximum 

s u s ta in e d  m e tab o lic  r a t e  d u r in g  a c t i v i t y  to  th e  minimum r a t e  a t  th e  same 

tim e and te m p e ra tu re .
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A erobic  c a p a c i ty . T h is  I s  th e  amount o f oxygen consumed above r e s t i n g  

d u r in g  th e  a c t i v i t y  p e r io d .

A naerobic c a p a c i ty . A ccording t o  B en n e tt and L ic h t  (1972) t h i s  i s  th e  

t o t a l  amount o f l a c t a t e  p roduced  above th e  r e s t i n g  l e v e l  d u r in g  th e  

a c t i v i t y  p e r io d . T h is  i s  e n e r g e t i c a l ly  e q u iv a le n t  to  th e  oxygen d e f i c i t  

a s  d e f in e d  by K nuttgen  (1 9 7 1 ).

Oxygen d e b t . A ccording  to  K nu ttg en  ( l9 7 l )  t h i s  i s  th e  amount o f oxygen 

consumed above r e s t i n g  d u r in g  th e  re c o v e ry  p e r io d .

Gas exchange was m easured by open system  re s p iro m e try . The snakes 

were p la ced  in  in d iv id u a l  P le x ig la s  cham bers (2400 -  4000 cc) 4 t o  8 h r  

p r io r  to  th e  s t a r t  of m easurem ents. A ir  was drawn th ro u g h  th e  chamber a t  

300 to  600 r j  min ^ , depend ing  upon th e  s iz e  o f th e  an im al and th e  

te m p era tu re  used , th ro u g h  a  tu b e  o f d e s s ic a n t  and in to  th e  oxygen 

a n a ly z e r  (A pplied  E le c tro c h e m is try  Model S-3A ). When r e s p i r a t o r y  

exchange r a t i o  ( r )  m easurem ents were to  be made a  carbon  d io x id e  a n a ly z e r  

(Beckman Model 15A) was co n n ec ted  in  s e r i e s  betw een th e  oxygen a n a ly z e r  

and th e  pump. The volume of th e  tu b in g  from th e  an im al chamber t o  th e  

oxygen a n a ly z e r  was 50 to  60 cc  and produced a  n e g l ig ib le  la g  in  

r e a d in g s . Gas c o n c e n tra t io n s  cou ld  be re a d  d i r e c t l y  from  th e  a n a ly z e r  

d is p la y s  o r re c o rd e d  c o n tin u o u s ly  on a  L in e a r  In s tru m e n ts  Model 485 d u a l 

channel r e c o rd e r .  Oxygen consum ption was c a lc u la te d  from th e  Depocas and 

H art ( 1957) fo rm u la  f o r  open sy stem s. A ll g as  volum es a re  p re s e n te d  a t  

STPD. Ten I n d iv id u a ls  were u sed  a t  each a c c lim a tio n  te m p era tu re  f o r  

d e te rm in a tio n  of th e  2 4 -h r c y c le s  o f oxygen consum ption .

Maximum a c t i v i t y  was Induced by e l e c t r i c a l  s t im u la t io n  th ro u g h  

s a f e ty  p in  e le c t ro d e s  a t ta c h e d  th ro u g h  th e  s k in  o f th e  t a i l  and le a d in g



from  a  G rass SM6 s t im u la to r  s e t  a t  100 vAG w ith  5 p u ls e s  s  ^ of 1 msec 

d u r a t io n .  N o n -stim u la ted  an im als  a t  c o rre sp o n d in g  tim es and a c c lim a tio n  

te m p e ra tu re s  were examined a s  c o n t ro ls  (N = 10 in d iv id u a ls  f o r  and 

5 - 1 4  in d iv id u a ls  f o r  b iochem ica l d a t a ) . Oxygen consum ption d u rin g  

a c t i v i t y  and re c o v e ry  was m easured on 7 -  10 in d iv id u a ls  to  y ie ld  N = 10 

a t  each a c c lim a tio n  te m p e ra tu re . M easurem ents were made by in te g r a t i o n  

o f th e  a re a  under th e  oxygen pen t r a c in g  of th e  r e c o rd e r  w ith  a  p o la r  

p la n im e te r  and perfo rm ing  th e  n e c e ssa ry  c a lc u la t io n s  to  y ie ld  ml Og. 

R ecovery oxygen consum ption was m easured from  th e  end of a c t i v i t y  u n t i l  

oxygen consum ption e i t h e r  r e tu rn e d  to  th e  r e s t i n g  r a t e  f o r  th a t  

in d iv id u a l  o r , a f t e r  a  s ig n i f i c a n t  d e c re a se , l e v e l le d  ou t above th e  r e s t  

r e s t i n g  r a t e  and rem ained c o n s ta n t f o r  a t  l e a s t  60 min. T his l a t t e r  

phenomenon i s  a s c r ib e d  to  an  in c re a s e d  r e s t i n g  m etabolism  and has been 

d e s c r ib e d  f o r  mammals (K nuttgen , 1971) and sn ak es  (G ra tz  and H u tch iso n , 

1976) .  The oxygen d e b t was de term ined  by s u b tr a c t in g  th e  r e s t i n g  volume 

from th e  t o t a l  volume o f oxygen consumed d u r in g  re c o v e ry .

M easurement of t o t a l  body l a c t a t e  r e q u ire d  m a cera tio n  o f  th e  

e n t i r e  an im al (B en n e tt and L ic h t ,  1972). The snakes (N = 5 f o r  each  

c o n d itio n )  were d e c a p ita te d  and chopped in t o  app ro x im ate ly  8 cm segm ents 

b e fo re  hom ogen ization  in  4x t h e i r  w eigh t o f p e rc h lo r ic  a c id .  F i f ty  ml 

o f th e  s o lu t io n  was f u r th e r  homogenized in  60 ml p e rc h lo r ic  a c id  and 

th e n  s to re d  on i c e .  For t i s s u e  m e ta b o li te s ,  th e  snakes (N = 5 - 7 f o r  

each c o n d it io n )  were d e c a p ita te d  and 1 ml o f b lood was ta k e n  from  th e  

sev e red  tru n k  f o r  a n a ly se s  o f blood g lu c o se  and blood l a c t a t e .  S ince  

d i s s e c t io n  o f th e  tru n k  produced s tro n g  squ irm ing  due to  s p in a l  r e f l e x e s ,  

th e  tru n k  was s p in a l  p ith e d  b e fo re  d i s s e c t io n .  L iv e r  and m uscle sam ples
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were removed and s to r e d  on ic e  u n t i l  w eighed. The lo n g iss im u s , th e  

a x t i c u l a r i s  and th e  s p i n a l i s  s e r i e s  o f m uscles l a t e r a l  to  th e  v e r te b ra e  

were u sed ; a l l  a re  o f  m ajo r im portance in  snake locom otion  (Cans, 1962). 

Samples f o r  l a c t i c  a c id  a n a ly s i s  were homogenized i n  lOx t h e i r  w eight 

o f p e r c h lo r ic  a c id .  A ll  l a c t a t e  homogenates were th e n  c e n tr ifu g e d  f o r  

10 min a t  3000 rpm and th e  s u p e rn a ta n t r e c e n tr i f u g e d  a t  10,000 rpm f o r  

10 min, a l l  a t  0°G. D u p lic a te  100 u l  sam ples of th e  f i n a l  su p e rn a ta n t and 

o f th e  p ro cessed  b lood  plasm a were ana lyzed  w ith  enzym atic  k i t s  (L a c ta te -  

UV method, Boehringer-M annheim  C o rp .) .

T issue  sam ples f o r  g lycogen  a n a ly se s  were homogenized in  

d e p ro te in iz in g  s o lu t io n  (30g t r i c h lo r o a c e t i c  a c id  and Ig  AggSO^ in  1 

l i t e r  w ate r) to  p ro v id e  a  1:100 d i l u t i o n  ( l i v e r )  o r  1:20 d i l u t io n  

(m u sc le ) . The tu b e  c o n ta in in g  th e  homogenate was p la c e d  in  b o i l in g  w ate r 

f o r  15 min, coo led  and c e n t r i f u g e d  a t  3000 rpm f o r  10 min. One ml of 

su p e rn a ta n t was drawn and an a ly zed  by th e  method o f Kemp and Van 

H e ijn in g en  (195^)- A ll l a c t a t e  and g lycogen  d e te rm in a tio n s  were made on 

a  V arian  T ech tron  Model 635 sp ec tro p h o to m e te r . Blood g lu c o se  was 

de term ined  by th e  " G lu c o s ta t"  method (W orth ington  B iochem ical C orp .) on

a  Beckman Spinco 151 s p e c tro c o lo r im e te r .  A ll m e ta b o li te  d a ta  a re

-1  -1 p re se n te d  a s  mean + 1 s ta n d a rd  e r r o r  mg g t i s s u e  w eigh t o r mg ml

blood  plasm a.

Energy p ro d u c tio n  i s  p re se n te d  in  pM oles ATP formed p e r gram 

body w eigh t. C a lo r ic  v a lu e s  a r e  a ls o  p re s e n te d . B e n n e tt and L ic h t (1972) 

p ro v id e  th e  fo llo w in g  c o n v e rs io n s  f o r  d e te rm in in g  ATP y ie ld s  from 

a e ro b io s is  and a n a e ro b io s is :

1 .0  mg l a c t a t e  form ed 0 .016? m ill im o le s  ATP



1 .0  ml Og (STPD) consumed = 0 .290  m illim o le s  ATP 

T h is  assumes g lycogen  to  he th e  on ly  s u b s t r a te  c a ta b o liz e d  and th e  

l a t t e r  f ig u re  a l s o  assumes a  P/O r a t i o  o f 3 w ith  a  n e t y ie ld  o f  39 moles 

ATP formed p e r  mole o f g lycogen u t i l i z e d .  T h is  l a t t e r  f ig u re  i s  s t i l l  in  

doub t f o r  s k e l e t a l  m uscle due to  th e  u n c e r ta in ty  of th e  f a t e  of 

g ly c o ly t ic  NADH (G re v i l le ,  1969; Newsholme and S t a r t ,  1973). C a lo r ic  

e q u iv a le n ts  a re  ta k e n  from Hochachka and Somero (19 7 3 ):

1 .0  mg l a c t a t e  form ed = - 0.2609  c a l

1 .0  ml Og (STPD) consumed = -3 .1 0 4  c a l 

Both o f th e se  a re  based on g lu co se  a s  th e  s u b s t r a te  u t i l i z e d .

The 2 4 -h r a c t i v i t y  c y c le s  were de term ined  on 5 -  6 in d iv id u a ls  

a t  each  a c c lim a tio n  te m p era tu re . M easurem ents were made w ith  m ercury 

sw itch es  ta p ed  h o r iz o n ta l ly  on th e  s id e  o f th e  snake a t  ap p ro x im ate ly  

th e  le v e l  of th e  h e a r t .  The an im a ls  were p la ced  in  in d iv id u a l  p l a s t i c  

boxes in s id e  an env ironm enta l chamber 4 -  8 h r  p r io r  to  th e  s t a r t  o f an 

exp erim en t. The m ercury sw itch  le a d s  were connected  to  a  R u strak  Model 

292-8 r e c o rd e r  and th e  number o f pen movements p e r  hour was used  a s  an 

in d i c a to r  o f a c t i v i t y .  A c t iv i ty  was n o t reco rd ed  s im u lta n e o u sly  w ith , 

nor n e c e s s a r i ly  on, th e  same an im a ls  a s  th e  m easurem ents.

An a n a ly s i s  o f v a r ia n c e  was perform ed on th e  d a ta  to  d e te rm in e  

i f  s i g n i f i c a n t  v a r ia t io n  in  m etabolism  o r a c t i v i t y  occurred  o v er th e  

2 4 -h r  p e r io d . Because a c t i v i t y  was re c o rd e d  a s  a  p e rc e n ta g e , an  a r c s in  

tra n s fo rm a tio n  was made on th e s e  d a ta .  D uncan 's m u ltip le  range  t e s t  

(Duncan, 1955) was used to  i d e n t i f y  which hours were s ig n i f i c a n t l y  

d i f f e r e n t  i n  th e  2 4 -h r c y c le .  M e ta b o lite  l e v e l s  were compared by th e  

S tu d e n t t - t e s t  o r th e  Duncan m u l t ip le  ran g e  t e s t .  S ig n if ic a n c e  was 

judged  a t  th e  P < 0 .0 5  l e v e l .



RESULTS 

D iu rn a l c y c le s

There was a  s ig n i f i c a n t  (P< O .05 ) d a i ly  v a r i a t io n  o f oxygen 

consum ption a t  15°G and 35°C and o f r o u t in e  a c t i v i t y  a t  a l l  te m p e ra tu re s  

(F ig . i ) .  Oxygen consum ption in c re a s e d  a t  o r  s h o r t ly  b e fo re  th e  o n se t o f 

pho tophase a t  a l l  te m p e ra tu re s , and a t  25°C and 35°C i t  was maximal a t  

t h i s  tim e and th e n  d e c lin e d  w ith  only  random f lu c tu a t io n s  d u r in g  th e  

rem ain d er o f th e  2 4 -h r c y c le .  R outine a c t i v i t y  fo llow ed  t h i s  p a t t e r n  

c lo s e ly  a t  35°C b u t no t a t  25°C. At 15°G th e  c y c le s  were e s s e n t i a l l y  

d iu r n a l ,  a c t i v i t y  and oxygen consum ption b e in g  s ig n i f i c a n t l y  d e p re sse d  

d u rin g  m ost o f  th e  sco to p h ase .

L ev e ls  o f m e ta b o lic  r a t e

The g rand  mean Vq^ f o r  24 h rs  a t  each  a c c lim a tio n  te m p e ra tu re  i s  

p re s e n te d  in  T ab le  1 a long  w ith  th e  co rrsp o n d in g  VcOg* ^ and v a lu e s . 

H u tch iso n  and Kohl ( l9 7 l )  su g g es ted  th a t  th e  d if f e r e n c e  betw een th e  

m e tab o lic  r a t e s  o f th e  low h o u rs  o f th e  d a i ly  c y c le s  and th e  h ig h  hours 

( " ro u t in e "  m e ta b o lic  scope) m ight be a  b e t t e r  in d ic a to r  o f th e  a n im a l 's  

e n e r g e t ic s  u nder n a tu ra l  c o n d itio n s  th a n  th e  m e tab o lic  scope o f  fo rc e d  

maximal a c t i v i t y .  The v a lu e s  f o r  th e  lo w e s t two or th r e e  hour p e r io d  and 

th e  h ig h e s t  hour o f th e  d a i ly  c y c le  a re  a l s o  p re se n te d  in  T ab le  1 along  

w ith  th e  r o u t in e  m e tab o lic  scope .

10
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The mean Vq^ o f  th e  low hours o f  th e  d a l ly  c y c le  was ta k e n  a s  th e  

" s ta n d a rd "  m e tab o lic  r a t e  a t  each  te m p e ra tu re  and t h i s  v a lu e  was 

r e g re s s e d  on a c c lim a tio n  te m p era tu re  to  y ie ld  th e  e q u a tio n :

Vog = 12.11 - 166.55
•  - 1 - 1  

Where Vq^ i s  p re s e n te d  i n j u l  g h r  STPD and T i s  th e  a c c lim a tio n

te m p e ra tu re  in  d e g re e s  C e ls iu s .  An a n a ly s i s  o f v a r ia n c e  showed s ig n i f i c a n t

l i n e a r  r e g r e s s io n  (P< O.05 ) and i n s ig n i f i c a n t  d e v ia t io n  from  l i n e a r i t y

(P> 0 . 25 ) .

Energy p ro d u c tio n  d u r in g  a c t i v i t y

Snakes were s tim u la te d  t o  maximum a c t i v i t y  f o r  10 min a t  1400 h rs  

a t  a l l  a c c lim a tio n  te m p e ra tu re s . Snakes a t  25°C were a l s o  s t im u la te d  a t  

2200 h r s  to  d e te rm in e  i f  a  d iu r n a l  p a t t e r n  o f maximum energy  e x p e n d itu re  

e x i s t s .  B oth a re  tim es  o f s ta b le  oxygen consum ption in te rm e d ia te  betw een 

th e  h ig h  and low r a t e s  o f  th e  d iu r n a l  c y c le  a t  th e  r e s p e c t iv e  te m p e ra tu re s . 

The snakes responded  to  s t im u la t io n  w ith  an  i n i t i a l  b u r s t  o f  v io le n t  

th ra s h in g  s im i la r  t o  t h a t  d e s c r ib e d  f o r  D ipso sau ru s  (B en n e tt and L ic h t ,  

1972; B en n e tt and Dawson, 1972), b u t a b se n t i n  M as tic o p h is  (G ra tz  and 

H u tch iso n , 1976). T h is  l a s t e d  f o r  on ly  1 - 2  min a f t e r  w hich movement 

became slow  and la b o re d . D uring re c o v e ry  th e  snakes la y  q u ie t l y  w ith  

l i t t l e  movement.

Oxygen consum ption in c re a s e d  on ly  s l i g h t l y  d u r in g  th e  i n i t i a l  

3 - 5  min o f a c t i v i t y  b u t t h e r e a f t e r  showed a  marked in c re a s e  to  a  le v e l  

ro u g h ly  double th e  r e s t i n g  r a t e .  W ith in  th e  f i r s t  30 min fo llo w in g  

a c t i v i t y  oxygen consum ption in c re a s e d  s l i g h t l y  above t h i s  r a t e .  The 

maximum s u s ta in e d  oxygen consum ption r a t e s  a t ta in e d  d u r in g  a c t i v i t y  and 

re c o v e ry  a re  shown in  F ig . 2 a lo n g  w ith  th e  c o rre sp o n d in g  r e s t i n g  r a t e
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a e ro b ic  scope f o r  a c t i v i t y  and index  o f m e tab o lic  e x p a n s ib i l i ty .

Mean v a lu e s  f o r  oxygen consumed and t o t a l  body l a c t a t e  produced 

d u r in g  a c t i v i t y  a re  p re se n te d  in  T ab le 2 . At 15°C th e  t o t a l  energy  

e x p e n d itu re  d u rin g  a c t i v i t y  i s  lo w est (m easured a s  t o t a l  ;jM ATP g ^ ) ,  

a s  i s  th e  r e l a t i v e  c o n t r ib u t io n  o f a e r o b io s i s .  The g r e a t e s t  energy  

p ro d u c tio n  i s  a t  25°C, 1400 h r s  b u t th e  v a lu e s  o b ta in e d  a re  only  

s l i g h t l y  above th o se  a t  35°C. At 25°C, 2200 h r s  a e ro b ic  energy  p ro d u c tio n  

i s  only  s l i g h t l y  below t h a t  o f 1400 h r s  (P> O.50 ) b u t l a c t a t e  p ro d u c tio n  

and th e r e f o r e  t o t a l  energy e x p e n d itu re  a re  f a r  below th o se  a t  1400 h r s .

T issu e  m e ta b o li te s  were m easured im m ediate ly  a f t e r  a c t i v i t y  a t  

25°C, 1400 h r s  and 2200 h r s ,  and were compared w ith  c o n t ro ls  f o r  th e  same 

hour (T ab le 3 )-  A ll t i s s u e  l a c t a t e  l e v e l s  and b lood  g lu co se  in c re a s e d  

s i g n i f i c a n t l y  (P< O.OOl) d u r in g  a c t i v i t y .  M uscle g lycogen  d e c re a se d  

s i g n i f i c a n t l y  (P < O .O l) a t  1400 h r s  b u t  n o t a t  2200 h rs  ( P > 0 .1 0 ) .  L iv e r  

g lycogen  showed a  s l i g h t  d e c re a se  a t  b o th  tim es  b u t n e i th e r  change was 

s i g n i f i c a n t .

Recovery

Oxygen consum ption r e tu rn e d  to  o r to  n e a r  r e s t i n g  l e v e l s  in  

a p p ro x im ate ly  2 - 2 . 5  h r s  a t  15°C and 25°G and in  1 h r  a t  35°C. The 

oxygen d e b t (T ab le 2) was lo w e s t a t  15°C and 35°C and h ig h e s t  a t  25°C.

T o ta l body l a c t a t e  and t i s s u e  m e ta b o li te s  were m onito red  f o r  7 

hou rs  a f t e r  a c t i v i t y  a t  25°C, 1400 h r s  (F ig . 3 ) .  T o ta l body l a c t a t e  and 

m uscle l a c t a t e  were maximum im m ediate ly  a f t e r  a c t i v i t y  and th e n  d e c l in e d  

s t e a d i ly .  M uscle l a c t a t e  r e q u ir e d  3 h r s  to  re a c h  p r e - a c t i v i t y  l e v e l s  

w h ile  t o t a l  body l a c t a t e  re q u ire d  5 h r s .  M uscle g lycogen  was minimum 

im m ediate ly  a f t e r  a c t i v i t y ,  ro s e  to  a  v a lu e  n o t s ig n i f i c a n t l y  d i f f e r e n t
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from th e  p r e - a c t iv i t y  le v e l  by th e  f i r s t  hour of reco v e ry  and con tin u ed  

to  r i s e  u n t i l  5 h rs  a f t e r  a c t i v i t y .  B lood and l i v e r  l a c t a t e  r e q u ire d  

7 h r s  to  r e tu r n  to  c o n tro l  l e v e l s  w h ile  b lood g lu co se  rem ained e le v a te d  

th ro u g h o u t th e  reco v e ry  p e r io d . L iv e r  g lycogen showed no s ig n i f i c a n t  

change th ro u g h o u t reco v e ry .

The r e s p i r a t o r y  exchange r a t i o

The r e s p i r a to r y  exchange r a t i o  ( r ) was measured b e fo re ,  d u rin g  

and d u rin g  reco v e ry  in  some an im a ls  (N = 2 -  ? ) under a l l  c o n d i t io n s .

At 15°C, 1400 h r s ,  25°G, 1400 h r s  and 25°Ci 2200 h r s  R d e c re a se d  from 

mean p r e - a c t i v i t y  le v e ls  o f 0 .8 8 , 0 .7 9  and 0 .78  to  O.76 , 0 .6 6  and 0 .5 7 i 

r e s p e c t iv e ly ,  d u rin g  th e  a c t i v i t y  p e r io d . At 35°C, 1400 h r s ,  R in c re a se d  

from 0 .7 8  b e fo re  a c t i v i t y  to  0 .8 5  d u r in g  a c t i v i t y .  D uring th e  i n i t i a l  

hour o f re c o v e ry  R in c re a se d  r a p id ly  to  0 .9 8 , 1.31» 1 .23 and 1 .03 , 

r e s p e c t iv e ly ,  under th e  above c o n d i t io n s .  T h e re a f te r  i t  g ra d u a l ly  

d ec re a se d  to  r e s t i n g  le v e ls .



DISCUSSION 

D iu rn a l c y c le s

The diam ond-back w ater snake i s  e s s e n t i a l l y  a  d iu r n a l  anim al 

d u rin g  th e  co o l w eather o f e a r ly  s p r in g  b u t d iv id e s  i t s  a c t i v i t y  e q u a lly  

between day and n ig h t d u rin g  warmer w eather (P re s to n , 1970). P e rso n a l 

f i e l d  o b se rv a tio n s  and r e p o r ts  o f f i s h  h a tc h e ry  p e rso n n e l f in d  t h a t  th e  

anim al may be a c t iv e  and fe e d in g  anytim e from b e fo re  s u n r is e  to  p a s t 

m idnight d u r in g  mid-summer. The a c t i v i t y  and oxygen consum ption p a t te r n s  

a t  15°G and 35°C! su g g e s t t h a t  p h o to p e rio d  a lo n e  may r e g u la te  th e  sn ak es ' 

a c t i v i t y  a t  ex trem e te m p e ra tu re s . At 25°C some a c t i v i t y  i s  p re s e n t  a t  

a lm ost ev ery  hou r and exam ination  o f in d iv id u a l  r e c o rd s  in d ic a te s  th a t  

d i f f e r e n t  an im a ls  a re  a c t iv e  a t  v a r io u s  hou rs  b u t w ith  m ajor 

c o n c e n tra tio n s  o f a c t i v i t y  a t  m id -a fte rn o o n  and e a r ly  ev en in g . The 

g e n e ra l la c k  o f agreem ent of a c t i v i t y  and oxygen consum ption c y c le s  a t  

25°G i s  p u z z lin g  b u t no t u n p reced en ted . H utch ison  and Kohl ( l9 7 l )  found 

VOg to  be in d e p en d an t o f a c t i v i t y  in  some in d iv id u a l  Bufo m arinus and 

th e o r iz e d  th e  l a t t e r  to  be c i r c a d ia n  w hile  th e  fo rm er i s  n o t.

L eve ls  of m e tab o lic  r a t e

The r o u t in e  m e tab o lic  scope (T ab le l )  ro u g h ly  in v o lv e s  a 

d o u b lin g  o f th e  minimum m e tab o lic  r a t e .  H utch ison  and Kohl ( l9 7 l )  found 

s im i la r  r e s u l t s  in  th e  m arine to a d , Bufo m arin u s . a s  d id  G ra tz  and 

H utch ison  (1976) in  th e  coachw hip. By com parison, th e  fo rc e d  m e tab o lic

14
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scopes o f N a tr ix  rh o m b ife ra  a t  15°C and 25°C a r e  ap p ro x im ate ly  double 

th e  r e s p e c t iv e  r o u t in e  m e tab o lic  scopes w h ile  a t  35°C th e  two a r e  rough ly  

e q u iv a le n t  (F ig . 2 ) .  T h is  i s  most l i k e l y  due to  th e  g r e a te r  i n t e n s i t y  of 

a c t i v i t y  a t  35°G. A lthough th e re  i s  n o t c lo s e  ag reem en t, th e  g e n e ra l 

c o r r e l a t i o n  o f m ajor peaks o f a c t i v i t y  and oxygen consum ption su g g e s t 

t h a t  r o u t in e  a c t i v i t y  employs a e ro b io s is  a s  i t s  m ajor energy  s o u rc e .

The mean low oxygen consum ption v a lu e s  r e p o r te d  h e re  a t  25°G and 

35°G a re  much h ig h e r  th a n  th o se  r e p o r te d  f o r  t h i s  s p e c ie s  by Jacobson  and 

W hitfo rd  (1970) o r f o r  o th e r  sp e c ie s  (s e e  D m i'e l , 1971, f o r  a  re v ie w ) , 

b u t th e  v a lu e s  r e p o r te d  h e re  a t  15°G a re  below th o se  o th e rw ise  r e p o r te d .  

The l i n e a r  r e l a t i o n s h ip  o f mean low VOg to  a c c lim a tio n  te m p e ra tu re  found 

in  t h i s  s tu d y  i s  in  c o n t r a s t  to  c u r v i l in e a r  r e l a t i o n s h ip s  found f o r  t h i s  

s p e c ie s  and th e  g a r t e r  snake, Thamnophis proxim us (Jaco b so n  and W hitfo rd , 

1970) ,  f o r  th e  gopher snake, P itu o p h is  c a t e n i f e r , (G reenw ald, 1971), and 

f o r  th e  d e s e r t  snake, S p a le ro so p h is  c l i f f o r d i , (D m i'e l and B o ru t, 1972). 

I n  a l l  th e s e  s tu d ie s ,  however, a  l a r g e r  ran g e  o f  te m p e ra tu re s  was 

examined th a n  was used  in  t h i s  s tu d y , and th e  an im als  were n o t acc lim a ted  

to  each te m p e ra tu re  u sed . The d i f f e r e n c e s  betw een th e  m e ta b o lic  r a t e s  of 

a c c lim a te d  an im als  and unacc lim ated  an im als  su g g e s ts  a  c lo ck w ise  r o t a t i o n  

o f m e ta b o lic  r a t e  w ith  a c c lim a tio n  ( ty p e  I I I ,  P ro s s e r ,  1973)*

Energy p ro d u c tio n  d u r in g  a c t i v i t y

The i n i t i a l  b u r s t  o f v io le n t  a c t i v i t y  i s  th e  tim e o f th e  g r e a te s t  

l a c t a t e  p ro d u c tio n  in  l i z a r d s  (B en n e tt and L ic h t ,  1972) and presum ably  

o th e r  r e p t i l e s .  Where t h i s  i n i t i a l  v io le n t  a c t i v i t y  i s  a b s e n t ( e .g .  

M a s tic o p h is , G ra tz  and H u tch ison , 1976) l a c t a t e  p ro d u c tio n  i s  low . In  

N a tr ix  rh o m b ife ra  th e  i n i t i a l  b u r s t  o f a c t i v i t y  i s  pronounced and th e
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l a c t a t e  le v e ls  ach iev ed  a t  25°C| l400 h r s  and 35°C, 1400 h r s  a re  among 

th e  h ig h e s t  r e p o r te d  in  r e p t i l e s  (B en n e tt and Dawson, 1972; B en n ett and 

L ic h t ,  1972) .

-1  -1The maximum a e ro b ic  scope of ^  rh o m b ife ra  i s  179«5 p i  Og g h r  

a t  35°C, 1400 h r s ,  c o n s id e ra b ly  l e s s  th a n  th e  maximum v a lu e s  re p o r te d  

f o r  P itu o p h is  (^20 ; i l  0^ g  ̂ h r  G reenw ald, 1971) o r S p a le ro so p h is  

(265  jul Og g ^ h r  D m i'e l and B oru t, 1972) b u t h ig h e r  th a n  th a t  of 

M a s tic o p h is  (1 3 9 .8  p i  Og g  ̂ h r  G ra tz  and H u tch iso n , 1976). As t h i s  

r a t e  was u s u a l ly  ach iev ed  d u r in g  th e  l a t t e r  5 min o f a c t i v i t y ,  a  tim e 

when movements had become slow  and la b o re d  and when some l a c t a t e  

o x id a tio n  may have been o c c u rr in g , th e  a e ro b ic  scope d u r in g  maximum 

a c t i v i t y  i s  c o n s id e ra b ly  l e s s  th a n  t h i s  v a lu e .

R e la t iv e  c o n t r ib u t io n s  o f a e ro b io s is  and a n a e ro b io s is

Under a l l  c o n d itio n s  s tu d ie d , a n a e ro b io s is  was th e  prim ary  sou rce  

o f  energy  f o r  a c t i v i t y ,  p ro v id in g  from  7 8 .7  to  9 1 .9 ^  o f th e  t o t a l  ATP 

g e n e ra te d  above s ta n d a rd  energy  p ro d u c tio n  (T ab le  2 ) .  Even th e se  v a lu e s  

may be somewhat c o n s e rv a t iv e  a s  th e  h ig h  l i v e r  l a c t a t e  v a lu e s  fo llo w in g  

a c t i v i t y  su g g e s t t h a t  some o f th e  in c re a s e d  oxygen consum ption may be 

due to  l a c t a t e  o x id a tio n  by th e  l i v e r  and th u s  would n o t c o n tr ib u te  ATP 

to  th e  m uscle . The g r e a t e s t  l a c t a t e  p ro d u c tio n  ( I . 8 I mg g ^) o ccu rred  

a t  25°C, 1400 h r s  and i s  id e n t i c a l  to  th e  maximum l a c t a t e  p ro d u c tio n  of 

D ip so sau ru s  d o r s a l i s  (1 .8 2  mg g  ̂ a t  40°C; B e n n e tt and Dawson, 1972) 

which has th e  h ig h e s t  l a c t a t e  p ro d u c tio n  o f any l i z a r d  s tu d ie d . The 

h ig h e s t  a e ro b ic  c a p a c ity  (18 .7 9  p i  0^ g~^) o f N a tr ix  a l s o  o ccu rs a t  

25°C, 1400 h rs  b u t t h i s  i s  much low er th a n  t h a t  o f D ipsosau rus  (B en n e tt 

and Dawson, 1972) o r  th e  m arine ig u an a , Amblyrhynchus c r i s t a t u s
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(B e n n e tt, Dawson and Bartholom ew , 1975) and i s  ro u g h ly  th e  same as  

re c o rd e d  f o r  M as tic o p h is  (G ra tz  and H u tch iso n , 1976). M oreover, th e  

v a lu e s  f o r  l i z a r d s  a re  f o r  two m inu tes w h ile  th o se  f o r  snakes a re  f o r  

t e n  m inu tes o f a c t i v i t y .  The sm a lle r  s iz e  o f  D ipsosau rus c o n t r ib u te s  in  

p a r t  to  t h i s  d i f f e r e n c e ,  b u t th e  specim ens o f Amblyrhynchus used  in  th e  

above s tu d y  were o f  th e  same g e n e ra l s iz e  a s  th e  snakes used in  t h i s  

s tu d y . The low er a e ro b ic  c a p a c ity  of snakes may be due to  t h e i r  lung  

s t r u c t u r e  which f o r  most s p e c ie s ,  in c lu d in g  N a tr ix , i s  composed o f a 

sm a ll a lv e o la r  s e c t io n  ap p ro x im ate ly  o n e - th i rd  o f th e  t o t a l  lu n g  volume, 

and a  la r g e ,  p o o rly  v a s c u la r iz e d  a i r  sac  w ith  l i t t l e  o r no gas exchange 

c a p a c i ty  (George and Shah, 1956, 1965: Brongersm a, 1957; Kardong, 1972a 

&b; McDonald, 1959). T h is  red u ced  a e ro b ic  c a p a c ity  i s  p a r t i a l l y  o f f s e t  

by th e  g r e a t e r  e f f ic ie n c y  o f  snake locom otion , l e s s  th an  h a l f  th e  

en e rg y  i s  r e q u ire d  by a  g a r t e r  snake to  move a g iv en  d is ta n c e  th a n  by 

a  m o n ito r l i z a r d  o f th e  same s iz e  and moving a t  th e  same speed (Chodrow 

and T a y lo r , 1975).

A erob ic and a n a e ro b ic  c a p a c ity  and a e ro b ic  scope a l l  have a  h igh  

th e rm a l dépendance betw een 15°C and 25°G (Q^q = 3 .8 1 ,  1.87 and 2 .2 7 , 

r e s p e c t iv e ly )  b u t n o t betw een 25°G and 35°G (Q^g = 0 .9 9 , 0 .9 5  and 1 .10 , 

r e s p e c t i v e l y ) . The mean body te m p era tu re  o f N a tr ix  rh o m b ife ra  measured 

in  th e  f i e l d  i s  27.46°C o v e r a l l  and 28.51°C  f o r  a c t iv e  in d iv id u a ls  

(P re s to n ,  1970). The ran g e  o f a l l  body te m p e ra tu re s  i s  19°C to  32°G. 

S e v e ra l l i z a r d s  show a  d eg ree  o f th e rm al indépendance of v a r io u s  a s p e c ts  

o f  m etabolism  a t  body te m p e ra tu re s  n e a r t h e i r  a c t i v i t y  range  (Dawson, 

1967 , 1975; B e n n e tt, 1972a; M oberly, 1968). D m i'e l and B oru t (1972) 

r e p o r te d  only  a  s l i g h t  d i f f e r e n c e  in  th e  a e ro b ic  scope of S p a le ro so p h is
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C li f f o r d !  from  25° to  40°G and H oskins and A lek siu k  (1973%) re p o r te d  

Q^qS ap p roach ing  1 .0  i n  th e  m e tab o lic  r a t e  o f t i s s u e s  o f th e  g a r te r  

snake, Thamnophis s i r t a l i s  p a r i e t a l i s , m easured w ith in  th e  a n im a l 's  

p r e f e r r e d  body te m p era tu re  ra n g e . S tu d ie s  on th e  e f f e c t  o f tem p era tu re  

on th e  k in e t i c s  o f two m e tab o lic  enzymes o f  th e  g a r t e r  snake in d ic a te  

th a t  te m p era tu re  dependant isoenzym es and p o s i t i v e  th e rm al m odulation  

o f enzyme a c t i v i t y  may be th e  b a s is  of th e  low Q^^s in  th e  a n im a l 's  

a c t i v i t y  ran g e  (A lek siu k , 1971; H oskins and A lek s iu k , 1973a)- T his 

phenomenon may a llow  th e  an im al to  g e n e ra te  maximum energy  f o r  a c t i v i t y  

over a  wide ran g e  o f env iro n m en ta l te m p e ra tu re s  and th u s  o b ta in  a  d eg ree  

of m e tab o lic  h o m eostasis  w ith in  i t s  norm al a c t i v i t y  ran g e  (Dawson and 

Bartholomew, 1956; B e n n e tt, 1972a; H oskins and A lek s iu k , 1973a & b ) .

At 25°C, 2200 h r s  th e re  i s  a  s ig n i f i c a n t  (P< O.Ol) d ec re ase  in  

t o t a l  body l a c t a t e  p ro d u c tio n  b u t no s i g n i f i c a n t  change in  a e ro b ic  

energy  p ro d u c tio n  (P< O .50 ) .  A lthough d iu r n a l  v a r i a t i o n  in  ro u t in e  

m e tab o lic  r a t e  (R o b e rts , 1966; H u tch ison  and K ohl, 1971; Turney and 

H u tch ison , 197^; G ra tz  and H u tch iso n , 1976), a e ro b ic  scope (Turney and 

H u tch iso n , 1974) and r o u t in e  b lood  l a c t a t e  l e v e l s  (H u tch ison  and Turney, 

1975) have been r e p o r te d  i n  e c to th e rm s , t h i s  i s  th e  f i r s t  in d ic a t io n  

o f d iu rn a l  v a r ia t io n  in  a n a e ro b ic  energy p ro d u c tio n  in  an  e c to th e rm ic  

v e r t e b r a t e .

Oxygen d eb t

The oxygen d e b t can be d iv id e d  in to  an  a l a c ta c id  d e b t, 

a t t r i b u t a b l e  to  r e s y n th e s is  o f d e p le te d  h ig h  energy  phosphates and 

reo x y g e n a tio n  of r e s p i r a to r y  p igm en ts , and a  l a c t a c id  d e b t, a t t r i b u t a b l e  

to  th e  oxygen needed to  p ro v id e  energy  f o r  g lu c o n e o g e n e s is . In  mammals
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ro u g h ly  80% o f th e  l a c t a t e  form ed d u r in g  a c t i v i t y  i s  o x id ized  and 20% 

i s  re c o n v e rte d  to  g lu co se  (M in a ire , 1973). O x id a tio n  may ta k e  p la c e  in  

many o rg an s , b u t th e  l i v e r  and k id n ey  a re  th e  prim ary  s i t e s  o f 

g lu c o n e o g e n e s is . L iv e r  and p o s s ib ly  k idney  o x id a tio n  o f l a c t a t e  i s  

accom panied by an in c re a se d  oxygen up take w hile  o x id a tio n  by o th e r  

t i s s u e s  i s  n o t, th e  l a c t a t e  m ere ly  s u b s t i t u t i n g  fo r  o th e r  s u b s t r a te s  

(K nu ttgen , 1971; Kramer, D r ie s se n  and B re c h te lsb a u e r , 1971; M in a ire , 

1973).

S ix  m oles o f ATP a re  r e q u ir e d  to  c o n v e rt 2 moles o f l a c t a t e  to  

1 mole o f g lu co se  v ia  g lu c o n eo g en es is  and 36 moles of ATP a re  produced 

by th e  o x id a tio n  o f two moles o f l a c t a t e .  Thus th e  o x id a tio n  o f I k . 3% 

o f th e  l a c t a t e  formed would p ro v id e  enough ATP to  re c o n v e r t th e  

rem a in in g  85.7% to  g lu co se  (0 .1 4 3  x 36 = 0 .657  x 6 ) . The m easured 

oxygen d e b ts  would accoun t f o r  th e  o x id a tio n  o f 13.8%, 12.6%, 22.8% and 

8.2% o f th e  l a c t a t e  formed a t  15°C, 1400 h r s ,  25°C, 1400 h r s ,  25°C,

2200 h r s ,  and 35°G, 1400 h r s  r e s p e c t iv e ly ,  assum ing no a l a c ta c id  d e b t .

A s ig n i f i c a n t  a l a c ta c id  d e b t would red u ce  t h i s  f ig u re  somewhat b u t, 

s in c e  some l a c t a t e  i s  most l i k e l y  o x id ized  in  t i s s u e s  no t c o n t r ib u t in g  

to  th e  oxygen d e b t ,  l a c t a t e  o x id a tio n  cou ld  account f o r  most o r  a l l  of 

th e  energy  needed f o r  g lu c o n e o g e n e s is . I t  ap p ea rs  t h a t  on ly  a  minimum 

o f th e  l a c t a t e  i s  o x id ized  and t h a t  th e  p rim ary  ro u te  o f l a c t a t e  rem oval 

i s  by g lu c o n eo g en es is . D ata on m e ta b o li te  c o m p artm e n ta liza tio n  len d  

f u r th e r  su p p o rt to  t h i s  h y p o th e s is  (s e e  below ). The low oxygen d e b t a t  

35°C may r e f l e c t  a  g r e a te r  u se  o f l a c t a t e  a s  s u b s t r a te  f o r  norm al 

e n e rg e t ic s  and a  consequent low er le v e l  o f g lu c o n eo g en esis .



20

T o ta l energy  e x p e n d itu re  f o r  a c t i v i t y

The t o t a l  energy  c o s t  o f a c t i v i t y  m ust in c lu d e  b o th  th e  energy  

expended d u rin g  a c t i v i t y  and any en e rg y  u t i l i z e d  to  r e s to r e  m e tab o lic  

h o m e o sta s is . The form er p aram eter h as  been c a lc u la te d  o r e s tim a te d  f o r  

a  number o f  r e p t i l e s  (M oberly, 1968; B e n n e tt, 1972a; B en n e tt and Dawson, 

1972; B en n e tt and L ic h t ,  1972; G a tte n , 1974; B en n e tt, Dawson and 

Bartholomew, 1975; G ra tz  and H u tch iso n , 1976), b u t th e  l a t t e r  h as  gone 

la r g e ly  ig n o re d . The c o s t  o f r e l i e v in g  th e  m e tab o lic  a c id o s is  in c u rre d  

by th e  h ig h  l a c t a t e  b u ild -u p  and f o r  r e s to r in g  th e  d e p le te d  m uscle 

g lycogen  s to r e s  i s  a  s ig n i f i c a n t  added energy  c o s t to  th e  an im al and 

m ust be accoun ted  f o r  in  d e te rm in a tio n s  o f an im al energy  b u d g e ts . From 

th e  ev idence p ro v id ed  above, i t  a p p e a rs  t h a t  most o f th e  oxygen d e b t i s  

due to  l a c t a t e  o x id a tio n  which o ccu rs  p r im a r i ly  in  th e  l i v e r  and k idney  

(K nu ttgen , 1971; Kramer, D r ie s se n  and B re c h te ls b a u e r , 1971; M in a ire , 

1973). The o x id a tio n  o f a  mole o f l a c t a t e  p roduces 18 m oles ATP and has 

a  f r e e  energy  change o f -326 k c a l (Hoch, 1971). These a re  e q u iv a le n t  to  

0 .268  m illim o le s  ATP and -4 .8 5  c a l  p e r  ml 0^ STPD of th e  oxygen d e b t 

(T able 2 ) .  The sum o f th e  v a lu e s  f o r  th e  oxygen d eb t and f o r  energy  

u t i l i z a t i o n  d u r in g  a c t i v i t y  r e p r e s e n ts  th e  t o t a l  energy  c o s t o f th e  

a c t i v i t y .  T h is  i s  p re se n te d  f o r  N a tr ix  rh o m b ife ra  in  F ig . 4 .

M e ta b o lite  co m p a rtm e n ta liz a tio n

The d e c re a se  in  m uscle g lycogen  (T ab le  3) i s  more th a n  ad eq u a te  

to  accoun t f o r  a l l  o f th e  m uscle l a c t a t e  formed a t  25°C. M oberly (1968) 

no ted  th e  same to  be t r u e  f o r  Ig u a n a . I n  Ig u a n a , however, b lood g lu co se  

d id  n o t change a f t e r  a c t i v i t y  w h ile  in  N a tr ix  blood g lu c o se  ro s e
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c o n s id e ra b ly . The d u ra tio n  o f  a c t i v i t y  may e x p la in  th e  d i f f e r e n c e ,  as 

M oberly s tim u la te d  Iguana f o r  2 - 3  min w hile  N a tr ix  was s t im u la te d  f o r  

10 m in u te s . H utch ison  and Turney (1975) p ro v id e  co n v in c in g  ev id en ce  th a t  

th e  d u ra t io n  o f a c t i v i t y  in f lu e n c e s  b lood g lu co se  l e v e l s .  There a re  

in d ic a t io n s  a t  b o th  hours o f s t im u la t io n  of a  d e c re a se  i n  l i v e r  g lycogen 

d u r in g  th e  p e r io d  o f s t im u la t io n ,  a lth o u g h  th e  d i f f e r e n c e s  no ted  a re  

n o t s ig n i f i c a n t  due to  th e  h ig h  v a r i a b i l i t y  of t h i s  m e ta b o li te .  T h is  

i n i t i a l  d ro p , i f  r e a l ,  may be th e  so u rce  o f th e  i n i t i a l  r i s e  i n  b lood  

g lu c o se . B lood and l i v e r  l a c t a t e  le v e l s  have r i s e n  c o n s id e ra b ly  d u r in g  

a c t i v i t y  a s  p e r fu s io n  o f th e  m uscle has c a r r ie d  some l a c t a t e  to  th e  

l i v e r  f o r  o x id a tio n  o r g lu c o n e o g e n e s is .

A f te r  a c t i v i t y ,  th e  f i r s t  p r i o r i t y  i s  t h a t  o f r e s t o r i n g  th e  

m uscle to  r e s t i n g  c o n d i t io n s .  A la rg e  amount o f  l a c t a t e  m ust be removed 

and th e  d e p le te d  m uscle g lycogen  must be r e s to r e d .  A ll o f  t h i s  i s  

accom plished  w ith in  th r e e  h o u rs  a f t e r  a c t i v i t y ,  a p p ro x im a te ly  th e  tim e 

f o r  oxygen consum ption to  r e tu r n  to  norm al. I t  ap p ea rs  t h a t  l a c t a t e  i s  

removed from  th e  m uscle and c a r r i e d  to  th e  l i v e r .  As h as  been shown, 

j u s t  enough l a c t a t e  ap p ea rs  to  be o x id ized  to  p ro v id e  th e  energy  f o r  

g lu c o n eo g en es is  o f  th e  rem a in d er, and th e  g r e a t e s t  d e g re e  o f o x id a tio n  

o ccu rs  w ith in  th e  f i r s t  60 t o  90 m inu tes o f re c o v e ry . The i n i t i a l  

s t r a t e g y  ap p ea rs  to  be b o th  o x id a tio n  and g lu c o n eo g en es is  to  remove 

l a c t a t e  a s  q u ic k ly  a s  p o s s ib le .  The g lu co se  m anufactu red  a t  t h i s  tim e 

i s  r e tu rn e d  to  th e  b lo o d , a s  ev idenced  by th e  co n tin u ed  r i s e  i n  blood 

g lu c o se , and t h i s  i s  in  tu r n  c a r r ie d  to  th e  m uscle to  r e p le n is h  th e  

g lycogen  s to r e s .  The la c k  o f  any change in  l i v e r  g ly co g en  a f t e r  a c t i v i t y  

in d i c a te s  th a t  t h i s  organ does n o t c o n tr ib u te  g lu c o se  f o r  r e s to r a t i o n  

o f  m uscle glycogen d u rin g  re c o v e ry , a s  i t  does in  some f i s h e s  (B la c k ,
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R obertson  and P a rk e r , I 96I ) .  A f te r  th re e  hou rs  a l l  th e  ex cess  l a c t a t e  

h a s  been removed from  th e  m uscle and g lycogen  s to r e s  have been 

r e p le n is h e d .  The ex ce ss  l a c t a t e  i s  now s to re d  in  th e  b lood , l i v e r  and 

p e rh ap s  o th e r  o rg an s . T h is  l a c t a t e  may be used  a s  s u b s t r a te  by many 

o rgans b u t th e  co n tin u ed  r i s e  i n  b lood  g lu co se  and m uscle g lycogen  

in d ic a te s  co n tin u ed  g lu c o n eo g en es is  in  th e  l i v e r  and subsequen t g lycogen  

s y n th e s is  in  th e  m uscle . By 7 h r  a f t e r  a c t i v i t y  a l l  ex cess  l a c t a t e  has 

d isa p p e a re d  and b o th  b lood  g lu c o se  and m uscle g lycogen  le v e ls  have 

begun to  d e c l in e .

T his system  i s  th e n  q u i t e  d i f f e r e n t  from th a t  in  f i s h  where l i v e r  

g lycogen  c o n t r ib u te s  la rg e  am ounts o f  g lu c o se  f o r  m uscle g lycogen  

r e s t o r a t i o n  (B lack , R obertson  and P a rk e r , I 96I ) ,  th e  l i v e r  g lycogen  

b e in g  re p le n is h e d  a t  th e  n e x t fe e d in g . The long  p e r io d s  betw een 

fe e d in g s  i n  snakes may have n e c e s s i t a te d  t h i s  un ique s t r a t e g y  which 

p la c e s  a  h ig h  p r i o r i t y  on g lu c o n eo g en es is  to  r e s to r e  m uscle g lycogen  

and th u s  sp a re  l i v e r  g lycogen  f o r  o th e r  needs.

R e s p ira to ry  exchange r a t i o

L a c t ic  a c id  e n te r in g  th e  b lood  of mammals i s  b u f fe re d  p r im a r i ly  

by th e  b ic a rb o n a te  b u f f e r  system  and r e s u l t s  in  an  ex cess  r e l e a s e  o f 

COg in  th e  lu n g s (Masoro and S ie g e l ,  1971). The in c re a s e d  R d u r in g  th e  

f i r s t  hour o f re c o v e ry  i s  u n doub ted ly  due to  t h i s  r e le a s e  o f COg. 

However, s e v e ra l  q u e s tio n s  a r i s e  which w i l l  r e q u ir e  f u r th e r  

in v e s t ig a t io n .

The d e c re a se d  R d u r in g  a c t i v i t y  i s  due to  a  p ro p o r t io n a te ly  

g r e a te r  in c re a s e  i n  th a n  in  ^C02* Carbon d io x id e  r e le a s e  does n o t 

b eg in  to  in c re a s e  a p p re c ia b ly  u n t i l  ap p ro x im ate ly  10 m inu tes a f t e r
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a c t i v i t y ,  a  tim e  when b lood  l a c t a t e  u s u a lly  re a c h e s  i t s  peak (M oberly,

1968 ; B en n e tt, 1973). T h is  i s  p u z z lin g , s in c e  b lood  l a c t a t e  h a s  r i s e n

c o n s id e ra b ly  by th e  end o f  th e  a c t i v i t y  p e r io d . B en n e tt (1973) p rov ided

ev idence t h a t  b u f f e r s  o th e r  th a n  b ic a rb o n a te  and p hosphate  may be

im p o rtan t i n  r e g u la t in g  b lood  pH d u rin g  m e tab o lic  a c id o s i s  i n  r e p t i l e s .

T h is  may be p a r t i c u l a r l y  t r u e  i n  N a tr ix  rh o m b ife ra  whose b lood

/  -1b ic a rb o n a te  l e v e l  i s  low compared to  o th e r  r e p t i l e s  (7 mM 1 ; D essauer,

1970) .  The changes i n  R observed  h e re  su g g es t t h a t  th e  b ic a rb o n a te  

b u f f e r  system  o f N a tr ix  may on ly  be used when b lood  l a c t a t e  becomes 

ex trem ely  h ig h .

E c o lo g ic a l im p lic a tio n s

The i n i t i a l  b u r s t  o f v io l e n t  tw is t in g  and th r a s h in g  d u rin g  

s t im u la t io n  i s  th e  tim e  o f g r e a t e s t  l a c t a t e  p ro d u c tio n . The a c t i v i t y  o f 

p h o sp h o fru c to k in a se , th e  r a t e  l im i t in g  enzyme o f g ly c o ly s is ,  i s  much 

g r e a te r  in  l i z a r d s  th a n  i n  th e  la b o ra to ry  r a t  (B e n n e tt, 1972b). W hile 

in t e r p o la t io n  to  a l l  r e p t i l e s  and w ild  mammals i s  h aza rd o u s, i f  v a l id  

i t  would mean t h a t  a  r e p t i l e  can g e n e ra te  la rg e  am ounts o f energy  

a n a e ro b ic a l ly  a t  a  more r a p id  r a t e  th a n  a  mammal over a  s h o r t  p e r io d  o f 

tim e . T h is  power o u tp u t may g iv e  th e  r e p t i l e  a  d ec id ed  advan tage  in  

s h o r t - l iv e d  e n c o u n te rs , and t h i s  could  mean th e  d i f f e r e n c e  betw een l i f e  

and d ea th  (C oulson and H ernandez, 1974). For any p ro lo n g ed  b a t t l e ,  th e  

low a e ro b ic  scope o f  m ost r e p t i l e s  would p u t them a t  a  d ec id ed  

d is a d v a n ta g e .

P re d a to r  avo id an ce  would seem to  be th e  m ost l i k e l y  s i t u a t i o n  

r e q u ir in g  maximum energy  e x p e n d itu re  in  th e  w ater sn ak e . W hile a  b u r s t  

o f speed and a  sm a ll s t r u g g le  may a ls o  be n ece ssa ry  i n  subduing p rey .



24

Anderson (1975) and p e rso n a l o b se rv a tio n s  on w ild  and c a p tiv e  specim ens 

fe e d in g  on l i v e  f i s h  d id  n o t show any in te n s e  a c t i v i t y .  The most l i k e ly  

p re d a to r s  on N a tr ix , a t  l e a s t  in  Oklahoma, a re  raco o n s, hawks, c o y o te s , 

snapp ing  t u r t l e s ,  p re d a to ry  f i s h ,  o th e r  sn ak es , and, o f co u rse , man. 

W hile no s tu d y  o f th e  re sp o n se s  o f N a tr ix  t o  a  n a tu ra l  p re d a to r  has  been 

made, p e rso n a l o b se rv a tio n s  made w hile  c a p tu r in g  an im als f o r  t h i s  s tu d y  

r e v e a l  th e  fo llo w in g :

When a  snake i s  g ra sp ed , th e  re sp o n se  i s  an  im m ediate, v io le n t  

tw is t in g  and th ra s h in g  o f th e  e n t i r e  body accompanied by v ic io u s  

s t r i k i n g  and a  cop ious a n a l d is c h a rg e . I f  th e  snake were be ing  h e ld  in  

th e  mouth o f a  p re d a to r ,  t h i s  b eh av io r would r e s u l t  in  th e  musk b e in g  

d isc h a rg e d  d i r e c t l y  in to  th e  ey es , nose and mouth o f th e  p re d a to r .  T h is  

m ight w e ll r e s u l t  i n  a  momentary shock d u r in g  which th e  v io le n t  

th ra s h in g  may be s u f f i c i e n t  to  b reak  th e  snake f r e e .  Were t h i s  en co u n te r  

to  ta k e  p la c e  u nder w ate r, th e  an im al would have to  r e ly  e n t i r e l y  on 

a n a e ro b io s is  and a  h igh  a n ae ro b ic  c a p a c ity  would be e s s e n t i a l  f o r  

s u r v iv a l .
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Table 1 . Metabolic rate and routine metabolic scope (RMS) of the diamond-back water snake, Natrix rhombifera. Gas exchange rates
are presented in ul hr  ̂STPD (x +. SE, N = animal hours).

Acclimation x - 2h hrs Time Time
Temperature Vgg Ĉ02 ^ S .0 ^^2 ~  ^ (CDT) - Max (CDT) RMS Increase

15°C 29.5 23.3 0.79 18.7 2200-21*00 1*5.6 1200 2 6 .9 x 2 .1*1*
(+1 .61*, 219) (+2 .6 7, 2 8) (+?.26, 1 0) ^

5.28

25°C 155.9 1 2 1 .8 0.80 133.5 0100-0200 21 1 .1 O8OO 7 7 .6 x I.58
(+I.77, 21*0) (+9.99, 20) (+37.75, 10)

2 .2 8

35°C 356.2 256.1* 0.72 277.3 1100-1200 1*85.6 0700 208.1* X 1.75
(+10.98, 2 35) (+25.1*6, 18) (+5I.IO, 1 0)



Table 2. Energy budget for 10 minutée forced a c tiv ity  in  the diamond-back water snake, Natrix rhombifera.

Acclimation 

Temperature Hour 

( ° C )

Yield

15“C

25 c

35 C

-1M <>2 ®
(CDT) H Source (x+ SB) mg g '^  la c ta te

1400 10 Aerobic

5 Anaerobic

Total

1 ^ 0  10 Aerobic

5 Anaerobic 

T otal

2200 10 Aerobic

5 Anaerobic 

Total

1400 10 Aerobic

5 Anaerobic 

Total

4 .9

(+1 .1*2 )

18.8

(+2.05)

16.6

(+2.42)

18.1*

(+3.81)

0.97

1.81

1.06

1.73

pH ATP g" 

1 .1*2

16.20

17.62

5.45

30.23 

35.68

4.81

17.70

22.51

5.34

28.89

34.23

percent 

con trib u tio n  c a l g

8 .0  0 .03

92 .0

15.3

84.7

21.4

78.6

15.6

84 .4

-1

0.25

0.28

O.IO

0.47

0.57

0.08

0.28

0 .36

0 .09

0.45
0.54

Recovery 

time 

(mln +Œ)

153
(+23.8)

Oxygen Debt

138

(+19.5)

118

(+18.8)

°z ® 
(x + æ )

100.9

(+26.8)

,-l

175.8

(+20.5)

182.3

(+28.8)

59 108.0

(+ 11 .0) (+25.1)

>iM ATP g 

27.04

-1

47.11

48.86

28.95

c a l g

0.49

-1

0.85

0.88

0.52

VoJW



T able 3» T issu e  m e ta b o li te s  (mean + SE, N = number o f a n im a ls )  in  N a tr ix  rh o m b ife ra ; c o n t r o l s  and
O — 1

im m ed ia te ly  a f t e r  10 min fo rc e d  a c t i v i t y  a t  25 C. A ll v a lu e s  a re  p re s e n te d  a s  mg g t i s s u e
- I

wet w eigh t o r  mg ml p lasm a.

Time

(CDT)

1400

Blood

2200

E xperim ent

c o n tro l

a c t i v i t y

c o n t ro l

a c t i v i t y

G lucose

0 ,1 5

( jO .0 2 ,j

0.702

L a c ta te

0 .09

(+0.09 ,1

1.08

0 .23

0.52

0.07

1 .15

L iv e r M uscle T o ta l  Body

G lycogen L a c ta te G lycogen
-s.

L a c ta te L a c ta te

55 .45 0 .30 10.46 1.36 0 .3 4

(+ 1 0 .3 ,1 2 ) (+0 . 0 3 , 8 ) (+ 1 .4 1 ,1 0 ) (+ 0 .1 3 .8 ) (+ 0 .0 2 ,5 )

44 .23 0 .93 3 .93 3 .0 3 2 .1 5

(+7 . 6 , 7 ) (+0 . 58 , 7 ) (+0 . 9 4 , 7 ) (+ 0 .1 2 ,6 ) (+ 0 .0 6 ,5 )

51 .04 0 .32 11.41 1 .18 0 .4 0

(+ 8 .8 ,1 2 ) (+0 . 0 3 . 9 ) (+ 1 . 9 8 , 9 ) (+ 0 .1 0 ,9 ) (+ 0 .0 4 ,5 )

42 .7 4 1.13 8 .32 2 .71 1 .46

(+ 1 1 .4 ,7 ) (+0 . 12 , 7 ) (+ 1 . 53 , 7 ) (+ 0 .2 4 ,7 ) (+ 0 .1 8 ,5 )



FIGURE LEGENDS

F ig . 1 . D iu rn a l c y c le s  o f  oxygen consum ption  (h a lf - s h a d e d  d o ts  and 

d o t te d  l i n e )  and r o u t in e  a c t i v i t y  (c lo s e d  d o ts  and s o l id  l i n e )  i n  th e  

d iam ond-hack w a te r  snake , N a tr ix  rh o m b ife ra , a t  th r e e  a c c lim a tio n  

te m p e ra tu re s .  H atched a re a s  b e n e a th  g rap h s  in d ic a te  sc o to p h a se . Each 

p o in t  i s  th e  mean o f ^ -  10 an im a ls  (8  -  12 d e te r m in a t io n s ) .

P ig . 2 . The e f f e c t  o f  te m p e ra tu re  and h o u r o f  m easurem ent on m e ta b o lic  

scope f o r  a c t i v i t y  i n  ^  rh o m b ife ra . C i r c le  i s  r o u t in e  VOg a-t h o u r 

in d ic a te d ,  sq u a re  i s  maximum VOg d u r in g  a c t i v i t y  and t r i a n g l e  i s  maximum 

VOg d u r in g  re c o v e ry . V e r t ic a l  l i n e  i s  one s ta n d a rd  e r r o r  o f th e  mean. 

B ra c k e ts  in d i c a te  a e ro b ic  scope i n  u l  Og g ^ h r  ^ STPD and p a re n th e s e s  

in d i c a te  th e  in d ex  o f m e ta b o lic  e x p a n s ib i l i ty  f o r  each  te m p e ra tu re  and 

h o u r.

F ig . 3» T is su e  m e ta b o li te  l e v e l s  i n  N_̂  rh o m b ife ra  d u r in g  re c o v e ry  from  

10 min fo rc e d  a c t i v i t y  a t  25°G, 1400 h r s .  C = c o n t ro l  v a lu e ; I  = 

im m ed ia te ly  a f t e r  a c t i v i t y ,  numbers r e p r e s e n t  h o u rs  o f  re c o v e ry . Each 

p o in t  i s  th e  mean from  3 -  14 an im a ls  ex ce p t f o r  l i v e r  g ly co g en , th e  

l a s t  two d a ta  o f  which a re  based  on th r e e  an im a ls .

F ig .  4 .  T o ta l  energy  c o s t  o f  10 min fo rc e d  a c t i v i t y  i n  N. rh o m b ife ra  a t

te m p e ra tu re s  and h o u rs  in d ic a te d  on th e  a b c is s a .  Shaded a re a s  r e p r e s e n t  

a e ro b ic  and a n a e ro b ic  c a p a c i t i e s  and open a re a s  th e  oxygen d e b t .  Numbers

above each  b a r  a re  th e  c a l o r i c  e q u iv a le n t  ( c a l  g ^) o f  th e  t o t a l  energy

e x p e n d i tu r e .

35
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APPENDIX I

D iu rn a l v a r ia t io n  in  oxygen consum ption in  th e  diam ond-back w ater
-1 -1snake, N a tr ix  rh o m b ife ra . Gas volumes a re  p re s e n te d  a s j u l  g h r  STPD. 

D ata  co rrespond  to  th o se  p re se n te d  in  F ig . 1. Each ta b le  i s  fo llow ed  by 

th e  r e s u l t s  o f a  two-way a n a ly s i s  o f v a r ia n c e  perform ed on th e  d a ta .  

Fo llow ing  a l l  t a b le s  a re  th e  r e s u l t s  o f th e  Duncan m u l t ip le  range  t e s t .  

To d e term ine  i f  any two hou rs a re  s ig n i f i c a n t l y  d i f f e r e n t  f in d  th e  p o in t  

o f in t e r s e c t i o n  o f th e  two h o u rs . A b lan k  in d ic a te s  no d i f f e r e n c e ,  5 

in d ic a te s  P < 0 . 0 5 ,  1 in d ic a te s  P < 0 .0 1 .

15°G A cclim ation

Hour (GDT) Mean Vog N S tan d ard  E r ro r

0100 21.7 9 6 .40
0200 27 .4 10 4 .9 6
0300 32.0 9 7 .43
0400 26 .8 7 6.78
0500 23.5 9 5 .26
0600 39.6 10 8 .57
0700 25 .5 9 7 .07
0800 26.9 10 3.92
0900 31 .2 9 9 .3 4
1000 34 .3 9 11.07
1100 37 .2 10 9.93
1200 4 5 .6 10 9.68
1300 36.2 9 9.96
1400 36.9 9 10.09
1500 32.0 9 10.24
1600 34.7 8 12.59
1700 31 .6 10 10.05
1800 23 .2 10 7 .4 6
1900 22 .4 9 5.11
2000 26.8 8 4 .1 2
2100 36.1 8 9.49
2200 16.6 9 4.03
2300 22.1 10 5.72
2400 17.5 9 4 .8 8

r c e  o f V a r ia t io n  DF Mean Square F P

Between snakes 9 6913.012  24.16 0.001
Between hou rs 23 512.628  1.79 0.05
E rro r 207 286.080

40
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25°G Acclimation

Hour (GDT) Mean N S tandard  E r ro r

0100 138.4 10 15.39
0200 128.6 10 12.59
0300 154.4 10 27.40
0400 149.6 10 25.66
0500 178.1 10 33.43
0600 170.1 10 28.75
0700 181.7 10 33.33
0800 211.1 10 39 .34
0900 169.3 10 32.51
1000 143.6 10 16.95
1100 139.5 10 14.15
1200 161.9 10 28.03
1300 149.7 10 19.72
1400 154.7 10 19.87
1500 138.1 10 15.26
1600 140.7 10 17.93
1700 148.6 10 17.88
1800 163.4 10 27.98
1900 159.5 10 26.90
2000 152.7 10 19.24
2100 138.4 10 17.77
2200 166.5 10 20.96
2300 152.9 10 16.09
2400 151.4 10 19.61

Source o f V a r ia t io n  DF Mean Square F

Between snakes 9 69427.625  28.27
Between hours 23 2927.000  1.19

0.001
ns

E r ro r 207 2456.094
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35°G Acclimation

Hour (CDT) Mean VOg N s ta n d a rd  E r ro r

0100 360.6 10 66 .34
0200 307.6 10 30 .63
0300 327 .8 10 32.01
0400 331.3 10 27 .33
0500 345.7 10 30 .73
0600 415 .9 10 4 7 .39
0700 485 .6 10 57.26
0800 447.7 10 43 .53
0900 404 .4 10 32.41
1000 361.5 10 4 1 .0 4
1100 282.3 9 32 .45
1200 272.2 9 39 .28
1300 383.0 9 78 .02
1400 327.0 9 73 .73
1500 345.6 9 77 .65
1600 420 .0 10 9 2 .7 3
1700 382.1 10 70 .28
1800 348.8 10 38 .60
1900 345.8 10 57 .22
2000 332.4 10 4 7 .2 5
2100 310.0 10 4 4 .8 5
2200 308 .6 10 33 .6 4
2300 333.9 10 46 .03
2400 349.1 10 69.91

Source o f  V a r ia t io n

Between Snakes 
Between h o u rs  
E r ro r

DF Mean Square

8 210709.500
23 28021 .250

184 11109.590

18.97
2 .52

0.001
0.005



15 G Acclimation
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o o o o o o o o oo o o o o o o o o
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0100
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At 25 C th e  o n ly  s i g n i f i c a n t  d i f f e r e n c e s  a r e  t h a t  oxygen consum ption a t  0800 i s  s i g n i f i c a n t l y  
g r e a t e r  th a n  t h a t  a t  0100, 0200, I 5OO and 2100 a t  th e  P< 0 .01  l e v e l ,  and g r e a t e r  th a n  0300 , 0400, 

1000, 1100, 1300 , 1400, 1600, 1700 , 2000, 2300 and 2400 a t  th e  P < 0 . 0 5  l e v e l .

35°G A cc lim a tio n

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
^  O  0 \ 0 0  C ^ V O  ^  <\l -ri O  a s  00  (T\ (M ^
C\i CV2 CSi C\2 CV2 .—< .—I T—I .—f .—I T—I 1—I .—I O  O  O  O  O  O  O  O  O

0100
0200
0300
0400
0500
0600
0700
0800
0900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400

5 1 
5

5
1

5 5 
1 1 5 
1 1 
5 5

5
5 1 
5 1 
5 1 

5



APÎENDIX I I

D iu rn a l v a r i a t i o n  in  r o u t in e  a c t i v i t y  in  th e  diam ond-back w ate r 

snake, M atrix  rh o m b ife ra . V alues p re s e n te d  a re  p e rc e n t o f t o t a l  a c t i v i t y  

and co rrespond  to  th o se  p re se n te d  in  F ig . 1. The ta b le  o f  v a lu e s  i s  

fo llow ed  by th e  r e s u l t s  o f th e  a n a ly se s  o f  v a ria n c e  perform ed on th e  

a r c s in  tran sfo rm ed  d a ta  and th e  r e s u l t s  o f th e  Duncan m u l t ip le  ran g e  

t e s t ,  a l s o  perform ed on th e  a r c s in  tran sfo rm e d  d a ta .

I5 °c

A cc lim a tio n  tem p era tu re  

25°G
N = 12 N = 11 N = 10

Time Mean S tandard Mean S tandard Mean S tan d ard
(CDT) % e r r o r % e r r o r % E rro r

0100 0 .0 0 .0 0 .9 0.45 0 .8 0 .35
0200 0 .0 0 .0 1 .1 0.51 1 .8 0.63
0300 0 .0 0 .0 2 .1 1.30 3 .4 0 .97
0400 0 .0 0 .0 0 .6 0 .46 3 .5 0 .73
0500 0 .8 0 .83 0 .7 0.35 4 .8 1.40
0600 0 .3 0.35 0 .7 0.36 12.1 1 .68
0700 9 .4 4 .70 1 .2 0.63 2 0 .0 2 .36
0800 8 .3 3.64 1.1 0.50 16.3 1.80
0900 7 .9 3.67 1 .8 0.78 15.0 2 .10
1000 5 .2 2.01 3 .2 0.92 8 .5 1.27
1100 7 .0 3.58 3 .8 1.49 2 .9 0 .70
1200 9 .7 4 .48 7 .3 1.67 0 .9 0.63
1300 2 .8 1.92 7 .8 3 .36 0 .02 0 .0 2
1400 2 .6 1.45 15.5 4 .02 0 .04 0 .04
1500 2 .1 1.48 10.3 3.46 0 .1 0.07
1600 3 .6 2.12 2 .0 1.06 0 .5 0 .25
1700 7 .2 4 .76 5 .1 1.35 0 .3 0 .19
1800 4 .4 2 .42 6 .7 2.10 0 .1 0 .08
1900 24.1 4 .59 10.7 3.34 3.7 1.59
2000 4 .3 2.33 3.1 1.32 1.1 0.37
2100 0 .2 0.15 1 .9 0.78 1.3 0 .44
2200 0 .0 0 .0 2 .8 0.92 0 .7 0 .25
2300 0 .2 0 .15 6 .3 3.93 1.3 0 .35
2400 0 .0 0 .0 1 .9 0.59 0 .8 0 .34
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15 C Acclimation

Source o f V a r ia t io n  DF

Between snakes 11
Between h o u rs  23
E r ro r  253

Mean Square 

22 .473
445 .918

8934.688

F

0 .25
4.96

ns
0.001

25 C A cc lim atio n

Source o f V a r ia t io n  DF

Between snakes 10
Between h o u rs  23
E r ro r  230

Mean Square

21.876
242.998

16224.988

0.31
3 .44

ns
0.001

Source o f  V a r ia t io n

Between snakes 
Between hou rs  
E r ro r

35 0 A cc lim atio n  

DF Mean Square

9
23

207

34.169
611.645

15.823

2 .16
38.66

0 .0 1
0.001



15 G Acclimation
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25°C Acclimation
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APPENDIX I I I

Oxygen consum ption volum es (^ 02 ) 3,nd. maximum s u s ta in e d  r a t e s  (VO2 ) d u r in g  a c t i v i t y  and re c o v e ry  
from  10 m inu tes  fo rc e d  a c t i v i t y  in  th e  diam ond-back w a te r sn ak e , N a tr ix  rh o m b ife ra . Gas volum es a re  

p re s e n te d  a s  >il 0^ g" and r a t e s  a s  p i  Og g” h r"  STPD, mean + S tan d a rd  e r r o r ,  N = an im al h o u rs .

A cc lim a tio n

Vn

Tem perature 
and tim e o f 
measurem ent

Mean
W eight

(g) VOg a c t i v i t y VOg a c t i v i t y VOg re c o v e ry VOg re c o v e ry

Recovery
tim e
(min)

15°C, 1400 h r s 694.6 4 .9   ̂
(+ 1 .4 2 ,1 0 )

108.5
( 16 . 39 , 10)

100.9
(+2 9 . 9 4 , 9 )

143.3
(+2 0 .4 5 , 9 )

153.2
(+ 2 6 .6 ,9 )

25°C, 1400 h rs 642.9 18.8
(+ 2 .1 6 ,1 0 )

317.7
(+2 0 . 5 4 , 10)

175.8
(+2 0 .4 7 , 10)

382 .2
(+3 2 . 2 3 , 10)

137.8
(+2 0 . 6 , 10)

25°G, 2200 h rs 590.0 16.6
(+2 . 54 . 11)

309.9
(+ 4 1 .6 7 ,1 1 )

182.3
(+3 0 . 2 3 , 11)

361.8
(+3 6 . 22 , 11)

117.8
(+ 19 . 7 , 11)

3 5 ° C, 1400 h rs 210.9 18 .4
(+ 3 .8 1 ,1 0 )

48 0 .7
(+9 4 .7 6 , 10 )

108.0
(+2 5 . 11 , 9 )

493 .2
(+9 3 . 9 2 , 9 )

58 .8
(+ 1 1 .6 ,9 )



APPENDIX IV

M e ta b o lite  c o n c e n tra t io n s  b e fo re ,  im m ediate ly  a f t e r  and d u rin g  

re c o v e ry  from 10 min fo rc e d  a c t i v i t y  a t  25°G, 1400 h r s  in  th e  diamond- 

back  w ater snake, N a tr ix  rh o m b ife ra . For each  m e ta b o li te ,  th e  d a ta  summary 

i s  fo llo w e s  by th e  r e s u l t s  o f  th e  a n a ly s i s  o f v a r ia n c e  and th e  Duncan 

m u l t ip le  range t e s t  perform ed on th e  d a ta .  S ig n ig ic a n c e  le v e l s  a re  p re se  

p re se n te d  a s :  b lan k  = no s ig n i f i c a n c e ;  5 = P < 0 . 0 5 ;  1 = P < 0 . 0 1 .

B lood G lucose

Time Mean Sample S tandard

(CDT) (mg ml s iz e E r ro r

C o n tro l (c ) 0 .1 5 14 0 .02

Im m ediately  a f t e r  ( l ) 0.70 5 0 .12

1 hour o f re c o v e ry 0 .79 5 0 .10

3 hours o f reco v e ry 1 .16 6 0 .10

5 hours o f reco v e ry 1 .25 6 0 .10

7 hours o f reco v e ry 1.11 5 0 .17

Source o f v a r i a t io n DF Mean Square F

Between sam ples 5 16476.86 36.81  0

W ith in  sam ples 34 447.57
T o ta l 39

Time C I ....... 1 ........  3 5 7

7

5

3
1

I

C

1

1

1

5
1

5

51
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Blood L a c ta te

Time Mean Sample S tan d a rd

(CDT) (mg ml s iz e e r r o r

C o n tro l (C) 0 .0 9 10 0.02

Im m ediately  a f t e r  ( l ) 1 .08 7 0 .08

1 hour o f reco v e ry 1 .4 6 5 0.06

3 ho u rs  o f reco v e ry 0 .9 9 6 0 .10

5 hou rs o f reco v e ry 0 .4 8 6 0 .08

7 hours o f reco v e ry 0 .0 5 5 0 .02

Source o f  v a r i a t io n DF Mean Square F P

Between sam ples 5 19381.13 7 1 .5 8  0 .00

W ith in  sam ples 32 270.75
T o ta l 37

Time C I 1 3 5 7

7

5

3
1

I

c

1

1

1

1

1

1

1

1

1

1
1
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L iv e r  Glycogen

Time Mean Sample S tandard

(CDT) (mg g ' ^ ) s iz e e r r o r

C o n tro l (C) 55.45 12 7.31

Im m ediate ly  a f t e r  ( l ) 44 .23 7 7 .01

1 hour o f  re c o v e ry 44.62 5 5.86

3 h o u rs  o f  re c o v e ry 46.23 3 10.92

5 h o u rs  o f  re c o v e ry X* X X

7 h o u rs  o f re c o v e ry 52.53 3 10.89

* no d a ta  f o r  t h i s hour

Source o f  v a r i a t i o n DF Mean Square F P

Between sam ples 4 1608138.00 0.36  ns

W ith in  sam ples 24 4451707.00

T o ta l 28

The Duncan m u lt ip le  range  t e s t  showed no hou rs  to  be s ig n i f i c a n t l y  

d i f f e r e n t  from  any o th e r s .
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L iv e r L a c ta te

Time

(CDT)

C o n tro l (C) 

Im m ediately  a f t e r  ( l )  

1 hour o f reco v e ry  

3 hou rs  o f reco v e ry  

5 hours o f  reco v e ry  

7 h o u rs  o f reco v e ry

Mean 

(mg g“ ^)

0.30

0.93
1.20
0.81
0 .46

0 .34

Sample

s iz e

8
7

5
6 
6 

5

S tan d ard

e r r o r

0 .03
0.06
0.11

0 .07
0 .08

0 .04

Source o f v a r i a t io n  DF

Between sam ples 5

W ith in  sam ples 30

T o ta l 35

Mean Square

7181.59
244.24

F

29.40

P

0.001

Time

7

5
3
1

I

c

1
1

1

1
1
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M uscle G lycogen

Time

(CDT)

C ontro l (C) 

Im m ediately a f t e r  ( l )  

1 hour o f re c o v e ry  

3 hours o f re c o v e ry  

5 hours o f re c o v e ry  

7 hours o f re c o v e ry

Mean

(mg g'^)

10.5

3.9
6.8
8 .4

14.8

13.5

Sample

s iz e

10

7

5
5
6

5

Standard

e r ro r

1.41

0 .94

1.70

2.21

1.51
2.56

Source o f v a r i a t i o n  DF

Between sam ples 5

W ith in  sam ples 31

T o ta l 36

Mean Square

990760.19

176559.69

F P

5.61  0.001

5 73I 1cTime

7
5
3
1
I

C
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M uscle L a c ta te

Time

(CDT)

C o n tro l (c) 
Im m ediately  a f t e r  ( l )  

1 hour o f  re c o v e ry  

3 hoiirs o f re c o v e ry  

5 h o u rs  o f re c o v e ry  

7 h o u rs  o f re c o v e ry

Mean 

(mg g” ^

1 .36

3 .1 0

2 .48

1 .43
1.20

1 .34

)

Sample

s iz e

8
6
5
6 
6 

5

S tandard

e r r o r

0 .13
0.11
0.21
0.16
0.12

0 .13

Source o f v a r i a t i o n  DF

Between sam ples 5

W ith in  sam ples 29

T o ta l 34

Mean Square

38194.16

1075.44

F P

35 .52  0 .001

Time

7
5
3
1
I

C

1

1

1

5

1
1
1
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T o ta l Body L a c ta te

Time

(CDT)

C o n tro l (c) 
Im m ediate ly  a f t e r  ( l )  
1 hour o f  re c o v e ry  

3 ho u rs  o f  re c o v e ry  

5 ho u rs  o f  re c o v e ry

Mean

(mg g~^)

0 .3 4

2 .1 5

1 .2 9
0 .8 7

0 .4 4

Sample

s iz e

5
5
5
5
5

S tan d a rd

e r r o r

0 .02

0.06
0 .1 3
0 .1 4

0.07

Source o f  v a r i a t i o n  DF

Between sam ples 4

W ith in  sam ples 20

T o ta l  24

Mean Square

27084.20

453 .58

F P

59.71 0.001

Time

5
3
1
I

C

1
1
1

1
1
1

1
1



APPENDIX V

R e s u lts  o f  th e  r e g re s s io n  a n a ly s i s  o f " s ta n d a rd "  m e tab o lic  r a t e  

vs a c c lim a tio n  te m p e ra tu re  in  th e  diam ond-back w a te r snake , N^ rh o m b ife ra .

A cc lim a tio n Mean S tandard

T em perature N (m1 g” ^ h r “ ^) e r r o r

15°C 28 18.7 2.87

25°C 20 133.5 9.99

35°C 18 277.3 25.46

R eg ressio n  e q u a tio n  : VOg = 12.11044 T „ T -  a c c l 166.5509

95^ co n fid en ce  l i m i t s  o f th e  s lo p e  sure: 3*7655 and 20.^553

A n a ly s is  o f v a r ia n c e

Source o f v a r i a t i o n DF Mean Square F P

Groups 2 327172.4375 100.18 0.001

l i n e a r 1 652427.3125 340.23 0 .05

d e v ia t io n s 1 1917.6250 0.59 ns

E rro r 63 3265.8569

T o ta l 65
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