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A b s tr a c t .  T h e  o x y g e n  iso to p e  ra tio  (8 18O, S M O W ) o f  a tm o sp h e ric  C O 2 is  a  p o w e rfu l 
in d ic a to r  o f  la rg e -sc a le  C O 2 e x c h a n g e  on lan d . O x y g en  iso to p ic  e x ch a n g e  b e tw ee n  C O 2 
an d  w a te r  in le a v e s  a n d  so ils  c o n tro ls  th e  8 18O o f  a tm o sp h e ric  C O 2. C u rre n tly  th e re  is  l ittle  
e m p ir ica l in fo rm a tio n  on th e  sp a tia l  a n d  te m p o ra l v a r ia tio n  in  th e  8 18O o f  le a f  a n d  stem  
w a te r  in  tro p ic a l e co sy stem s. W e m e a su re d  th e  se a so n a l d y n a m ic s  o f  8 18O in a tm o sp h e ric  
C O 2 an d  w a te r  in  d if fe re n t e c o sy s te m  c o m p a rtm e n ts  in  b o th  p r im a ry  fo re s t  an d  p a s tu re  
e co sy s tem s  in th re e  d if fe re n t re g io n s  o f  th e  A m a zo n ian  B a s in  o f  B ra z il  (J i-P a ran a , M an au s , 
an d  S a n ta re m ). W ith in  re g io n s , th e  so u rc e  (s tem ) w a te r  8 18O v a lu e s  fo r  p r im a ry  fo re s ts  and 
p a s tu re s  w e re  s im ila r; n e ith e r  v e g e ta tio n  ty p e  e x h ib ite d  d is tin c t w e t - d ry  seaso n  p a tte rn s . 
D a y tim e  le a f  w a te r  iso to p e  ra tio s  w e re  s tro n g ly  c o rre la te d  w ith  p re d ic tio n s  o f  th e  C ra ig - 
G o rd o n  m o d e l. T h e  8 18O v a lu e  o f  le a f  w a te r  w as p o s it iv e ly  c o rre la te d  w ith  le a f  h e ig h t 
a b o v e  g ro u n d  b e c a u se  o f  a s so c ia te d  v a r ia tio n  in  v a p o r  p re ssu re  d e fic it a n d  th e  8 18O o f 
a tm o sp h e ric  w a te r  v a p o r w ith in  fo re s t c an o p ies . C o n s is te n t w ith  th e se  o b se rv a tio n s , th e  
8 18O v a lu e  o f  le a f  c e llu lo se  w as p o s it iv e ly  c o rre la te d  w ith  fo re s t  h e ig h t. L e a f  w a te r  f ro m  
p a s tu re  g ra sse s  w as m o re  18O e n ric h e d  th an  le a f  w a te r  f ro m  fo re s t  v e g e ta tio n . T h e re  w as 
a te n d e n c y  fo r  d a y tim e  le a f  w a te r  to  b e  m o re  e n ric h e d  in  18O d u rin g  th e  d ry  se a so n , re flec tin g  
g e n e ra lly  lo w e r h u m id ity  c o n d itio n s  d u rin g  th e  d ry  seaso n . N ig h ttim e  m e a su re m e n ts  o f  the  
o x y g e n  iso to p e  ra tio  o f  e c o sy s te m  re sp ire d  C O 2 in  b o th  fo re s t  an d  p a s tu re  v e g e ta tio n  w ere  
n o t c o n s is te n t w ith  v a lu e s  e x p e c te d  fo r  C O 2 in e q u ilib r iu m  w ith  s te m  (so il)  w ater, d e sp ite  
n ig h ttim e  v a p o r  p re ssu re  d e fic its  c lo se  to  zero . A p p a ren tly , th e  8 18O o f  le a f  w a te r  lag g ed  
and  d id  n o t a tta in  iso to p ic  e q u ilib r iu m  a t n ig h t. T h u s, th e  d e v ia tio n  o f  n ig h ttim e  8 18O v a lu e s  
o f  e c o sy s te m  re sp ira tio n  fro m  th a t e x p ec te d  fro m  a C O 2 e fflu x  in  e q u ilib r iu m  w ith  so il 
(s tem ) w a te r  in c re a se d  as 8 18O v a lu e s  o f  e c o sy s te m  re sp ira tio n  b e c a m e  18O e n ric h ed . D is ­
c r im in a tio n  a g a in s t C O 2 c o n ta in in g  18O (A C 18O O ) d u rin g  p h o to sy n th e s is  w as c a lcu la te d  
b a se d  on m ea su re d  le a f  w a te r  8 18O v a lu es . F o re s ts  h a d  c o n s is te n tly  h ig h e r  m o d e le d  A C 18OO 
v a lu e s  th an  p a s tu re s . T h e  d a y tim e  iso to p e  e ffe c ts  w e  c a lc u la te  fo r  p h o to sy n th e s is  and  
re sp ira tio n  w e re  c o n s is te n t w ith  p re v io u s  m o d e l p re d ic tio n s  o f  a  s tro n g  d e p le tio n  o f  18O in 
a tm o sp h e ric  C O 2 o v e r  th e  A m azo n  B a s in  o f  B ra z il.

K ey w ords: carbon cycle; carbon dioxide (C O 2); oxygen iso tope ratio; photosyn thesis; re sp i­
ration; stab le  iso tope ratio; trop ica l forests.

In t r o d u c t io n

T h e  a n n u a l in c re a se  in  a tm o sp h e ric  c a rb o n  d io x id e  
c o n c e n tra tio n  v a rie s  su b s ta n tia lly  f ro m  y e a r  to  year, 
d e sp ite  re la tiv e ly  c o n s ta n t a n th ro p o g e n ic  C O 2 e m is ­
sio n s f ro m  fo ss il  fu e l b u rn in g  (M a rlan d  e t a l. 1999). 
T h is  h a s  led  to  th e  h y p o th e s is  th a t e n v iro n m e n ta lly  
in d u ce d  v a r ia tio n  in  c a rb o n  d io x id e  e x c h a n g e  in  te r­
re s tr ia l  e co sy s tem s  is  la rg e ly  re sp o n s ib le  fo r  th e  o b ­
se rv ed  in te ra n n u a l v a r ia tio n  in  th e  r is e  o f  a tm o sp h e ric  
C O 2 (F u n g  2 0 0 0 ). M e a su re m e n t an d  a n a ly s is  o f  the  
s ta b le  c a rb o n  iso to p e  c o m p o s itio n  o f  a tm o sp h e ric  C O 2
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a lso  su p p o rt la rg e  y e a r ly  v a r ia tio n  in te rre s tr ia l  n e t e c o ­
sy s te m  c a rb o n  u p tak e  (T ans a n d  W h ite  1998). T h e  
m e c h a n ism s  re sp o n s ib le  fo r  a n n u a l c h an g e s  in  te r re s ­
tria l e c o sy s te m  C O 2 e x ch a n g e  a re  n o t w e ll u n d e rs to o d , 
b u t  E l N in o /L a  N in a  e v en ts  c o n tr ib u te  su b s ta n tia lly  to 
y e a r ly  v a r ia tio n  in  te m p e ra tu re  an d  p re c ip ita tio n  w ith  
l ik e ly  s ig n ific a n t e ffe c ts  on  e c o sy s te m  fu n c tio n  in t ro p ­
ica l re g io n s  (T ian  e t al. 1998, B e h re n fe ld  e t a l. 200 1 ). 
S tro n g  in te re s t  h a s  b e en  e x p re sse d  in u s in g  ad d itio n a l 
a n a ly se s  o f  th e  c o n c e n tra tio n  and  s ta b le  iso to p e  ra tio  
o f  a tm o sp h e ric  c a rb o n  d io x id e  to  in fe r  c h an g e s  in  la rg e - 
sc a le  b io sp h e re  a c tiv ity  and  to in c re a se  u n d e rs tan d in g  
o f  th e  c o n tro llin g  p ro c e sse s  (C a n ad e ll e t a l. 2000).

T h e  o x y g e n  iso to p e  ra tio  (8 18O ) o f  a tm o sp h e ric  C O 2 
is a  p o w e rfu l in d ic a to r  o f  la rg e -sc a le  C O 2 e x c h a n g e  on 
lan d  (F a rq u h a r  e t a l. 1993 , C ia is  e t  a l. 1 9 9 7 a , b, G illo n
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a n d  Y ak ir 2 0 0 1 , E h le r in g e r  e t al. 2 0 0 2 ). T h e  p r im a ry  
fa c to r  in flu e n c in g  th e  18O c o n te n t o f  a tm o sp h e ric  C O 2 
is  an  e q u ilib r iu m  iso to p e  e ffe c t th a t o c cu rs  b e tw ee n  
o x y g e n  in  w a te r  a n d  o x y g e n  in  C O 2 d is so lv e d  in  th e  
w ater. D u rin g  p h o to sy n th e s is , C O 2- H 2O e x ch a n g e  in 
th e  c h lo ro p la s t ten d s  to  e n r ic h  th e  a tm o sp h e re  in 18O 
b e c a u se  c h lo ro p la s t w a te r  h as a  h ig h e r  18O :16O ra tio  
th an  w a te r  in  th e  so il. I so to p ic  f ra c tio n a tio n  d u rin g  
tra n sp ira tio n  c au ses  th e  w a te r  p o o l re m a in in g  in  le a v es  
to  b e c o m e  e n ric h e d  in  18O re la tiv e  to  w a te r  tak e n  up 
fro m  th e  so il (H e llik e r  a n d  E h le r in g e r  2 0 0 0 , Y ak ir an d  
S te rn b e rg  2 0 0 0 ). A s a  c o n se q u en c e , so il re sp ira tio n  
re le a s e s  C O 2 to  th e  a tm o sp h e re  th a t is re la tiv e ly  18O 
d e p le te d , in  c o n tra s t  to th e  n o rm a l 18O e n ric h m e n t a s ­
so c ia te d  w ith  C O 2 e x ch a n g e  d u rin g  p h o to sy n th e s is .

S e a so n a l c h an g e s  in  th e  8 18O v a lu e  o f  a tm o sp h e ric  
C O 2 a t b o th  re g io n a l a n d  g lo b a l sc a le s  a re  la rg e ly  d e ­
te rm in e d  b y  g ro ss  te r re s tr ia l  fluxes o f  p h o to sy n th e s is  
a n d  re sp ira tio n  (C ia is  a n d  M e ije r  1998). F ra n c e y  and  
T ans (1 9 8 7 ) a n d  F rie d li  e t a l. (1 9 8 7 ) first p ro p o se d  th a t 
iso to p ic  e x ch a n g e  in v o lv in g  so il an d  le a f  w a te r  c o m ­
p a rtm e n ts  in  te r re s tr ia l  e c o sy s te m s  w e re  th e  d r iv in g  
fo rc e s  b e h in d  th e  o b se rv e d  la ti tu d in a l g ra d ie n t in  8 18O 
o f  C O 2. S u b seq u e n tly , m e c h a n is tic  m o d e ls  h a v e  been  
d e v e lo p e d  fo r  th e  m a jo r  iso to p ic  f ra c tio n a tio n  p ro ­
c e s se s  c o n tr ib u tin g  to  v a r ia tio n s  in  th e  8 18O v a lu e  o f 
a tm o sp h e ric  C O 2 (F a rq u h a r  e t al. 1993, C ia is  e t al. 
1 9 9 7 a , b, P e y lin  e t a l. 1999, R ile y  e t a l. 2 0 0 2 ). H o w ­
ever, th e  fu ll a p p lic a tio n  o f  th e se  m o d e ls  is d ifficu lt 
b e c a u se  o f  th e  c o m p le x ity  a n d  in te ra c tin g  n a tu re  o f  th e  
m an y  c o n tro llin g  fa c to rs . In  a d d itio n , th e re  a re  lim ite d  
f ie ld  d a ta  a v a ila b le  to  v a lid a te  m a jo r  p a ra m e te rs  in  th e  
m o d e ls , an d  th e re  is no  in fo rm a tio n  on se a so n a l v a r i­
a tio n  a n d  th e  e ffe c t o f  E l N in o /L a  N in a  c y c le s  in  tro p ­
ica l a rea s . C ia is  a n d  M e ije r  (1 9 9 8 ) h a v e  sp ec ifica lly  
e m p h a s iz e d  th a t th e  fo llo w in g  in fo rm a tio n  is  n e c e ssa ry  
to  re d u c e  u n c e rta in tie s  in th e  a p p lic a tio n  o f  8 18O in 
g lo b a l c a rb o n  b u d g e t m o d e ls . F irs t, w e  n e ed  fu rth e r 
a s se ssm e n t o f  th e  v a lid ity  o f  th e  C ra ig -G o rd o n  (1 9 6 5 ) 
m o d e l (F la n ag a n  e t a l. 1991) fo r  c a lc u la tin g  le a f  w a te r 
iso to p ic  e n r ic h m e n t u n d e r fie ld  co n d itio n s . S e co n d , 
b e tte r  c h a ra c te riz a tio n  is n e e d e d  o f  th e  iso to p e  ra tio  o f  
e c o s y s te m  re sp ire d  C O 2 an d  its  c o n tro ll in g  fa c to rs . D e ­
sp ite  th e  fa c t th a t th e  la rg e s t p h o to sy n th e tic  an d  r e ­
sp ira to ry  f lu x es a re  fo u n d  in  tro p ic a l e co sy s tem s  (C ra ­
m e r  e t a l. 1999, 2 0 0 1 ), o n ly  a  l im ite d  n u m b e r o f  d a ta  
se ts  e x is t  th a t can  b e  u se d  to  te s t  m o d e l p re d ic tio n s  in 
th e se  e co sy stem s.

O u r o b je c tiv e  in  th is  s tu d y  w a s  to m e a su re  se a so n a l 
a n d  in te ra n n u a l v a r ia tio n  in  th e  8 18O v a lu e  o f  le a f  and  
s te m  (so il)  w ater, an d  to  c o m p a re  th e se  to  m e a su re ­
m en ts  o f  th e  o x y g e n  iso to p e  ra tio  o f  e c o s y s te m  re sp ired  
C O 2. W e m ad e  m e a su re m e n ts  in p r im a ry  fo re s ts  and  
p a s tu re s  in  th e  A m azo n  B a s in  o f  B ra z il  in  o rd e r  to 
e v a lu a te  te m p o ra l c h an g e s  in  e n v iro n m e n ta l c o n d itio n s  
a n d  sh ifts  in  la n d  u se  fo r th e ir  e ffe c ts  on  th e  o x y g en  
iso to p e  ra tio  o f  a tm o sp h e ric  C O 2. T h is  re se a rc h  w as 
p a r t  o f  a  la rg e r  s tu d y , th e  L a rg e  S c a le  B io sp h e re  A t­

m o sp h e re  E x p e rim e n t in  A m a zo n ia  (L B A ), w h ic h  a im s 
to  im p ro v e  o u r  u n d e rs ta n d in g  o f  th e  in te ra c tio n s  b e ­
tw e en  th e  a tm o sp h e re  an d  e c o sy s te m s  o f  th e  A m azo n  
B a s in , a  g lo b a lly  im p o r ta n t b io m e .

O x y g e n  is o to p e  r a t io  o f  e c o s y s te m  H 2O  a n d  C O 2

T h ro u g h o u t th is  p a p e r  w e  u se  th e  c o n v e n tio n a l ‘‘d e l­
t a ’’ n o ta tio n , w h ic h  e x p re sse s  th e  iso to p ic  co m p o s itio n  
o f  a  m a te ria l  re la tiv e  to th a t  o f  a  s tan d ard :

c, i R Sample 1
8 — 1R ------------1R  Standard

(1)

w h e re  8 is  th e  iso to p e  ra tio  an d  R  is  th e  m o la r ra tio  o f  
h e a v y  to l ig h t iso to p es . T h e  8 v a lu e s  a re  c o n v e n ie n tly  
e x p re sse d  in  p a r ts  p e r  th o u sa n d  (%o). T h e  in te rn a tio n a l 
s ta n d a rd  fo r  o x y g e n  in  w ater, c e llu lo se , a n d  g a se o u s  
fo rm s  is  S ta n d a rd  M e a n  O cean  W ater (S M O W ). R smow 
(18O :16O ) — 2 .0 0 5 2  X 10 -3.

In  o rd e r  to  d e te rm in e  th e  im p a c t o f  e c o sy s te m  gas 
e x c h a n g e  on  th e  8 18O o f  a tm o sp h e ric  C O 2, w e  m ea su re d  
a n d /o r  c a lc u la te d  (1 ) th e  8 18O o f  le a f  w a te r  o v e r  a  d i­
u rn a l c y c le , (2) p h o to sy n th e tic  d isc r im in a tio n  a g a in s t 
C O 2 m o le c u le s  c o n ta in in g  18O (A C 18O O ), a n d  (3) the  
iso to p e  ra tio  o f  C O 2 re sp ire d  a t n ig h t f ro m  th e  e n tire  
e c o s y s te m  (8 18O R) a n d  fro m  th e  so il (8 18O R-soil). A ll 
8 18O R v a lu e s  w e re  c a lc u la te d  as th e  in te rc e p t f ro m  a 
K e e lin g  p lo t,  tw o -e n d -m e m b e r  m ix in g  m o d e l (P a tak i 
e t  a l. 2 0 0 3 ). D a ta  fo r  th e se  a n a ly se s  w e re  f ro m  flask  
c o lle c tio n s  d u rin g  b r ie f  n ig h ttim e  p e r io d s  ( 2 -3  h  fo l­
lo w in g  su n se t)  an d  a re  o n ly  p re se n te d  w h en  th e  s ta tis ­
t ic a l s ig n ific a n ce  o f  th e  lin e a r  re g re ss io n  w as P  <  0 .05 .

T h e  8 18O v a lu e  o f  w a te r  in th e  ro o ts  a n d  stem s 
(8 18O Stem) re m a in s  th e  sam e  a s th e  so u rc e  so il w a te r  
u n til  re a c h in g  th e  lea v es , w h e re  e v a p o ra tiv e  e n r ic h ­
m e n t o ccu rs . L e a f  w a te r  (R Leaf o r 8 18O Leaf) can  b e  c a l­
c u la te d  u s in g  a  C ra ig -G o rd o n  (1 9 6 5 ) m o d e l as m o d ified  
b y  F la n ag a n  e t a l. (1 9 9 1 ):

[ e, -  e a 
Cl I
\ e,

+  R a

R L

R s
-  1

(2)

(3)

w h e re  R  is  th e  m o la r  ra tio  o f  h e av y  to  l ig h t iso to p es  
(su b sc r ip ts  A tm , L ea f, a n d  S te m  re fe r  to a tm o sp h e ric  
w a te r  vapor, le a f  w ater, an d  s te m  w ater, re sp e c tiv e ly )  
a n d  e  is  th e  v a p o r  p re ssu re  (su b sc r ip ts  a  an d  i re fe r  to 
a ir  o u ts id e  o f  a  le a f  a n d  le a f  in te rc e llu la r  a ir  sp a c es , 
re sp e c tiv e ly ) . T h e  l iq u id -v a p o r  e q u ilib r iu m  f ra c t io n ­
a tio n  fa c to r  is  re p re se n te d  b y  a *  ( a *  — 1.009 a t 25°C ) 
a n d  v a r ie s  w ith  te m p e ra tu re  a c c o rd in g  to  th e  eq u a tio n s  
o f  M a jo u b e  (1 9 7 1 ); a k is th e  k in e tic  f ra c tio n a tio n  a s ­
so c ia te d  w ith  H 2O d iffu s io n  in  a ir  ( a k — 1 .0285).

D u rin g  p h o to sy n th e tic  g a s  e x ch a n g e , d isc r im in a tio n  
a g a in s t C O 2 m o le c u le s  c o n ta in in g  18O is in flu e n ce d  b y  
d iffu s io n  an d  b y  o x y g e n  iso to p e  e x ch a n g e  w ith  le a f

8 18OLeaf —
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w ater. A  p o rtio n  o f  th e  C O 2 th a t  e n te rs  a  le a f  d u rin g  
p h o to sy n th e s is  d iffu se s  b a c k  to th e  a tm o sp h e re  w ith  
an  a lte re d  o x y g e n  iso to p e  ra tio , a f te r  e q u ilib ra tio n  w ith  
le a f  (c h lo ro p la s t)  w ater. T h e  o x y g e n  iso to p e  ex ch a n g e  
p ro c e ss  is  fa c ili ta te d  b y  th e  e n zy m e  c a rb o n  a n h y d ra se  
(C A ), w h ic h  ra p id ly  c a ta ly se s  th e  h y d ra tio n  o f  C O 2 and  
d e h y d ra tio n  o f  H C O 3-  in  th e  c h lo ro p la s t . In  C 3 sh ru b s 
an d  tree s  C A  a c tiv ity  is h ig h , w h ile  C A  a c tiv ity  is  low  
in  C 4 g ra sse s  (G illo n  a n d  Y ak ir 2 0 0 1 ). D isc r im in a tio n  
a g a in s t C 18O O  d u rin g  p h o to sy n th e tic  g as  ex ch a n g e  
(A C 18O O ) a lso  d e p en d s  on  th e  g ra d ie n t in  c o n ce n tra tio n  
o f  C O 2 b e tw e e n  th e  a ir  a n d  th e  c h lo ro p la s t  su rface . 
T h ese  p ro c e ss e s  a re  a ll in c lu d e d  in th e  m o d e l d e v e l­
o p e d  b y  F a rq u h a r  e t a l. (1 9 9 3 ) a n d  F a rq u h a r  an d  L lo y d  
(1 9 9 3 ):

f  a  ^

X

e©1e (1 — e)
c  c * 

— —  +  1
l.c a — c c J

8c =  8 18OLeaf +  fi (5)

w h e re  c c a n d  c a a re  th e  c h lo ro p la s t a n d  a m b ie n t a ir  
c o n c e n tra tio n s  o f  C O 2; 8 c a n d  8 a a re  8 18O v a lu e s  o f  C O 2 
in  th e  c h lo ro p la s t  a n d  a m b ie n t air, re sp e c tiv e ly ; e is 
th e  p ro p o rtio n a l e x te n t o f  iso to p ic  e q u ilib r iu m  b e tw ee n  
o x y g e n  in  C O 2 a n d  o x y g e n  in c h lo ro p la s t  w a te r  (e  =  
0 .93  fo r  C 3 tree s  an d  sh ru b s  an d  e =  0 .3  fo r  C 4 g ra sse s  
(G illo n  an d  Y ak ir 2 0 0 1 )); e  is  th e  e q u ilib r iu m  f ra c ­
tio n a tio n  b e tw ee n  o x y g e n  in  C O 2 a n d  o x y g e n  in  w a te r  
(41.2% o a t 25°C ; o x y g e n  in C O 2 b e c o m e s  e n ric h e d  in 
18O re la tiv e  to  th e  o x y g e n  in  th e  w a te r  p o o l); a n d  a  is 
th e  w e ig h te d  m ean  fra c tio n a tio n  d u rin g  d iffu s io n  o f  
C O 2 b e tw e e n  th e  a tm o sp h e re  a n d  th e  c h lo ro p la s t su r­
fa ce  (F a rq u h a r  e t a l. 1993). W e u se d  m e a su re m e n ts  o f  
le a f  c a rb o n  iso to p e  c o m p o s itio n  in  th e  C 3 fo re s t v e g ­
e ta tio n  to  e s tim a te  c c b a se d  on  c a v a lu e s  o f  370  ^ m o l 
o f  C O 2 p e r  m o l o f  air. T h e  a v e ra g e  8 13C v a lu e  o f  ‘‘s u n ’’ 
le a v es  w as a p p ro x im a te ly  — 30%o in  th e se  fo res ts  
(O m e tto  e t a l. 2 0 0 2 ), w h ic h  tra n s la te s  in to  a  c c v a lu e  
o f  2 8 2  ^ m o l/m o l (F a rq u h a r  e t a l. 1989). F o r  C 4 p la n ts  
w e  a ssu m e d  a  c c v a lu e  o f  180 ^ m o l/m o l (F a rq u h a r  et 
al. 1989). T h e  8 a w as a ssu m e d  to  b e  41%o fo r  th e  m o d e l 
c a lcu la tio n s .

T h e  8 18O v a lu e  o f  C O 2 re sp ired  fro m  so ils  is co n tro lled  
b y  iso to p ic  frac tio n a tio n  d u rin g  eq u ilib ra tio n  o f  so il C O 2 
w ith  w a te r  in th e  so il, an d  frac tio n a tio n  th a t o ccu rs  du r­
ing d iffu sio n  o f  C O 2 o u t o f  th e  so il. T h ere fo re , w e  c a l­
c u la te  th e  8 18O o f  so il C O 2 efflux  (8 18O R-soil) as

818°R-soil =  818°Stem +  — a  (6)

w h e re  a  is  a ssu m e d  to  h a v e  a  v a lu e  o f  8.8%o (Tans 
1998).

M a t e r i a l s  a n d  M e t h o d s  

S tu d y  s i te s  a n d  p r e c ip i ta t io n  p a t te r n s  

T h e  s ite s  w e re  lo c a te d  w ith in  th e  A m azo n  B a sin  n ear 
S a n ta re m , M a n a u s , a n d  J i-P a ra n a , B ra z il. In e ac h  r e ­

g io n , m ea su re m e n ts  w e re  c o lle c te d  a t fo re s t an d  p a s tu re  
s ites . E a c h  o f  th e  fo re s t  s ite s  w e re  p r im a ry  e v e rg re en  
fo re s ts  ( ‘‘te rra  f irm e ’’) w ith  a  m ean  c a n o p y  h e ig h t o f  
3 0 - 3 5  m , a lth o u g h  so m e  e m e rg e n t tree s  re a c h e d  4 5 ­
50 m . T h e  m a jo r la n d  u se  c h a n g e  re p la c in g  th e  p r im a ry  
fo re s ts  in A m a z o n ia  is  p a s tu re s , d o m in a te d  b y  B ra -  
c h ia r ia  spp ., a  n o n -n a tiv e  C 4 g ra ss  w id e sp re a d  th ro u g h ­
o u t th e  reg io n .

T h e  p r im a ry  fo re s t s ite  n e a r  S a n ta re m  w as lo ca ted  
67 k m  so u th  o f  th e  c ity , in  an  a rea  b e tw ee n  th e  T apajos 
R iv e r  a n d  th e  h ig h w a y  B R  163 (2 .8 5 ° S, 5 4 .0 5 ° W ). 
T h e  fo re s t  c o v e rs  an  a rea  o f  —600  0 0 0  h a  a n d  w as 
e s ta b lish e d  a s  a  n a tio n a l fo re s t in  1974 (F L O N A  T a­
p a jo s ) . T h e  S a n ta re m  p a s tu re  s ite  w as lo c a te d  77  k m  
so u th  o f  S a n ta re m  (3 .02° S, 5 4 .0 6 ° W ). T h e  M an au s  
fo re s t s ite  w as lo c a te d  70  k m  fro m  th e  c ity  (2 .6 9 ° S, 
6 0 .11° W ), in  a  fo re s t  re se rv e  c o n tro lle d  b y  th e  In s titu to  
N a c io n a l d e  P e sq u isa s  A m a z o n ic a s  (IN P A ). T h e  M a ­
n au s  p a s tu re  s ite  w as lo c a te d  a b o u t 60  k m  fro m  th e  
fo re s t s ite , a lo n g  a se c o n d a ry  ro a d  (Z F -3 ). T h e  g ra ss  
a t th is  s ite  h a d  le s s  v ig o ro u s  g ro w th  th an  th e  S a n ta re m  
p a s tu re  g ra ss . T h e  so ils  a t th e  M a n a u s  an d  S a n ta re m  
s ite s  w e re  d e ep ly  w e a th e re d  o x iso ls  (H a p lu d o x ) w ith  
h ig h  c la y  c o n te n t (6 0 -8 0 % ) , lo w  p H  ( 4 .0 - 4 .3 ) ,  and 
lo w  n u tr ie n t co n te n t. T h e  J i-P a ra n a  p r im a ry  fo re s t  site  
(R eb io  Ja ru , 10 .08° S, 6 1 .92° W ) w as a re s e rv e  c o n ­
tro lle d  b y  th e  B ra z ilia n  E n v iro n m e n t P ro te c tio n  A g e n ­
cy  (IB A M A ), lo c a te d  n o rth  o f  J i-P a ra n a  ( —80 k m ), by  
th e  M a c h ad o  R iv e r  (120  m  a b o v e  sea  lev e l). T h e  p a s ­
tu re  s ite  (F a z en d a  N o ssa  S e n h o ra  d a  A p a rec id a ; 10.75° 
S, 6 2 .37° W ) w as a c a ttle  ra n c h  50  k m  n o r th e a s t fro m  
J i-P a ra n a . T h e  so il in  b o th  J i-P a ra n a  s ite s  h a s  b een  
c la ss if ied  b y  H o d n e tt  e t  a l. (1 9 9 6 ) as an  o rth ic  a c riso l, 
w ith  8 5 % , o r m o re , o f  san d  a t th e  su rfa c e  layer. A ll 
s ite s , e x c e p t th e  M a n a u s  p a s tu re , w e re  o ffic ia l L B A - 
E c o lo g y  s tu d y  a rea s . F ie ld  m ea su re m e n ts  w e re  m ade  
d u rin g  se v e ra l fie ld  c a m p a ig n s  fro m  M a rc h  1999 
th ro u g h  to  M a rch  2001  a t th e  S a n ta re m  an d  M an au s  
s ites . L ess  f re q u e n t sa m p lin g  o c c u rre d  in  J i-P a ran a .

A t e ac h  o f  o u r  s tu d y  s ite s , th e re  w as a c le a r  d ry  
seaso n  ( < 1 0 0  m m  p re c ip ita tio n  p e r  m o n th ), a lth o u g h  
th e  le n g th  a n d  tim in g  o f  th e  d ry  sea so n  w as d iffe re n t 
am o n g  s ite s  (F ig . 1). T h e  tra n s itio n  fro m  w e t seaso n  
to  d ry  sea so n  (a n d  v ice  v e rsa )  w as n o t a b ru p t an d  d id  
sh o w  so m e  in te ra n n u a l v a r ia tio n . T h e  m o n th ly  w e t se a ­
son  p re c ip ita tio n  w as —2 5 0 - 4 0 0  m m  (F ig . 1).

W a te r  c o l le c t io n  a n d  a n a ly s is

W ater sa m p le s  w e re  c o lle c te d  to  c h a ra c te riz e  th e  s ta ­
b le  iso to p e  ra tio s  o f  d iffe re n t w a te r  c o m p a rtm e n ts  in 
p a s tu re  a n d  fo re s t  e co sy s tem s . X y le m  w a te r  sam p les 
w e re  c o lle c te d  fro m  s tem s (8 18O Stem) to  d e te rm in e  p la n t 
w a te r  so u rc es  in  th e  so il. L ea v es  w e re  sa m p le d  fo r th e ir  
le a f  w a te r  (8 18O Leaf) a n d  a tm o sp h e ric  w a te r  v a p o r 
(8 18O Atm) w a s  tra p p e d  so th a t 8 18O Leaf v a lu e s  c o u ld  be 
m o d e led . T h e  lea v es  an d  s te m s w e re  c o lle c te d  fro m  
se v e ra l h e ig h ts  w ith in  th e  fo re s t can o p y , p la c e d  im ­
m e d ia te ly  in s id e  in d iv id u a l g la s s  v ia ls  se a le d  w ith  a

A C 18O O  =  a  +
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F ig . 1. Mean monthly precipitation for M anaus, Santa- 
rem, and Ji-Parana. The means are for the years 1968-1998 
at Santarem, 1961-1990 at Manaus, and 1977-1997 at Ji- 
Parana.

ru b b e r  s to p p e r  an d  w ra p p ed  w ith  P ara film . T h e  sam p les 
w ere  k e p t c o ld  (0 -5 ° C )  in  th e  field  an d  la te r  f ro ze n  in  
th e  lab  u n til  w a te r  w as e x tra c te d  u s in g  c ry o g e n ic  v a c ­
u u m  d is til la tio n  (E h le r in g e r  e t al. 2 0 0 1 ). A tm o sp h e ric  
w a te r  v a p o r  w as c o lle c te d  by  se p a ra te ly  p u m p in g  a ir  
fro m  d iffe re n t h e ig h ts  w ith in  th e  c an o p y  (th ree  in  th e  
fo re s t  an d  tw o  in  th e  p a s tu re )  th ro u g h  c o ld  trap s  (d ry  
ic e -e th a n o l  ice  s lu rry )  a t a flow  ra te  o f  1 m L /s (H e llik e r  
e t al. 2 0 0 2 ). O x y g e n  iso to p e  ra tio s  fo r  a ll w a te r  sam p les 
w ere  d e te rm in e d  b y  e q u ilib ra tio n  o f  w a te r  w ith  C O 2 
(S o ck i e t al. 1999). M e a su rem e n ts  o f  th e  o x y g e n  is o ­
to p e  c o m p o s itio n  o f  th e  e q u ilib ra te d  C O 2 w ere  p e r­
fo rm ed  b y  o n lin e  in je c tio n  o f  C O 2 in to  a c o u p le d  gas 
c h ro m a to g ra p h  an d  iso to p e  ra tio  m ass sp e c tro m e te r  
(D e lta  P lu s, F in n ig a n  M AT, B rem en , G e rm an y ), o p ­
e ra tin g  in  a c o n tin u o u s  flow  m o d e  (F e ssen d e n  e t al. 
2 0 0 2 ).

A ir  s a m p le  c o l le c t io n  a n d  a n a ly s is

A ir  sam p les  fro m  w ith in  th e  fo re s t c an o p y  an d  p a s ­
tu re  sites  w e re  c o lle c te d  u s in g  D e k o ro n  tu b in g  (6  m m  
o u ts id e  d iam e te r)  a tta c h e d  to  a c a n o p y  a ccess  to w e r  a t 
d iffe re n t h e ig h ts  in  th e  fo re s t  (4 2 -3 1 , 2 1 ,7 ,  0 .2  m  w ith  
a v a r ia b le  in le t  a t th e  h ig h e s t lev e l d e p e n d e n t on  th e  
s ite) an d  a tta c h e d  to  a p o le  a t p a s tu re  (0 .7 , 0 .2  m ; 
O m etto  e t al. 2 0 0 2 ). A ir  w as p u lle d  th ro u g h  th e  tu b in g  
u s in g  a b a tte ry  o p e ra te d  p u m p  (C ap ex  V 2 X , C h a rle s  
A u s tin , W est B yflee t, S u rrey , U K ) a t a ra te  o f  —20  m L / 
s. A s a ir  flow ed  th ro u g h  th e  tu b in g , i t  w as first d ried  
by  p a ss in g  th ro u g h  a d e s ic c a n t tu b e  c o n ta in in g  m a g ­
n e s iu m  p e rc h lo ra te  an d  th en  th ro u g h  a 10 0 -m L  g lass  
flask  w ith  T eflon  s to p c o ck s  a t e ith e r  e n d ; th e  p u m p  w as 
lo c a te d  a t th e  en d  o f  th is  lin e  (E h le r in g e r  an d  C o o k
1998). F la sk s  w e re  flu sh ed  fo r  7 - 1 0  m in  b e fo re  s to p ­
co ck s on  th e  flask  w ere  c lo sed .

W e sa m p le d  th e  C O 2 re sp ire d  fro m  so ils  u s in g  a 
c lo sed  c u v e tte  sy s te m  (F la n ag a n  e t al. 1999). A  50  X
40  X 4 0  cm  c u v e tte  w as se a le d  to  th e  so il su rfa ce  by  
in se r tio n  5 cm  in to  th e  so il. A  sm a ll fan  o p e ra tin g  at 
a lo w  flow  ra te  w as u se d  to  m ix  a ir  w ith in  th is  cu v e tte .

A  lo n g  n a rro w  tu b e  w as c o n n e c te d  b e tw e e n  th e  c u v e tte  
an d  th e  o u ts id e  a tm o sp h e re  to  l im it  p re s su re  d iffe re n ce s  
fro m  d e v e lo p in g  b e tw e e n  in s id e  an d  o u ts id e  th e  c u ­
v e tte . A ir  w as m o v ed  s lo w ly  fro m  th e  c u v e tte  b y  a 
se p a ra te  c lo se d  lo o p  th ro u g h  an  in fra re d  gas a n a ly z e r  
(L iC o r G as H o u n d , L I-8 0 0 , L in c o ln , N e b rask a , U S A ) 
to  m o n ito r  C O 2 c o n c e n tra tio n  w ith in  th e  cu v e tte . A t­
ta c h e d  to  th e  s id e  o f  th e  c u v e tte  w as a c o u p le d  d e s icc an t 
trap  an d  e v a c u a te d  1 00-m L  flask . T h e  C O 2 lev e l w as 
a llo w e d  to  r ise  w ith in  th e  c u v e tte  in  re sp o n se  to  so il 
r e sp ira tio n  an d  a t p re sc r ib e d  C O 2 in te rv a ls  c u v e tte  a ir  
w as sa m p le d  u s in g  th e  a tta c h e d  flasks.

S ta b le  iso to p e  ra tio s  o f  C O 2 in  a ir  sam p le s  c o lle c ted  
in  10 0 -m L  g lass  flasks w ere  a n a ly ze d  u s in g  a c o u p le d  
gas p re c o n c e n tra to r  (P reC o n ) an d  iso to p e  ra tio  m ass 
sp e c tro m e te r  (M o d e l 252 , F in n ig a n  M AT, B rem en , 
G e rm an y ) o p e ra tin g  in  a c o n tin u o u s  flow  m o d e. A  400- 
^ L  su b sam p le  o f  a ir  f ro m  th e  flask  w as in je c te d  in to  
a P re C o n  sy stem , w h ic h  a llo w e d  iso la tio n  o f  th e  C O 2 
fro m  a ll o th e r  g a ses b e fo re  e n te r in g  in to  th e  m ass sp e c ­
tro m eter. T h e  lo n g -te rm  8 18O m e a su re m e n t p re c is io n  o f  
th is  te c h n iq u e  has b e e n  ±0 .23% c. A fte r  s tab le  iso to p e  
ra tio  a n a ly s is  o f  th e  flask  h ad  b e en  c o m p le te d , th e  C O 2 
c o n c e n tra tio n  w as d e te rm in e d  u s in g  a c o u p le d  b e l- 
lo w s - in f ra re d  gas a n a ly z e r  sy s te m  (B o w lin g  e t al. 
2 0 0 1 ). T h e  lo n g -te rm  [C O 2] m e a su re m e n t p re c is io n  has 
b e en  ± 0 .3  ppm .

W e u se d  a m ix in g  m o d e l d e v e lo p e d  b y  K ee lin g  
(1 9 5 8 ), an d  ap p lie d  e x te n s iv e ly  in  s tu d ies  o f  eco sy s- 
te m -sc a le  gas e x ch a n g e  (B u c h m a n n  e t al. 1997, F la n ­
ag an  an d  E h le r in g e r  1998, B o w lin g  e t al. 2 0 0 2 , F e s ­
sen d en  an d  E h le r in g e r  2 0 0 2 , O m etto  e t al. 2 0 0 2 , P a tak i 
e t al. 2 0 0 3 ), to  c a lc u la te  th e  iso to p e  ra tio  o f  C O 2 re ­
sp ired  by  an  e n tire  e c o sy s te m  (8 18O R) an d  th a t re le a sed  
fro m  th e  so il su rfa ce  (8 18O R-soil). E s tim a te s  fo r  8 18O R 
w ere  o b ta in e d  fro m  th e  y - in te rc e p t o f  a l in e a r  re g re s ­
sio n  b e tw e e n  8a an d  c -1 v a lu e s  m ea su re d  on  a ir  sam p les 
c o lle c te d  a t d iffe re n t h e ig h ts  w ith in  a v e g e ta tio n  c a n ­
o py  a t n ig h t w h en  p h o to sy n th e s is  w as n o t ac tiv e . T h is 
a n a ly s is  w as a lso  ap p lie d  to  th e  a ir  sam p le s  c o lle c te d  
fro m  th e  so il re sp ira tio n  ch am b er. T h e  8 18O R v a lu es  
p re se n te d  w ere  a ll s ta tis t ic a lly  s ig n ific a n t (P  <  0 .0 5 ). 
It  is im p o rta n t to  re c o g n iz e  th a t th e  iso to p e  ra tio  o f  
so il re sp ire d  C O 2 (8 18O R-soil), as c a lc u la te d  b y  E q . 6, is 
o n ly  o n e  c o m p o n e n t o f  th e  iso to p e  ra tio  o f  C O 2 re sp ired  
by  an  e n tire  e c o sy s te m  ( re p re se n te d  b y  8 18O R).

T h e  o r ig in a l d a ta  h av e  b e e n  a rch iv ed  w ith in  E c o ­
lo g ic a l A rc h iv es  as a S u p p le m e n t an d  a d d itio n a lly  a t 
N A S A  L B A -E C O  an d  C P T E C  L B A .56

R e s u l t s  

S te m  a n d  l e a f  w a te r  818O  v a lu e s

O v e r a 2 4 -m o  p e rio d , s tem  w a te r  8 18O v a lu e s  v a rie d  
fro m  — 9%c to  —3%c a c ro ss  th e  th ree  s tu d y  lo ca tio n s  
(F ig . 2). W ith in  a re g io n , th e  8 18O Stem v a lu e s  o f  p lan ts

5 (http://beija-flor.ornl.gov/lba/)
6 (http://lba.cptec.inpe.br)

http://beija-flor.ornl.gov/lba/
http://lba.cptec.inpe.br
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F ig . 2. Temporal variation (mean ± 1 se) in the oxygen isotope ratio (818O, %0) of stem and leaf water in forest and 
pasture sites in Brazil.

a t fo re s t  an d  p a s tu re  s ites  v a r ie d  in  c o n c e rt  an d  w ere  
v e ry  s im ila r  on  any  g iv en  sa m p lin g  da te . T h e re  w as no  
c le a r  in d ic a tio n  o f  a n y  se a so n a l (w e t v s . d ry  se a so n )  
p a tte rn  in  8 18O Stem v a lu e s  w ith in  a site  a t any  o f  th e  six  
d iffe re n t lo ca tio n s . A t th e  M an au s  an d  S a n ta re m  sites 
w h e re  d a ta  c o lle c tio n s  w ere  m o s t e x te n s iv e  (in c lu d in g  
b o th  p a s tu re  an d  fo re s t), b o th  th e  m in im u m  an d  m a x ­
im u m  8 18O Stem v a lu e s  o c cu rre d  d u rin g  th e  w e t seaso n  
p e rio d .

W h ile  th e  8 18O v a lu e  o f  s tem  w a te r  re m a in e d  r e la ­
tiv e ly  c o n stan t, th e  8 18O Leaf v a lu e s  w e re  e n ric h e d  in  18O 
re la tiv e  to  s tem  w a te r  an d  sh o w ed  m u ch  la rg e r  tem p o ra l 
an d  sp a tia l v a r ia tio n  (F ig s. 2, 3). W e u se d  a ir  te m p e r­
a tu re  an d  h u m id ity  d a ta , a lo n g  w ith  m ea su re m e n ts  o f

8 18O Stem an d  8 18O Atm v a lu e s  to  m o d e l th e  e x p e c te d  v a r­
ia tio n  in  th e  o x y g e n  iso to p e  ra tio  o f  le a f  w ater. A t the  
s ta rt o f  o u r  s tudy , c o n tin u o u s  m ea su re m e n ts  o f  a ir  te m ­
p e ra tu re  an d  h u m id ity  w e re  o n ly  a v a ilab le  a t o n e  s tu d y  
lo ca tio n , th e  M an au s  p r im a ry  fo re s t  site . W e o b se rv e d  
a s tro n g  a g re e m e n t ( r 2 =  0 .8 3 , P  <  0 .0 1 ) b e tw ee n  
m o d e le d  an d  o b se rv e d  le a f  w a te r  8 18O v a lu e s  a t the  
M an au s  fo re s t s ite  (F ig . 3). S in ce  8 18O Stem v a lu e s  w ere  
re la tiv e ly  c o n stan t, th e  C ra ig -G o rd o n  (1 9 6 5 ) m o d e l 
(E q. 2) p re d ic ts  th a t le a f  w a te r  sh o u ld  v a ry  in  re sp o n se  
to  c h an g e s  in  v a p o r  p re ssu re  d e fic it (V P D ) an d  8 18O Atm 
(F la n ag a n  e t al. 1991). V a ria tio n  in  V P D , in  p a rticu la r, 
m ig h t b e  e x p e c te d  to  re su lt  in  d if fe re n c e s  in  th e  8 18O 
v a lu e  o f  le a f  w a te r  (1) a lo n g  a h e ig h t g ra d ie n t w ith in  
a fo re s t can o p y , (2) b e tw e e n  w e t an d  d ry  seaso n s , and
(3) in  a c o m p a riso n  o f  fo re s t  an d  p a s tu re  s ites . W e u se d  
o u r m ea su re m e n ts  an d  m o d e l c a lc u la tio n s  to  ex am in e  
th e  in flu en ce  o f  th e se  th ree  fa c to rs  on  th e  o x y g e n  is o ­
to p e  ra tio  o f  le a f  w ater.

T h e re  w as a c o n s is te n t v e r tic a l g ra d ie n t in  th e  m id ­
day  8 18O Leaf v a lu e s  in  th e  fo re s t  c an o p ie s  (F ig . 4). U p p e r 
c an o p y  lea v es  fro m  fo re s t  sites  h ad  w a te r  th a t w as m o re  
e n ric h e d  in  18O b y  4 -6 % c  th an  lea v es  fro m  lo w e r  p o ­
s itio n s  in  th e  can o p y . T h is  v e r tic a l g ra d ie n t in  le a f  w a ­
te r  iso to p e  ra tio  w as l ik e ly  c au sed  b y  c h an g e s  in  b o th  
8 18O Atm v a lu e s  an d  V P D  th ro u g h o u t th e  fo re s t  can o p y . 
A t th e  S a n ta re m  fo re s t  site , th e re  w as a lso  a stro n g  
v e r tic a l g ra d ie n t fo r  th e  8 18O v a lu e  o f  c e llu lo se  p u rified  
fro m  lea v es  (F ig . 5 ). T h e  o x y g e n  iso to p e  c o m p o s itio n  
o f  le a f  c e llu lo se  re p re se n ts  a tem p o ra l in te g ra tio n  o f  
th e  8 18O o f  le a f  w a te r  p re se n t d u rin g  c e llu lo se  sy n th es is  
(R o d en  e t al. 2 0 0 0 ).
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FIG. 3. The relationship between m easured and modeled 
oxygen isotope ratio (818O, %o) of leaf water in the Manaus 
ZF2 forest in Brazil.
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FIG. 4. The relationship between leaf height and the oxygen isotope ratio of leaf water (mean ± 1 SE) in forest sites in 
Brazil. Data from the wet season (upper panels: >100  mm precipitation/m o) and dry season (lower panels: <100  mm 
precipitation/m o) are shown in separate panels for each site.

F o re s t  le a f  w a te r  8 18O v a lu e s  te n d e d  to  b e  m o re  e n ­
rich e d  in  18O d u rin g  th e  d ry  se a so n  th an  th e  w e t sea so n  
(F ig . 4). O u r sa m p lin g  w as to o  l im ite d  to  r ig o ro u s ly  
te s t  fo r  d ry  vs. w e t se a so n  d iffe re n c e s  in  p a s tu re  e c o ­
sy stem s.

L e a f  w a te r  fro m  p a s tu re  g ra sse s  w as g e n e ra lly  m o re  
e n ric h e d  in  18O d u rin g  th e  day  th an  le a f  w a te r  fro m  
fo re s t  v e g e ta tio n , w ith  8 18O v a lu e s  ra n g in g  fro m  1 .3 %  
to  1 5 .2 %  in  M a n a u s  p a s tu re , an d  s im ila r  v a lu e s  o c ­
c u rrin g  in  p a s tu re s  fro m  o th e r  re g io n s  (F ig . 2). M o d e l 
c a lc u la tio n s , fo r  a c o m p a riso n  o f  le a f  w a te r  8 18O v a lu es  
in  fo re s t  an d  p a s tu re  sites  in  S a n ta re m  d u rin g  S e p te m ­
b e r  2 0 0 0 , sh o w ed  th a t g re a te r  e n r ic h m e n t o f  18O in  le a f  
w a te r  w as e x p e c te d  in  th e  p a s tu re  s ite  (F ig . 6). T h is

FIG. 5. The relationship between leaf height and the ox­
ygen isotope ratio of leaf cellulose (mean ± 1 se) in the 
Santarem prim ary forest site in Brazil.

d iffe re n c e  in  m o d e le d  8 18O Leaf w as m o s t l ik e ly  a re su lt 
o f  th e  h ig h e r  V P D  in  th e  p a s tu re  site , b e c a u se  m e a ­
su re m en ts  o f  8 18O Atm an d  8 18O Stem w ere  v e ry  s im ila r  in  
th e  fo re s t an d  p a s tu re  sites  (F ig . 6).

818O  o f  r e s p ir e d  C O 2 in  f o r e s t  
a n d  p a s tu r e  e c o s y s te m s

H ig h ly  sig n ifican t lin e a r  re la tio n sh ip s  o ccu rred  b e ­
tw een  th e  in v erse  o f  C O 2 c o n ce n tra tio n  and  th e  8 18O 
v a lu es o f  C O 2 m easu red  on  a ir  sam ples c o lle c ted  w ith in  
a v e g e ta tio n  can o p y  at n ig h t ( r2 >  0 .85  ty p ica lly ; see 
S u p p lem en t) and  in  th e  so il re sp ira tio n  c h am b er (Fig. 
7). In  M a rch  2001 , th e  8 18O Stem v a lu e  fo r  trees  in  the  
S an ta rem  fo res t w as —7 % . T h ere fo re , w e  p red ic ted  
(fro m  Eq. 6) th a t 8 18O R-soil sh o u ld  b e  —2 5 % , w h ich  is 
w h a t w as o b se rv ed  (F ig . 7). W e re p ea te d  th ese  8 18O R-soil 
m easu rem en ts  on  sev era l o ccasio n s and  each  tim e  the  
o b se rv ed  8 18O R-soil v a lu es are  w ith in  1 - 2 %  o f  th a t p re ­
d ic ted  fro m  m easu red  8 18O Stem v a lu es and  E q. 6.

A t th e  w h o le  e c o sy s te m  lev e l, th e  o x y g e n  iso to p e  
c o m p o s itio n  o f  n ig h ttim e  re sp ira tio n  (8 18O R) sh o u ld  r e ­
flec t th e  in te g ra te d  in p u ts  o f  C O 2 re sp ire d  b y  b o th  
a b o v eg ro u n d  v e g e ta tio n  an d  so il c o m p o n e n ts . W e o b ­
se rv e d  te m p o ra l v a r ia tio n  in  8 18O R v a lu e s  in  b o th  fo re s t 
an d  p a s tu re  sites  (F ig . 8). F o re s t  e c o sy s te m  8 18O R v a l­
u es ra n g ed  b e tw e e n  1 9 .8 %  an d  3 3 .1 % , w h e rea s  8 18O R 
v a lu e s  fro m  p a s tu re  s ites  ra n g e d  b e tw e e n  2 2 .8 %  and  
3 9 .2 % . In  g e n e ra l, 8 18O R v a lu e s  w e re  m o re  18O e n ric h ed  
d u rin g  th e  d ry  se a so n  th an  d u rin g  th e  w e t se a so n  a t 
b o th  fo re s t  an d  p a s tu re  s ites  (F ig . 8). S o m e  o f  th e  te m ­
p o ra l v a r ia tio n  in  8 18O R v a lu e s  w as c o rre la te d  w ith
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F ig . 6. Com parison of m odeled oxygen isotope ratio of leaf water in Santarem forest and pasture sites during September 

2000. The left-hand panels represent the mean diurnal pattern for the 10-d period shown in the right-hand panels. The 
calculations used air tem perature and hum idity data collected by D. Fitzgerald at the LBA pasture site, and similar data 
collected by M. Goulden at the forest site. M easurem ents of the follow ing values were also used in the calculations: 818OStem 
= —3.50%  (forest) and —2.81%  (pasture); 818OAtm = —9.69%  (forest) and —8.51%  (pasture).

ch an g es  in  th e  iso to p e  ra tio  o f  so u rce  w a te r  as re flec ted  
in  th e  8 18O Stem v a lu e s  (F ig . 8).

W e can  in te rp re t so m e  o f  th e  v a r ia tio n  in  8 18O R v a l­
u es, a lth o u g h  w e are  re s tr ic te d  fro m  a fu ll in te rp re ta tio n  
b e c a u se  n ig h ttim e  8 18O Leaf v a lu e s  w e re  n o t m ea su re d  in  
th is  study . In  th e se  tro p ic a l e co sy s tem s , n ig h ttim e  h u ­
m id ity  lev e ls  g e n e ra lly  a p p ro ac h ed  100%  sh o rtly  a fte r  
su n d o w n . F o r  an  in it ia l  in te rp re ta tio n  o f  8 18O R v a lu es , 
le t  u s a ssu m e  th a t th e  8 18O o f  le a f  an d  so il w a te r  sh o u ld

32
0.0014 0.0018 0.0022 0.0026

1/[C02] (ppm-1)
FIG. 7. Relationship between the oxygen isotope ratio of 

CO2 in air samples and 1/[CO2] (ppm —1) (Keeling plot) col­
lected from the head space of a soil respiration cham ber in 
the Santarem  prim ary forest site in Brazil during M arch 2001.

b e  s im ila r  a t n ig h t. I f  so, th en  8 18O Leaf v a lu e s  sh o u ld  
a p p ro ac h  th a t o f  8 18O Stem, w h ic h  w e e x p ec t to  b e  e q u iv ­
a le n t to  8 18O v a lu e s  o f  th e  so il. H e re  w e a lso  a ssu m e  
th a t th e  8 18O v a lu e s  o f  so il w a te r  in  th e  u p p e r  so il lay e rs  
an d  s tem  w a te r  a re  id en tica l. T h is  is lik e ly  to  h o ld  in  
m o st c ases , s in ce  th e se  sites  a re  e x tre m e ly  m o is t and  
th e  h ig h  p re c ip ita tio n  in p u ts  an d  w e ll-sh a d e d  fo re s t 
floo r a re  lik e ly  n o t to  h a v e  e x p e rie n c e d  m u ch  e v a p o ­
ra tiv e  18O e n ric h m e n t. W h en  in te rp re tin g  8 18O R v a lu e s , 
B o w lin g  e t al. (2 0 0 3 ) c au tio n  a g a in s t a n a ly z in g  d a ta  
w ith  lo w  r2 v a lu e s  an d  so w e c o n s id e re d  o n ly  8 18O R 
v a lu e s  w ith  r 2 >  0 .8  ( re su ltin g  in  th e  e lim in a tio n  o f  5 
o f  th e  22  o b se rv a tio n s ) . F o r  b o th  fo re s t  an d  p a s tu re  
sites , w e  th en  c a lc u la te d  th e  8 18O R v a lu e s  e x p e c te d  fo r 
a C O 2 e fflu x  in  e q u ilib r iu m  w ith  s tem  (so il)  w a te r  (c a l­
c u la te d  u s in g  E q. 6).

T h e re  w as a w e ak  c o rre la tio n  b e tw e e n  th e  o b se rv e d  
8 18O r an d  th a t p re d ic te d  fo r  C O 2 in  e q u ilib r iu m  w ith  
so il w a te r  o n ly  (as p re d ic te d  b y  E q. 6), a lth o u g h  th e  
c o rre la tio n  w as g e n e ra lly  s tro n g e r  fo r  th e  w e t sea so n  
th an  th e  d ry  se a so n  (F ig . 9). B y  c o n tra s t  th e re  w as a 
s tro n g  p o s itiv e  c o rre la tio n  b e tw e e n  th e  o b se rv e d  8 18O R 
v a lu e s  an d  th e  d iffe re n c e  b e tw e e n  o b se rv e d  8 18O R an d  
th a t p re d ic te d  b y  E q . 6 (F ig . 10). In  g e n e ra l th e  d if ­
fe re n c es  b e tw e e n  p re d ic te d  an d  o b se rv e d  8 18O R v a lu es  
w ere  g re a te r  in  th e  d ry  se a so n  a t b o th  fo re s t an d  p a s tu re  
s ites . T h is  o b se rv a tio n  su g g ests  th a t le a f  w a te r  re m a in s  
e n ric h e d  a b o v e  th a t o f  so il (an d  s tem  w a te r)  a t n ig h t 
in  th e se  tro p ic a l e co sy s tem s  an d  th a t le a f  re sp ira tio n



February 2005 OXYGEN ISOTOPES IN AMAZONIAN ECOSYSTEMS 65

F ig . 8. Com parison of the tem poral variation in the oxygen isotope ratio of stem water and the isotope ratio of CO2 
respired at night by the entire ecosystem  in forest and pasture sites in Brazil. Data are means ± 1 s e .

c o n tr ib u te s  a la rg e  p ro p o rtio n  o f  to ta l e c o sy s te m  r e ­
sp ired  C O 2. In  ad d itio n , th e  re la tiv e  m ag n itu d es  o f  le a f  
an d  so il re sp ira tio n  m ay  c h an g e  b e tw e e n  w e t an d  d ry  
sea so n s , so th a t th e  in flu en ce  o f  le a f  re sp ira tio n  o n  the  
o x y g e n  iso to p e  ra tio  o f  to ta l e c o sy s te m  re sp ira tio n  in ­
c rea se s  d u rin g  th e  d ry  seaso n .

M o d e lin g  A C 18O O  in  f o r e s t  a n d  p a s tu r e  e c o s y s te m s

M e a su rem e n ts  o f  $ 18O Leaf v a lu e s  w e re  u se d  in  E qs. 
4 an d  5 to  m ak e  c a lc u la tio n s  o f  th e  m id d a y  v a lu e s  fo r  
d isc r im in a tio n  a g a in s t C 18O O  d u rin g  p h o to sy n th e tic  
gas ex ch a n g e  (A C 18O O ). F o re s ts  h ad  c o n s is te n tly  h ig h ­
e r m o d e le d  A C 18O O  v a lu e s  th an  p a s tu re s  (F ig . 11). T h is 
re su lte d  f ro m  s im ila r  8 18O Leaf v a lu e s , b u t lo w e r cc and  
m u ch  lo w e r  0 v a lu e s  a sso c ia te d  w ith  re d u ce d  ca rb o n  
a n h y d rase  (C A ) a c tiv ity  in  C 4 g ra sse s  (G illo n  an d  Y ak ir
2 0 0 1 ). T h e  te m p o ra l v a r ia tio n  in  F ig . 11 w as cau sed  
c o m p le te ly  b y  c h an g e s  in  8 18O Leaf v a lu es.

M o d e led  A C 18O O  v a lu e s  w e re  a lso  u se d  to  c o m p are  
fo re s t  an d  p a s tu re  s ites  in  S a n ta re m  d u rin g  S e p tem b e r 
2 0 0 0 , b a se d  on  th e  c a lc u la te d  v a r ia tio n  in  8 18O Leaf v a l­
u es sh o w n  in  F ig . 6. T h ese  d a ta  in d ic a te d  th a t av e rag e  
m id d a y  A C 18O O  v a lu e s  w e re  —20%c in  th e  fo res t, s ig ­
n ific an tly  h ig h e r  th an  th e  —9%o c a lc u la te d  fo r th e  C 4 
g ra sse s  o f  th e  p a s tu re  s ite  (F ig . 12).

D is c u s s io n

O u r s tu d y  re p re se n ts  th e  first lo n g -te rm , in te g ra te d  
se t o f  iso to p ic  m ea su re m e n ts  o f  w a te r  an d  C O 2 fo r t ro p ­
ica l ra in  fo re s t  an d  p a s tu re  e co sy stem s. T h ese  d a ta  p ro ­
v id e  in s ig h t in to  th e  fa c to rs  d r iv in g  c h an g e s  in  th e  8 18O 
v a lu e s  o f  a tm o sp h e ric  C O 2.

W e o b se rv e d  g o o d  a g re e m e n t b e tw e e n  m ea su re d  and  
p re d ic te d  $ 18O Leaf v a lu e s  in  th e  M a n a u s  fo re s t  c an o p y  
(F ig . 3). C o n s is te n t w ith  th e  C ra ig -G o rd o n  (1 9 6 5 ) m o d ­
el p re d ic tio n s  as m o d ified  b y  F la n a g a n  e t al. (1 9 9 1 ),

F ig . 9. Com parison between the observed oxygen isotope ratio of CO2 respired at night by the entire ecosystem  and the 
predicted isotope ratio of respired CO2 calculated using Eq. 6. The calculations done using Eq. 6 assume that all respired 
CO2 has equilibrated with water that has the same 818O value as that m easured for stem (soil) water at a site. Values are 
shown separately for the wet and dry seasons for all forest and pasture sites sampled in Brazil.
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F ig . 10. Com parison of the difference between the oxy­
gen isotope ratio (818O, %  SMOW) expected of respired CO2 
if all water sources were in equilibrium  with soil (stem) water 
CO2 and nighttime field observations as a function of the 
oxygen isotope ratio of ecosystem  respiration. The calcula­
tions were perform ed using Eq. 6 and assume that all respired 
CO2 has fully equilibrated with water that has the same 818O 
value as that m easured for stem (soil) water at a site. Values 
represent all observations from  forest and pasture sites during 
both the wet and dry seasons where r2 >  0.8.

th e re  w e re  tw o  m ain  fa c to rs  th a t c o n tr ib u te d  to  v a r i­
a tio n  in  fo re s t  le a f  w a te r  8 18O v a lu e s , h e ig h t v a r ia tio n  
w ith in  a fo re s t  c an o p y  an d  w e t vs. d ry  se a so n  d iffe r­
en ces. B o th  o f  th e se  fa c to rs  w ere  p r im a rily  c o n tro lle d  
by  c h an g e s  in  v a p o r  p re ssu re  d e fic it (V P D ), a lth o u g h  
fro m  o n e  sam p le  d a te  to  th e  n e x t th e re  w e re  ch an g es  
in  th e  iso to p e  c o m p o s itio n  o f  so u rc e  w a te r  (F la n ag a n  
e t al. 1991, R o d e n  an d  E h le r in g e r  1999). O u r le a f  w a te r  
8 18O o b se rv a tio n s  ag ree  w ith  an d  ex te n d  p re v io u s  
sh o rte r  te rm  o b se rv a tio n s  fo r  tro p ic a l fo re s t  reg io n s . 
Z u n d e l e t al. (1 9 7 8 ) re p o rte d  d iu rn a l 8 18O Leaf v a lu e s  fo r  
tw o  tree s  in  a tro p ic a l ra in  fo re s t  n e a r  I ta b u n a  (14° S,

39° W ); m ax im u m  8 18O Leaf v a lu e s  o f  6 - 1 0 %  w ere  o b ­
se rv e d  (w ith  a so u rce  w a te r  v a lu e  o f  —2 % ). In te re s t­
in g ly , Z u n d e l e t al. (1 9 7 8 ) a lso  re p o rte d  th a t 8 18O Leaf 
v a lu e s  fro m  se m ia rid  c a a tin g a  fo re s ts  to  th e  so u th  
re a c h e d  + 1 4 %  at m id d a y  (w ith  a so u rce  w a te r  v a lu e  
o f  —4 % ) .  M o re ira  e t al. (1 9 9 7 ) an d  S te rn b e rg  e t al.
(1 9 9 8 ) re p o rte d  8 18O Leaf v a lu e s  fro m  p r im a ry  fo re s t 
le a v es  a t th e  D u c k e  R e se rv e  n e a r  M a n a u s , B ra z il, th a t 
w e re  iso to p ic a lly  lig h te r  th an  th o se  o b se rv e d  in  th is  
study . In  a ll l ik e lih o o d , th o se  d iffe re n c e s  m ay  h av e  
b e e n  a sso c ia te d  w ith  lo w e r  V P D  v a lu e s  d u rin g  th e  sa m ­
p lin g  p e rio d s . S te rn b e rg  e t al. (1 9 8 9 ) a lso  fo u n d  s ig ­
n if ic an t h e ig h t g ra d ie n ts  in  th e  8 18O o f  le a f  c e llu lo se  
a t B a rro  C o lo rad o  Is la n d , P a n am a . T h e  h e ig h t g ra d ie n ts  
in  c e llu lo se  8 18O w ere  a sso c ia te d  w ith  h u m id ity  g ra ­
d ien ts  w ith in  th e  P a n a m a  tro p ic a l m o is t fo re s t can o p y .

In  o u r s tudy , le a f  w a te r  18O e n ric h m e n t in  p a s tu re s  
ty p ic a lly  e x c e e d e d  th a t o f  a d ja c e n t p r im a ry  fo res ts , 
la rg e ly  b e c a u se  o f  a g re a te r  V P D  in  p a s tu re  th an  in  
fo re s t  s ites . T h e  8 18O v a lu e s  o f  so u rce  w a te rs  re flec t 
p re c ip ita tio n  in p u ts ; th e se  v a lu e s  in  p a s tu re s  and  in  
ad ja c e n t fo re s ts  w e re  n o t d iffe re n t fro m  e ac h  o th e r  and, 
th e re fo re , it  w as p r im a rily  v a r ia tio n  in  le a f  w a te r  e n ­
r ic h m e n t b e tw e e n  sites  th a t c o n tr ib u te d  to  th e  d iffe re n t 
le a f  w a te r  8 18O v a lu e s  o b se rv e d  th ro u g h  tim e . In  a d ­
d itio n  to  e n v iro n m e n ta l v a r ia tio n  (V P D ) b e tw e e n  p a s ­
tu re  an d  fo re s t s ites , le a f  w a te r  iso to p ic  c o m p o s itio n  
in  th e  C 4 p a s tu re  g ra sse s  is a ffe c te d  by  p ro g re s s iv e  
e n ric h m e n t a lo n g  p a ra lle l  v e in s  (H e llik e r  an d  E h le r­
in g e r  2 0 0 0 ). G rass  8 18O Leaf v a lu e s  can  o f ten  b e  s ig n if­
ic a n tly  h ig h e r  in  18O re la tiv e  to  p re d ic tio n s  o f  th e  C ra ig - 
G o rd o n  (1 9 6 5 ) m o d e l d u e  to  th is  p ro g re s s iv e  e n r ic h ­
m en t. B e ca u se  o f  th e  l im ite d  a v a ila b ili ty  o f  m e te o ro ­
lo g ic a l d a ta  a t th e  re m o te  s tu d y  sites  d u rin g  th is  
in v e s tig a tio n , w e  w ere  u n a b le  to  c a lc u la te  p re d ic te d  
8 18° Leaf v a lu e s  in  p a s tu re  sites  fo r  m o s t o f  o u r  sa m p lin g  
tr ip s . T h u s, w e w ere  u n a b le  to  d o c u m e n t th e  e x te n t o f  
th e  d e v ia tio n  b e tw e e n  C ra ig -G o rd o n  (1 9 6 5 ) m o d e l p re ­
d ic tio n s  an d  o b se rv e d  le a f  w a te r  8 18O v a lu e s  u n d e r  field  
c o n d itio n s  in  th e  tro p ic a l p a s tu res .

Fig. 11. Temporal variation in discrim ination against CO2 molecules containing 18O (AC18OO, %  SMOW) at m idday in 
forest and pasture sites in the Amazon Basin. These data represent calculations involving Eq. 4 and using m easured midday 
values of 818O of leaf water and the following values: cc = 282 ^m ol/m ol for C3 trees, cc = 180 ^m ol/m ol for C4 grasses, 
and ca = 370 ^m ol/m ol, where c is the CO2 concentration in the air (a) and sites of carboxylation (c). We assume an 
equilibration value of 0 = 0.93 for C3 trees and shrubs and 0 = 0.3 for C4 grasses.
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Fig. 12. Com parison of m odeled discrim ination against CO2 molecules containing 18O (AC18OO, %o) in the Santarem 
forest and pasture sites during Septem ber 2000. The left-hand panels represent the mean diurnal pattern for the 10-d period 
shown in the right-hand panels. The calculations were done using Eq. 4 and the m odeled leaf water 818O values shown in 
Fig. 6; cc =  282 ^m ol/m ol for C3 trees, cc =  180 ^m ol/m ol for C4 grasses, and ca =  370 ^m ol/m ol. We assume that 0 = 
0.93 for C3 trees and shrubs and 0 = 0.3 for C4 grasses.

A d d itio n a l e rro rs  can  o c c u r  in  th e  a p p lic a tio n  o f  a 
s te a d y -s ta te  m o d e l o f  le a f  w a te r  e v a p o ra tiv e  e n r ic h ­
m en t u n d e r  fie ld  co n d itio n s . D u rin g  th e  day , th e  18O 
c o n te n t o f  le a f  w a te r  m ay  lag  s te a d y -s ta te  v a lu e s  b y  as 
l it t le  as 1 -2  h  (F la n ag a n  e t al. 1991, R o d e n  an d  E h ­
le r in g e r  1999), b u t th a t tim e  lag  is g re a tly  in c re a se d  at 
n ig h t w h en  w a te r  flow  th ro u g h  th e  le a f  is su b s ta n tia lly  
re d u ce d  (C e rn u sak  e t al. 2 0 0 2 ). T h e  a ssu m p tio n  o f  is o ­
to p ic  s te ad y  sta te  a t n ig h t w ill re su lt  in  u n d e re s tim a tio n  
o f  th e  8 18O Leaf v a lu e s  an d  th is  has im p lic a tio n s  fo r  in ­
te rp re tin g  K e e lin g  p lo t e s tim a te s  o f  th e  o x y g e n  iso to p e  
ra tio  o f  e c o sy s te m  re sp ire d  C O 2 (F la n ag a n  e t al. 1997,
1999).

W e c o m p a red  o u r o b se rv e d  8 18O R v a lu e s  w ith  th o se  
p re d ic te d  b a se d  on  C O 2 in  e q u ilib r iu m  w ith  so il (s tem ) 
w ater. T h e  p re d ic te d  8 18O R v a lu e s  a lso  a ssu m e d  a f ra c ­
tio n a tio n  fa c to r  (8 .8 % )  d u rin g  d iffu s io n  o f  C O 2 (Tans 
1998). A  n u m b e r  o f  fa c to rs  w ill c o n tr ib u te  to  v a r ia tio n  
b e tw e e n  K e e lin g  p lo t e s tim a te s  an d  s im p le  p re d ic tio n s  
o f  th e  o x y g e n  iso to p e  ra tio  o f  re sp ire d  C O 2. F o r  e x ­
am p le , T ans (1 9 9 8 ) has sh o w n  th a t in v a s io n  flux  o f  
a tm o sp h e ric  C O 2 in to  th e  so il c an  in flu e n ce  th e  e q u il­
ib ra tio n  b e tw e e n  so il C O 2 an d  w ater, a re su lt  th a t c au ses  
c u rv a tu re  in  th e  8 18O an d  1 /[C O 2] re la tio n sh ip  (a t v e ry  
h ig h  [C O 2]). T h e re fo re , th e  l in e a r  re g re ss io n  tec h n iq u e  
(K e e lin g  p lo t)  sh o u ld  re su lt  in  8 18O R v a lu e s  th a t are  
s lig h tly  m o re  n e g a tiv e  th an  a c tu a l 8 18O R v a lu e s  (Tans
1998). A p p lic a tio n  o f  a lo w e r v a lu e  ( 7 .3 %  ra th e r  th an  
8 .8 % )  fo r  th e  e ffe c tiv e  fra c tio n a tio n  d u rin g  d iffu s io n  
o f  C O 2 o u t o f  th e  so il c an  h e lp  d ea l w ith  th is  p ro b le m  
(M ille r  e t al. 1999, S te rn  e t al. 1999, Y ak ir an d  S te rn ­
b e rg  2 0 0 0 ). L e a f  re sp ira tio n  a t n ig h t w ill a lso  a ffe c t

th e  o x y g e n  iso to p e  ra tio  o f  to ta l  e c o sy s te m  re sp ire d  
ca rb o n  d io x id e , an d  le a f  w a te r  8 18O v a lu e s  can  b e  s ig ­
n if ic an tly  d if fe re n t th an  th o se  o f  th e  so il w ater. T he  
F la n a g a n  e t al. (1 9 9 1 ) le a f  w a te r  m o d e l p re d ic te d  lo w e r 
8 18O Leaf v a lu e s  a t n ig h t, w h ic h  w ere  o ften  n o t c o n s is te n t 
w ith  o b se rv e d  8 18O R v a lu es . T h e  d iffe re n c e  m ay  be  
e x p la in e d  b y  n o n  s te a d y -s ta te  c o n d itio n s  an d  th e  tim e  
lag s n e c e ssa ry  fo r  th e  d a y tim e  18O e n ric h m e n t s ig n a l 
to  b e  ‘‘w a sh e d ’’ o u t o f  th e  le a f  b y  in p u t o f  u n e n ric h e d  
x y lem  w a te r  (C e rn u sak  e t al. 200 2 ).

D u rin g  th e  d ry  sea so n , a b o v eg ro u n d  v e g e ta tio n  a p ­
p e a re d  to  c o n tr ib u te  m o re  to  th e  o x y g e n  iso to p e  ra tio  
o f  e c o sy s te m  re sp ira tio n  th an  so il re sp ira tio n . W e b a se  
th is  c o n c lu s io n  on  K e e lin g  p lo t in te rc e p t o b se rv a tio n s , 
a ssu m in g  th a t C O 2 fluxes w ere  d e riv e d  p r im a rily  f ro m  
so il an d  le a f  so u rces  (F ig s. 8, 9). L e a f  w a te r  iso to p ic  
e n r ic h m e n t w as g e n e ra lly  g re a te r  in  th e  d ry  se a so n  th an  
in  th e  w e t seaso n . In  th is  c ase  8 18O Leaf v a lu e s  m ay  a lso  
re m a in  m o re  e n r ic h e d  a t n ig h t an d  a ffe c t th e  K e e lin g  
p lo t 8 18O r v a lu e s  to  a g re a te r  e x te n t in  th e  d ry  seaso n . 
A lte rn a tiv e ly , th e re  m ay  b e  w e t vs. d ry  se a so n  c h an g es  
in  th e  re la tiv e  m ag n itu d e  o f  le a f  an d  so il re sp ira tio n  in  
th e se  tro p ic a l fo res ts . P re lim in a ry  ed d y  c o v a rian c e  and  
c h a m b e r  d a ta  f ro m  th e  S a n ta re m  p rim a ry  fo re s t  su g ­
g ests  th a t so il re sp ira tio n  is s ig n ific a n tly  re d u ce d  d u r­
in g  th e  d ry  se a so n  an d  th is  c o n tr ib u te s  to  h ig h e r  n e t 
e c o sy s te m  C O 2 u p tak e  b e c a u se  o f  o n ly  m in o r  se a so n a l 
v a r ia tio n  in  g ro ss  p h o to sy n th e s is  (S a le sk a  e t al. 2 003 , 
da  R o c h a  e t al. 2 0 0 4 ).

C e rn u sa k  e t al. (2 0 0 2 ) p ro v id e d  s tro n g  e x p e rim e n ta l 
e v id e n ce  th a t n ig h ttim e  8 18O Leaf v a lu e s  d id  n o t e v e r 
re a c h  th e  e x p e c te d  s te a d y -s ta te  v a lu e s  w ith  th e ir  e n ­
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v iro n m e n t, m o s t lik e ly  b e c a u se  th e  tim e  to  iso to p ic  
e q u ilib ra tio n  le n g th e n e d  w h en  s to m a ta  c lo sed  a t n ig h t. 
T h e  o b s e rv e d -m o d e le d  d iffe re n c e s  sh o w n  in  F ig . 10 
a re  c o n s is te n t w ith  th e  c a lc u la tio n  n o t a c c o u n tin g  fo r  
an  18O e n ric h e d  so u rc e  o f  re sp ira to ry  C O 2 in th e  fo res t 
an d  p a s tu re  e co sy s tem s . A d d itio n a lly , th e  in c re a se d  d e ­
v ia tio n s  in  e x p e c te d  an d  o b se rv e d  8 18O R v a lu e s  w ith  
in c re a s in g  8 18O R v a lu e s  a re  a g a in  c o n s is te n t w ith  n o t 
a c c o u n tin g  fo r  C O 2 e fflu x  fro m  e n ric h e d  8 18O Leaf v a lu es. 
T h is  is  b e c a u se  w e  w o u ld  e x p e c t th a t w h en  d a y tim e  
h u m id ity  w as lo w  th e  18O e n ric h m e n t o f  le a f  w a te r  
a b o v e  so il w a te r  w o u ld  b e  g re a te r  a n d  re su lt  in an  ev en  
la rg e r  d e v ia tio n  fro m  a ssu m e d  s te a d y -s ta te  v a lu e s  a t 
n ig h t (E q . 2 ). H o w ev er, as no  n ig h ttim e  8 18O Leaf v a lu es 
w e re  a v a ilab le , w e  a re  u n a b le  to  fu lly  re so lv e  th is  issu e . 
I t  is  a lso  lik e ly  th a t  th e  re la tiv e  m a g n itu d e s  o f  le a f  an d  
so il re sp ira tio n  m ay  c h an g e  b e tw e e n  th e  w e t a n d  d ry  
se a so n s , su c h  th a t th e  in flu e n ce  o f  le a f  re sp ira tio n  on 
th e  o x y g e n  iso to p e  ra tio  o f  to ta l e c o sy s te m  re sp ira tio n  
in c re a se s  d u rin g  th e  d ry  sea so n  in  th e  fo re s t  s ites . Sa- 
le sk a  e t a l. (2 0 0 3 ) a n d  d a  R o c h a  e t al. (2 0 0 4 ) a n d  p ro ­
v id e  e v id e n c e  in d ic a tin g  th a t th e  c o n tr ib u tio n  o f  so il 
C O 2 e fflu x  to  th e  to ta l e c o s y s te m  re sp ira to ry  flux  d e ­
c lin e s  d u rin g  th e  d ry  sea so n . T h u s, i t  seem s in a p p ro ­
p r ia te  to c o n c lu d e  th a t th e  so il w a te r  18O v a lu e  a lo n e  
d o m in a te s  th e  8 18O R v a lu e s  in  th e se  fo re s t a n d  p a s tu re  
e co sy s tem s , b u t  ra th e r  it is  lik e ly  th a t th e  se a so n a l v a r­
ia tio n s  a re  in flu e n ce d  b y  b o th  a b o v e g ro u n d  a n d  so il 
c o m p o n e n ts  as w e ll as b y  p o ss ib le  c h an g e s  in  th e  p a r­
tit io n in g  o f  th e  re la tiv e  fra c tio n s  o f  C O 2 d e riv e d  fro m  
th ese  d is tin c t so u rc es . O u r fo cu s  h e re  w as n o t to e v a l­
u a te  d iffe re n t p re d ic tio n s  fro m  th e  m u ltip le  m o d e ls  
n o w  a v a ila b le  in  th e  l ite ra tu re  to  p re d ic t  th e  8 18O v a lu e s  
o f  so il C O 2 efflu x . In s te a d  o u r  in te n t w as to  p o in t ou t 
th a t a  s im p le  a s su m e d  e q u ilib r iu m  c a lc u la tio n  w as u n ­
a b le  to  c a p tu re  m u ch  o f  th e  o b se rv e d  se a so n a l iso to p ic  
v a ria tio n .

F o re s ts  h a d  c o n s is te n tly  h ig h e r  m o d e le d  A C 18OO 
v a lu e s  th an  p a s tu re s . T h is  re su lte d  fro m  s im ila r  8 18O Leaf 
v a lu e s , b u t  lo w e r c c a n d  m u ch  lo w e r 0 v a lu e s  a sso c ia ted  
w ith  re d u c e d  c a rb o n  a n h y d ra se  (C A ) a c tiv ity  in C 4 
g ra sse s  (G illo n  a n d  Y ak ir 2 0 0 1 ). W ith  an  in c re a s in g  
e x te n t o f  fo re s t  to  p a s tu re  c o n v e rs io n  o c cu rr in g  in  th e  
A m azo n  B a s in , i t  is p o ss ib le  th a t  th e  re d u c e d  A C 18OO 
a sso c ia te d  w ith  p a s tu re  v e g e ta tio n  c o u ld  c o n tr ib u te  to 
th e  d e c re a s in g  g lo b a l tren d  in  th e  8 18O v a lu e  o f  a t­
m o sp h e ric  C O 2 as d e sc rib e d  b y  G illo n  a n d  Y ak ir
(2 0 0 1 ). 2

M o d e l c a lc u la tio n s  b y  C ia is  e t al. (1 9 9 7 a , b) su g ­
g e s ted  a  s tro n g  d e p le tio n  o f  18O in a tm o sp h e ric  C O 2 
fo r tro p ic a l re g io n s  c o v e re d  b y  e v e rg re e n  v e g e ta tio n , 
in  b o th  A fr ica  an d  S o u th  A m e ric a  (A m azo n  B asin ). 
T h e  8 18O v a lu e s  o f  a tm o sp h e ric  C O 2 p re d ic te d  fo r th e  
c o n tin e n ta l  tro p ic a l re g io n s  w ith  h ig h  p ro d u c tiv ity  
w e re  e v en  lo w e r th an  th e  v a lu e s  c a lc u la te d  fo r  th e  v e ry  
h ig h  n o rth e rn  la ti tu d e s . T h is  su g g e s ts  th a t  th e  o x y g en  
iso to p e  ra tio  o f  e c o sy s te m  re sp ire d  C O 2 m u st b e  s ig ­
n ific an tly  d e p le te d  in 18O c o m p a red  to  th e  e n ric h m e n t

o f  18O in C O 2 c au sed  b y  d isc r im in a tio n  d u rin g  p h o to ­
sy n th e s is  in  th e se  re g io n s . O u r m o d e l c a lc u la tio n s , 
w h ic h  u til iz e  o b se rv e d  le a f  w a te r  v a lu e s , p re d ic t  th a t 
A C 18O O  v a lu e s  fo r  p a s tu re  a n d  fo re s t  sh o u ld  v a ry  b e ­
tw een  —8 - 2 0 %  (F ig . 12). T h ese  d isc r im in a tio n  v a lu es 
a re  s lig h tly  lo w e r th an  th e  a v e ra g e  A C 18O O  v a lu e s  o f  
—2 1 %  o b se rv e d  d u rin g  th e  g ro w in g  sea so n  m o n th s  in 
th e  b o re a l fo re s t  re g io n s  o f  C a n ad a  (F la n ag a n  e t al.
1997).

L o w  V P D  v a lu e s  g e n e ra lly  l im it  th e  e x te n t o f  le a f  
w a te r  iso to p ic  e n r ic h m e n t in  tro p ic a l fo re s ts  c o m p a red  
to  b o re a l re g io n s  a n d  so A C 18O O  v a lu e s  a re  lo w  d e sp ite  
th e  h ig h  le a f  c c v a lu e s  in d ic a te d  b y  le a f  8 13C v a lu e s  
(O m e tto  e t al. 2 0 0 2 ). In  a d d itio n , th e  a v e ra g e  fo res t 
8 18O r  v a lu e  o b se rv e d  in  th is  s tu d y  w as —2 8 %  on  th e  
S M O W  sc a le  (F ig . 8), w h ic h  is  e q u iv a le n t to a  8 18O R 
o f  —1 3 %  on th e  P D B -C O 2 sca le . T h is  is q u ite  c lo se  
to  th e  a v e ra g e  8 18O R v a lu e  o f  —1 4 .1 %  (P D B -C O 2) d e ­
te rm in e d  b y  F la n ag a n  e t a l. (1 9 9 7 ) fo r  C a n ad ian  b o re a l 
fo re s t v e g e ta tio n . G iv en  th e  s im ila r  v a lu e s  fo r  th e  is o ­
to p e  e f fe c ts  d u rin g  p h o to sy n th e s is  an d  re sp ira tio n  in 
tro p ic a l an d  b o re a l re g io n s , an d  th e  m u ch  h ig h e r  C O 2 
fluxes in  tro p ic a l e v e rg re e n  fo re s ts , i t  is  e x p e c te d  th a t 
a tm o sp h e ric  C O 2 sh o u ld  b e  d e p le te d  in  18O o v e r  the  
A m azo n  B a s in  re g io n  as p re d ic te d  b y  C ia is  e t  al. 
(1 9 9 7 a , b). A irc ra f t  sam p lin g  o f  th e  8 18O v a lu e s  o f  a t­
m o sp h e ric  C O 2 o v e r  th e  A m azo n  B a s in  is  re q u ire d  to 
fu r th e r  te s t  th e se  id eas.

L o n g -te rm , in te g ra te d  se ts  o f  iso to p ic  m ea su re m e n ts  
o f  w a te r  an d  C O 2 fro m  te r re s tr ia l  e c o sy s te m s  a re  e s ­
se n tia l fo r  c o n s tra in in g  o u r  in te rp re ta tio n s  o f  g lo b a l 
an d  re g io n a l c a rb o n  c y c les . H e re  w e  h a v e  p re se n te d  
th e  first m u ltise a so n a l d a ta  se ts  fo r  tro p ic a l ra in  fo re s t 
an d  p a s tu re  e co sy s tem s . T h e se  d a ta  se ts  a re  c o n s is te n t 
w ith  p re d ic te d  p a tte rn s  p ro p o se d  b y  C ia is  e t a l. (1 9 9 7 a , 
b) an d  p ro v id e  in s ig h t in to  th e  b io lo g ic a l fa c to rs  d r iv ­
in g  c h an g e s  in  th e  8 18O v a lu e s  o f  a tm o sp h e ric  C O 2.
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