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[i]  R e c e n t  s tu d ie s  h a v e  i l lu m in a te d  th e  p r o c e s s  o f  h y d r a u l i c  r e d i s t r ib u t io n ,  d e f in e d  a s  th e  

t r a n s lo c a t io n  o f  s o il  m o is tu r e  v ia  p l a n t  r o o t  s y s te m s ,  b u t  th e  lo n g - te r m  e c o h y d r o lo g ic  

s ig n i f i c a n c e  o f  th i s  p r o c e s s  is p o o r ly  u n d e r s to o d .  W e  i n v e s t ig a t e d  h y d r a u l ic  r e d i s t r ib u t io n  

( H R )  b y  Prosop is  velu tina  W o o t .  ( v e lv e t  m c s q u i tc )  in  a n  u p l a n d  s a v a n n a  e c o s y s te m  

o v e r  a t w o - y e a r  p e r io d .  O u r  g o a l  w a s  to  q u a n t i f y  p a t t e r n s  o f  H R  b y  m c s q u i tc  r o o t s  a n d  

a s s e s s  h o w  th i s  a f f e c t s  t r e e  w a t e r  u s e  a n d  p r o d u c t iv i ty .  W e  u s e d  th e  h e a t  r a t io  m e th o d  

to  m o n i to r  b i - d i r e c t io n a l  s a p  f lo w , a n  a n a lo g  o f  H R , in  b o th  la te ra l  a n d  t a p  r o o ts .

A d d i t io n a l ly ,  w e  m o n i to r e d  s o il  w a t e r  c o n te n t  a n d  u s e d  th e  e d d y  c o v a r i a n c e  t e c h n iq u e  

to  q u a n t i f y  e c o s y s te m  c a r b o n  d io x id e  a n d  w a t e r  e x c h a n g e .  M c s q u i tc  r o o t s  r e d i s t r ib u t e d  

la r g e  a m o u n t s  o f  w a t e r  t h r o u g h o u t  th e  y e a r ,  e v e n  d u r in g  p e r io d s  o f  c a n o p y  d o r m a n c y .

D o r m a n t  s e a s o n  p r e c ip i t a t i o n  ( N o v c m b c r - M a r c h )  w a s  o f te n  t a k e n  u p  b y  s h a l lo w  la te ra l  

r o o t s  a n d  t r a n s f e r r e d  d o w n w a r d  in  th e  s o il  p r o f i l e  b y  d e e p e r  la te ra l  a n d  ta p  r o o t s .  S u c h  

a t r a n s f e r  w a s  a l s o  a p p a r e n t  w h e n  th e  t r e e s  w e r e  a c t iv e  a n d  m o is tu r e  f r o m  s u m m e r  r a in f a l l  

w a s  p l a n t  a v a i l a b le  in  th e  u p p e r  s o il  la y e r s .  A s  th e  u p p e r  s o il  la y e r s  d r ie d ,  s a p  f lo w  

m o v in g  to w a r d  th e  c a n o p y  in  th e  la te ra l  r o o t s  d im in i s h e d  a n d  w a t e r  u s e  f r o m  d e e p e r  s o i l s  

in c r e a s e d  v i a  th e  t a p r o o t s .  T h e  r e l a t io n s h ip  b e tw e e n  r o o t  s a p  f lo w  a n d  a b o v e - c a n o p y  

f lu x e s  s u g g e s t e d  th a t  d e e p e r  “ s t o r e d ”  w a t e r  f r o m  H R  a l lo w e d  th e  t r e e s  to  t r a n s p i r e  m o r e  

in  t h e  s p r in g  t h a t  f o l lo w e d  a w i n t e r  w i th  s ig n i f i c a n t  d o w n w a r d  r e d i s t r ib u t io n .  P a t t e r n s  o f  

la te ra l  a n d  t a p  r o o t  s a p  f lo w  a l s o  im p l ie d  t h a t  r e d i s t r ib u t io n  m a y  e x te n d  th e  g r o w in g  

s e a s o n  o f  th e  t r e e s  a f t e r  s u m m e r  r a in s  h a v e  e n d e d  a n d  s u r f a c c  s o i l s  a rc  d ry , t h u s  a l lo w in g  

th e  t r e e s  to  p h o t o s y n th e s i z e  t h r o u g h  p e r io d s  o f  s e a s o n a l  d r o u g h t .  T h e  la r g e  h y d r o lo g ic  

m a g n i tu d e  a n d  th e  e c o lo g ic a l  e f f e c ts  o f  H R  w e  s tu d ie d ,  a lo n g  w i th  m o u n t in g  e v id e n c e  

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

f o r  in  m a n y  e c o h y d r o lo g ic  m o d e l in g  e f f o r ts .

C ita tio n : S c o tt , R . L ., W . L . C a b le , a n d  K . R . H u ltin c  (2 0 0 8 ) , T h e  e c o h y d ro lo g ic  s ig n if ic a n c e  o f  h y d ra u l ic  r e d is tr ib u t io n  in  a 

s e m ia r id  sa v a n n a , W a te r  R e s o w .  R e s . ,  4 4 ,  W 0 2 4 4 0 , d o i:1 0 .1 0 2 9 /2 0 0 7 W R 0 0 6 1 4 9 .

1. Introduction

[2] A  g ro w in g  b o d y  o f  c v id c n c c  d e m o n s tra te s  th a t h y 

d ra u lic  re d is tr ib u tio n , th e  tra n s fe r  o f  so il w a te r  v ia  p lan t 

ro o ts , is c o m m o n  in  m a n y  e c o sy s te m s  [Caldwell et al.,

1998], H y d ra u lic  re d is tr ib u tio n  is c o n s id e re d  to  b e  a  p ass iv e  

p ro c e ss  w h e re b y  p la n t ro o ts  a c t a s  c o n d u its  th a t tra n sp o rt 

w a te r  in  re sp o n se  to  w a te r  p o te n tia l g ra d ie n ts  [Moonev et 

al., 19 80 ; Caldwell et al., 19 98 ; Mendel et al., 2 0 0 2 ] , a n d  it 

o c c u rs  in  a v a r ie ty  o f  d ire c tio n s  in c lu d in g  u p w a rd s  [te rm ed  

“ h y d ra u lic  l i f t "  Richards and Caldwell, 1987 ], d o w n w a rd  

[Burgess et al., 1 9 9 8 ], a n d  e v e n  la te ra lly  in  th e  so il p ro file  

[Burgess and Bleby, 2 0 0 6 ; Brookv et a l., 2 0 0 2 ], T y p ica lly , 

h y d ra u lic  re d is tr ib u tio n  h a s  b e e n  o b se rv e d  a t n ig h t w h e n  

tra n sp ira tio n  is  low , b u t it  h a s  a lso  b e e n  o b se rv e d  in  ro o ts  o f  

d o rm a n t [Hultine et al., 2 0 0 4 ] a n d  e v e n  se n e sc e n t p lan ts  

[Leffler et al., 2 0 0 5 ] , H y d ra u lic  re d is tr ib u tio n  h a s  b e e n
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d o c u m e n te d  in  a r id  to  s e m ia r id  d e se r ts  a n d  ra n g e la n d s  

[Richards and Caldwell, 19 87 ; Ryel et al., 2 0 0 2 ; Hultine 

et al., 2 0 0 3 a ] , s a v a n n a s  [Ludwig et al., 2 0 0 3 ]  a n d  in  

t e m p e r a te  [Emerman and  Dawson, 1 9 9 6 ] , c o n i f e r o u s  

[Brooks et al., 2 0 0 2 ] , a n d  tro p ic a l fo re s ts  [Meinzer et al., 

2 0 0 4 ; Oliveira et al., 2 0 0 5 ] , W h ile  so m e  s tu d ie s  h a v e  

s h o w n  th a t th e  a m o u n t o f  w a te r  th a t p la n ts  re d is tr ib u te  o n  

a t im e sc a le  o f  d a y s  to  w e e k s  is la rg e , c o m p a ra tiv e ly  little  is 

k n o w n  a b o u t th e  a m o u n t o f  w a te r  th a t is re d is tr ib u te d  o n  a 

se a so n a l to  y e a rly  t im e sc a le  an d  w h e th e r  th is  a m o u n t is 

h y d ro lo g ic a lly  s ig n ifican t.

[3] M a n y  s tu d ie s  h a v e  fo c u se d  o n  th e  e c o lo g ic a l c o n 

s e q u e n c e s  o f  h y d ra u lic  lift. H y d ra u lic  lif t m a y  e n h a n c e  

tra n sp ira tio n  a n d  p la n t g ro w th  d u r in g  ra in le ss  p e r io d s  b y  

s to r in g  w a te r  in  th e  o th e rw ise  d ry  rh iz o sp h e re  th a t c a n  b e  

a c c e s se d  b y  la te ra l ro o ts  d u r in g  th e  d a y  [Emerman and  

Dawson, 1996 ; Caldwell and Richards, 198 9 ; Caldwell et 

a l ,  1998 ; Lee et a l ,  2 0 0 5 ], H y d ra u lic  lift m a y  b e  a lso  

b e n e f ic ia l  to  p ro m o tin g  g ro w th  o f  s h a llo w e r-ro o te d  u n d e r 

s to ry  sp e c ie s  w h ic h  m a y  sc a v e n g e  so m e  o f  th e  lif te d  w a te r  

[Dawson, 199 3 ; Zou et al., 2 0 0 5 ; Caldwell and Richards, 

198 9 ; Brooks et a l ,  2 0 0 2 ; Ludwig et a l ,  2 0 0 3 ] , In  re g io n s  

f re q u e n te d  b y  d ro u g h ts , d o w n w a rd  h y d ra u lic  re d is tr ib u tio n .
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a lso  te rm e d  h y d ra u lic  d e sc e n t [,Hultine et a l., 2 0 0 3 b ], m a y  

p ro m o te  p la n t w a te r  c o n se rv a tio n  b y  re d is tr ib u tin g  w a te r  

d e e p e r  in  th e  so il c o lu m n  w h e n  it is a b u n d a n t in  n e a r 

su rfa c e  so il la y e rs , w h e re  it m a y  o th e rw ise  ev a p o ra te  fro m  

th e  s o il  su rfa c e  [RyeI et al., 2 0 0 4 ] , F in a lly , h y d ra u lic  

re d is tr ib u tio n  h a s  b e e n  h y p o th e s iz e d  to  im p ro v e  a  d e e p - 

ro o te d  p la n t 's  n u tr ie n t s ta tu s  b y  in c re a s in g  th e  m o b ility  o f  

d e e p  n u tr ie n ts  [McCulley et al., 2 0 0 4 ]  o r  m a in ta in in g  

fa v o ra b le  w a te r  s ta tu s  fo r fu n g i in  th e  n e a r-su rfa c e  rh iz o 

sp h e re  [Querejeta et al., 2 0 0 7 ],

[4] P la n ts  h a v e  b e e n  s h o w n  to  t r a n s p o r t  s ig n if ic a n t  

a m o u n ts  o f  w a te r  up  a n d  d o w n  in  th e  so il p ro file  o n  a d a ily  

to  w e e k ly  tim e sc a le . A ro u n d  3 0 %  o f  th e  w a te r  re c o v e re d  

d a ily  fro m  th e  u p p e r  2 in  o f  so il  d u r in g  th e  d iy  s e a so n  in  a 

n o r th w e s te rn  U .S . c o n ife r  fo re s ts  w a s  p ro d u c e d  b y  n o c tu r 

n a l  h y d ra u lic  re d is tr ib u tio n , a n d  th is  re d is tr ib u tio n  a llo w e d  

fo r  m a in te n a n c e  o f  so il m o is tu re  in  th e  u p p e r  so il h o r iz o n s  

fo r  tw o  to  th re e  w e e k s  in to  a  s u m m e r  d ro u g h t p e r io d  

[Brooks et al., 2 0 0 2 ], T h e  ro o ts  o f  Quercus suber  (co rk - 

o a k )  tre e s  lif te d  1 7 - 8 1 %  o f  th e  w a te r  u sed  th e  fo llo w in g  

d a y  fo r  tr a n s p ir a t io n  [Kurz-Besson et al., 2 0 0 6 ] , Acer  

saccharum  ( su g a r  m a p le )  h y d ra u lic a l ly  lif te d  102  (± 5 4 ) 

1 o f  w a te r  d a ily , a b o u t 2 5 %  o f  th e  tra n sp ira tio n  a m o u n t 

[Emerman and Dawson, 1996 ], In  a  m u c h  d r ie r  e n v iro n 

m e n t, th e  d a ily  tra n sp ira tio n  in  Artemisia tridentata ( s a g e 

b ru sh )  sh ru b s  w a s  re d u c e d  b y  25 to  5 0 %  w h e n  n o c tu rn a l 

h y d ra u lic  lift w a s  e x p e rim e n ta lly  c irc u m v e n te d  [Caldwell 

and Richards, 1989], L ik e w ise , th e  a m o u n t o f  w a te r  m o v e d  

v ia  h y d ra u lic  d e sc e n t c a n  b e  s ig n if ic a n t w h e n  re la tiv e ly  

d e e p  so il lay e rs  a re  d r ie r  th a n  n e a r-su rfa c e  o n es . In  s ta n d s  o f  

Artemisia sh ru b s , 7 4 - 1 0 0 %  o f  p re c ip ita tio n  th a t h a d  in f il 

t ra te d  b e lo w  0 .3  m  w a s  e v e n tu a lly  re d is tr ib u te d  e v e n  d e e p e r  

v ia  ro o ts  [Ryel et al., 2 0 0 3 ] , In  so m e  s itu a tio n s , th e  w a te r  

p o te n tia l g ra d ie n ts  b e tw e e n  so il la y e rs  c a n  b e  g re a te r  th a n  

b e tw e e n  th e  so il to  l e a f  g ra d ie n t d u r in g  tra n sp ira tio n , an d  

th is  c a n  re su lt  in  h y d ra u lic  d e sc e n t in  d e e p  ro o ts  e v e n  w h ile  

tra n sp ira tio n  is ta k in g  p la c e  [Hultine et al., 2 0 0 3 b ],

[5] W o o d y  p la n ts  c a n  re d is tr ib u te  a  s ig n if ic a n t a m o u n t o f  

w a te r  d u r in g  d o rm a n c y  w h ic h  m a y  h a v e  im p o rta n t e c o h y 

d ro lo g ic  c o n se q u e n c e s  [Hultine et al., 2 0 0 4 ], D u r in g  w e t 

w in te rs , d e e p e r- ro o te d  p la n ts  c o u ld  re d is tr ib u te  w a te r  fro m  

m o is t  su rfa c e  so ils  to  d e e p  so il la y e rs  (h y d ra u lic  d e sc e n t) , 

a n d  a w a y  fro m  s h a llo w -ro o te d  c o m p e tito rs  a n d  d ire c t so il 

e v a p o ra tio n  p ro c e sse s  [Hultine e ta l.,  2 0 0 4 ], T h e  " b a n k in g "  

o f  so il w a te r  d u r in g  d o rm a n c y  fo r  fu tu re  u se  w o u ld  b e  

b e n e f ic ia l  fo r  p la n ts  o c c u rr in g  in  d ry la n d  re g io n s  th a t a re  

ty p ic a lly  w a rm  a n d  d ry  d u r in g  th e  e a r ly  s ta g e s  o f  th e  

g ro w in g  se a so n , su c h  as  th e  s o u th w e s te rn  U .S . L ik e w ise , 

w a te r  b a n k in g  m a y  o c c u r  d u r in g  th e  a c tiv e  g ro w in g  se a so n  

w h e n  th e re  is a n  a b u n d a n c e  o f  n e a r-su rfa c e  so il w a te r, a n d  

th is  c o u ld  e x te n d  th e  g ro w in g  se a so n  b y  p ro v id in g  a so u rc e  

o f  w a te r  a f te r  su m m e r  ra in s  ce a se  [Hultine et a l., 2 0 0 4 ; Ryel 

et al., 2 0 0 3 ], C o n v e rse ly , d iy  se a so n s  c o u ld  p ro d u c e  p a t 

te rn s  o f  h y d ra u lic  lift i f  th e re  is su ff ic ie n t m o is tu re  in  th e  

d e e p  ro o tin g  zo n e . T h is  m a y  b e  b e n e f ic ia l  to  th e  " l i f t e r "  b y  

e n h a n c in g  ro o t  lo n g e v ity  a n d  a c tiv ity  a n d  n u tr ie n t u p tak e  

[Querejeta et al., 2 0 0 7 ] , o r  it m a y  b e  d e tr im e n ta l b y  lo s in g  

m o is tu re  to  so il e v a p o ra tio n  o r  c o -o c c u rr in g  sh a llo w -ro o te d  

u n d e rs to ry  p la n ts  [Caldwell and Richards, 1989 ; Dawson, 

1993 ; Ludwig et al., 2 0 0 3 ] , In  a  ty p ic a l M e d ite r ra n e a n  

c lim a te  (c o o l w e t w in te rs , h o t d ry  su m m e rs ) , Burgess et al. 

[2 0 0 1 a ] d e te rm in e d  th a t th e  a m o u n t o f  s to re d  w a te r  in  th e

d e e p  la y e rs  w o u ld  n o t b e  e n o u g h  to  su p p o r t Eucalyptus spp. 

tre e s  fo r m o re  th a n  se v e ra l w e e k s ; th u s , th e  b a n k in g  o f  w a te r  

w o u ld  b e  u n lik e ly  to  m a k e  a  s ig n if ic a n t  c o n tr ib u tio n  to 

d ro u g h t a v o id a n c e  o v e r  th e  su m m e r  p e rio d . H o w e v e r , th ey  

su rm ise  th a t it  m a y  b e n e f it  th e  p la n ts  d u r in g  ea rly  sp rin g , 

fo llo w in g  w in te r  ra in s .

[6] T h e  g o a l o f  th is  s tu d y  w a s  to  d e te rm in e  th e  e co h y - 

d ro lo g ic a l  s ig n if ic a n c e  o f  h y d ra u l ic  r e d is t r ib u t io n  in  a 

se m ia rid  s a v a n n a  e c o sy s te m  in  so u th e rn  A riz o n a . F o r  tw o  

y e a rs , w e  m o n ito re d  th e  se a so n a l p a tte rn s  o f  ro o t  w a te r  

m o v e m e n t b y  Prosopis velutina W o o t. (v e lv e t m e sq u ite ) , a 

w o o d y  le g iu n e  th a t n o w  d o m in a te s  m a n y  s a v a n n a  e c o sy s 

te m s  in  th e  so u th w e s t U .S . W e u sed  sap  flo w  te c h n iq u e s  in  

o rd e r  to  q u a n tify  th e  w a te r  m o v e m e n t th ro u g h  m e sq u ite  ro o t 

sy s te m s re la te d  to  se a so n a l p a tte rn s  o f  h y d ra u lic  re d is tr ib u 

t io n . W e a lso  m o n ito re d  th e  c a n o p y  f lu x es  o f  w a te r  an d  

c a rb o n  d io x id e  u s in g  e d d y  c o v a ria n c e  in  o rd e r  to  e s tim a te  

th e  re la tiv e  im p a c t h y d ra u lic  re d is tr ib u tio n  h a s  o n  se a so n a l 

f lu x es  a t th e  s ta n d  le ve l.

2. Methods

2 .1 . S tu d y  S ite

[7] T h is  s tu d y  to o k  p la c e  o n  th e  S an ta  R ita  E x p e rim e n ta l 

R a n g e  (S R E R ), 35 k m  so u th  o f  T u cso n , A Z  U S A . M e a n  

a n n u a l p re c ip ita tio n  ( 1 9 7 6 - 2 0 0 4 )  fro m  g a g e s  n e a r  th e  site  

is ~ 4 1 5  m m . A b o u t 5 0 %  o f  th e  ra in fa ll a rr iv e s  d u r in g  th e  

m o n th s  o f  th e  su m m e r  m o n s o o n  ( J u ly - S e p te m b e r ) .  W in te r  

m o n th s  (D e c e m b e r- M a r c h )  a re  c o o l w ith  o c c a s io n a l n ig h t 

tim e  fro s ts  a n d  h a v e  a ro u n d  3 0 %  o f  th e  a n n u a l ra in fa ll. T he  

m o n th s  o f  A p r il  th ro u g h  Ju n e  g ro w  in c re a s in g ly  h o t, w ith  

d a y tim e  m a x im u m s  o f te n  e x c e e d in g  3 5 ° C  in  Ju n e , a n d  

u su a lly  h a v e  little  ra in fa ll. D a y tim e  te m p e ra tu re s  d e c re a se , 

a n d  n ig h ttim e  te m p e ra tu re s  in c re a se , so m e w h a t d u r in g  th e  

m o n th s  o f  Ju ly  th ro u g h  S e p te m b e r  d u e  to  th e  in c re a se d  

h u m id ity  a n d  ra in fa ll d u r in g  th e  m o n so o n . T h e  m o n s o o n  

ty p ic a lly  ta p e rs  o f f  in  S e p te m b e r  a n d  ra in fa ll  b e c o m e s  m o re  

sp o ra d ic  th ro u g h  O c to b e r. T h e  firs t w in te r  f reeze  ty p ic a lly  

o c c u rs  in  th e  d r ie r  m o n th  o f  N o v e m b e r.

[8] O v e r  th e  la s t 10 0  y e a rs , th e  s ite  h a s  c h a n g e d  fro m  a C 4  

g ra ss la n d  in to  a s a v a n n a  b y  th e  e n c ro a c h m e n t o f  th e  w o o d y  

le g u m in o u s  tree , Prosopis velutina (v e lv e t m e sq u ite ) . C u r 

ren tly , th e  m e sq u ite  c a n o p y  c o v e r  is a b o u t 3 5 %  w ith  c a n o p y  

h e ig h ts  re a c h in g  a b o u t 4  m . V elv e t m e sq u ite  tre e s  o n  th e  

S R E R  h a v e  a d im o rp h ic  ro o t  sy s te m  c h a ra c te r iz e d  b y  a d eep  

ta p ro o t a n d  a  la rg e  n u m b e r  o f  p r im a ry  a n d  s e c o n d a ry  la te ra l 

r o o ts .  In  th e  d e e p  s a n d y  lo a m  s o ils  fo u n d  a t o u r  s ite , 

m e s q u ite s  fo rm  d e e p  ta p ro o ts  a n d  e x te n s iv e  la te ra l ro o t 

sy s te m s th a t c a n  e x te n d  m o re  th a n  15 m  b e y o n d  th e  c a n o p y  

[Cable, 1977 ], V e lv e t m e sq u ite  ro o ts  c a n  e x te n d  v e rtic a lly  to  

g re a t d e p th s  [Phillips, 1 9 6 3 ], a n d  th e  tre e s  a re  fac u lta tiv e  

p h re a to p h y te s  [Snyder and Williams, 2 0 0 0 ], H o w e v e r , o n  th e  

S R E R , th e  m e sq u ite s  v e iy  lik e ly  d o  n o t a c c e ss  g ro u n d w a te r  

d u e  to  th e ir  lo c a tio n  fa r  f ro m  th e  v a lle y  b o tto m la n d s  w h e re  

th e  w a te r  ta b le  is c lo se r  to  th e  su rfa c e . A lso , m e sq u ite s  fo rm  

d e n se  w o o d la n d s  a n d  g ro w  to  m u c h  g re a te r  s iz e s  w h e n  th ey  

h a v e  a c c e ss  to  g ro u n d w a te r  [Stromberg et al., 1993],

2 .2 . S a p  F lo w  M o n i to r in g

[9] W e u sed  th e  h e a t ra tio  m e th o d  (I IR M ) to  m e a su re  

x y le m  sap  flo w . T h e  I IR M  h a s  b e e n  p re v io u s ly  d e sc r ib e d  

a n d  v a lid a te d  in  d e ta il  [Burgess et al., 2 0 0 1 a , 2 0 0 1 b ], 

B rie fly , th e  I IR M  e m p lo y s  te m p e ra tu re  p ro b e s  a t e q u a l
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d is ta n c e s  up a n d  d o w n  s tre a m  fro m  a p u lse d  h e a t so u rce . 

T h e  ra tio  o f  h e a t ca rr ie d  up - a n d  d o w n s tre a m  is p ro p o rtio n a l 

to  th e  m a g n itu d e  a n d  d ire c tio n  o f  sap  flu x .

[ 10] In  Ja n u a ry , 2 0 0 4 , w e  c a re fu lly  e x c a v a te d  a ro u n d  th e  

b a s e  o f  fiv e  m a tu re  m c sq u itc  tre e s  to  d e te rm in e  w h ic h  tree s  

h a d  a c c e ss ib le  la te ra l an d  ta p ro o ts . O u r  sa m p le  s iz e  w a s  

c o n s tra in e d  b y  th e  n e e d  to  fin d  tree s  w ith in  a  15 m  ra d iu s  o f  

a d a ta  lo g g e r  a n d  to  th o se  tre e s  w h e re  w e  c o u ld  a c c e ss  the  

ta p ro o t w ith o u t d e s tro y in g  la te ra l ro o ts  g re a te r  th a n  ~ 2  cm . 

W e fo u n d  tw o  su ita b le  a n d  m e d iu m -s iz e d  tre e s  a n d  in s ta lle d  

sap  flo w  p ro b e s  o n  th e  m a in  s te m , tw o  la rg e  la te ra l ro o ts , 

a n d  th e  tap  ro o t  o f  e a c h  (T ab le  1). T h e se  w e re  k e p t in  

o p e ra tio n  th ro u g h  Jan u a ry , 2 0 0 6 . In  F e b ru a ry , 2 0 0 5 , th e  

en tire  ro o t b a ll  w a s  e x c a v a te d  a ro u n d  o n e  o f  th e  tree s , a n d  

th e  a d d itio n a l s ix  ro o ts  g re a te r  th a n  3.5 c m  in  d ia m e te r  w ere  

a lso  in s tru m e n te d . M e sq u ite  sp e c ie s  a re  r in g  p o ro u s . T h e re 

fo re  s te m  x y le m  w a te r  tra n s p o r t  m o s tly  o c c u rs  in  th e  

o u te rm o s t re g io n  o f  th e  w o o d y  m a tr ix  ( i.e ., th e  m o s t  re c e n t 

g ro w th  r in g ) . O u r  p re v io u s  e x p e rie n c e  w ith  m c sq u itc  tra n 

s p ira tio n  s tu d ie s  is th a t th e  H R M  g ro ss ly  u n d e re s tim a te s  sap  

f lu x  in  s tem s, lik e ly  b e c a u s e  o f  th e  e x tre m e  d isc o n tin u ity  o f  

f lo w  w ith in  th e  s tem . O n  th e  o th e r  h a n d , x y le m  tra n sp o r t in  

m c s q u itc  ro o ts  o c c u rs  th ro u g h  m u lt ip le  g ro w th  r in g s , 

lik e ly  b e c a u se  th e  so il in su la te s  th e  ro o ts  f ro m  fre e z in g  

te m p e ra tu re s  an d  su b se q u e n t f re e z e -th a w  c a v ita tio n  c y c le s . 

T h e re fo re  in d iv id u a l  g r o w th  r in g s  r e m a in  c o n d u c t iv e  

th ro u g h o u t th e  y ear, a llo w in g  in v a s iv e  sap  flu x  m e a su re 

m e n t te c h n iq u e s  su c h  a s  th e  H R M  to  p ro d u c e  re a so n a b ly  

a c c u ra te  d a ta  o n  m c sq u itc  ro o ts  [Hultine et al., 2 0 0 4 ],

T ab le  I .  D ia m e te r  an d  S ap  W o o d  A re a  (S W A , c m 2) o f  th e  

M c s q u itc  S te m s  a n d  A ll L a te ra l an d  T ap  R o o ts  ( £ ;2  c m  D ia m e te r)  

fo r  th e  T w o  T re e s  M o n ito re d 0

D ia m e te r , c m S W A , cm *

T re e  1, c a n o p y  a re a  -  1 5 .9  m*

S te m 3 6 .6 4 8 .4

T ap  ro o ts

1 15 .8 6 3 .9

2 6.0 15.3

3 5 .6 14 .0

T o ta l 9 3 .2

L a te ra l  ro o ts

1 8 .4 2 3 .2

2 6.5 16 .7

3 6.5 16 .7

4 10.0 3 0 .0

5 5 .9 14 .9

6 4 .3 11.1

7* 2 .7 8.6

8* 1.9 7 .7

T o ta l 1 2 8 .9

T re e  2 , c a n o p y  a re a  -  2 2 .0  m*

S te m 40.1 4 4 .0

T ap  ro o ts

1* 11.5 3 7 .0

2 15 .0 5 8 .5

T o ta l 9 5 .6

L a te ra l  ro o ts

1 6 .7 17 .2

2 9.5 2 7 .8

3* 4 .9 12 .5

4 * 5 .9 14 .9

5* 3 .8 10.2

T ota l 8 2 .6

" T h e  p ro je c te d  a re a s  o f  th e  c a n o p y  d r ip - lin e  a re  a ls o  g iv e n . R o o ts  th a t 

w e re  n o t  m o n ito re d  a re  in d ic a te d  b y  a n  a s te risk .

T h u s  th e  p ro b e s  in  th e  s te m s w e re  o n ly  u sed  to  d e te c t th e  

p re se n c e  o r  a b se n c e  o f  tre e  tra n sp ira tio n .

[l l ] A  s in g le  sap  flo w  se n so r  w a s  in se rted  in to  th e  x y le m  o f  

e a c h  ro o t. A f te r  p ro b e  in s ta lla tio n , th e  ro o ts  w e re  c o v e re d  w ith  

tw o  lay ers  o f  p ip e  in su la tio n  a n d  th e  ex c a v a ted  h o le s  a ro u n d  

th e  tree s  w e re  c o v e re d  w ith  p ly w o o d  to  th e rm a lly  in su la te  th e  

ex p o se d  ro o ts  fro m  n ig h ttim e  freez in g  a n d  to  p rev en t ra d ia n t 

h e a tin g  d u rin g  th e  d a y  b y  d irec t su n lig h t. T h e  sap  flo w  sen so rs  

w e re  fab rica ted  fo llo w in g  th e  d e s ig n  o i  Burgess et al. [200 1a], 

T h e y  c o n s is ted  o f  th ree  35  n u n  lo n g  sta in less  s te e l p ro b es  

sp aced  6 n u n  apart. T h e  cen tra l p ro b e  co n ta in e d  a N ich ro m e  

h ea te r, w h ile  th e  o u ts id e  p ro b es  c o n ta in e d  tw o  th e rm o c o u p le  

ju n c tio n s  sp aced  to  m e a su re  sap  flo w  a t 5 an d  10 n u n  rad ia l 

d ep th s . B e c a u se  o f  th e  d e s ig n , th e  th e rm o c o u p le s  a n d  h ea te rs  

o f  e a c h  p ro b e  c o u ld  b e  re p la c e d  in d e p e n d e n tly  w h e n  th e y  

m a lfu n c tio n e d . A  da ta  lo g g e r  (C R -1 0 X , C a m p b e ll S c ie n tific , 

L o g a n , U T ) c o n tro lled  a n d  m e a su re d  p ro b e  fu n c tio n . S ap  flo w  

w a s  m e a su re d  e v e iy  30  m .

[12] A fte r  c o rre c tin g  fo r  w o u n d in g  e ffec t [Burgess et a l ,  

2 0 0 1 b ] , h e a t  p u lse  v e lo c ity  (V h) w a s  c o n v e r te d  to  sap  

v e lo c ity  (V s; c m  h r - 1 ) a c c o rd in g  to  Barrett e t al. [1 9 9 5 ]:

v  =  VhPb(cw +  mccs) { ( ^

S Psc-1

w h e re  cw a n d  c s a re  th e  sp e c if ic  h e a t o f  d ry  w o o d  (1 2 0 0  J 

k g -1 ° C _1 a t 2 0 °C ; Becker and Edwards, J 9 9 9 )  a n d  sap 

(a ssu m e d  to  e q u a l th a t o f  w a te r, 4 1 8 2  J k g - , °C - ' a t 2 0 °C ), 

a n d  ps is th e  d e n s ity  o f  sap  (a ssu m e d  to  e q u a l th a t o f  w a te r,

1 .0 x  103 k g  m - 3 ), pb is  th e  m e a su re d  d e n s ity  o f  w o o d , an d  

m c is th e  m e a su re d  m o is tu re  c o n te n t o f  w o o d . P o s itiv e  V s in  

th e  ro o ts  in d ic a te s  sap  flo w  to w a rd  th e  tre e  b a se , an d  

n e g a tiv e  V s in d ic a te s  sap  flo w  a w a y  fro m  th e  tree  b a se .

[13] V o lu m etric  sap  f lo w  (L  d - ')  w a s  c a lc u la te d  a f te r  firs t 

su b tra c tin g  th e  b a rk  th ic k n e ss  fro m  th e  ra d iu s  o f  th e  ro o t. 

T h e  h e a r tw o o d  ra d iu s  w a s  su b tra c te d  fro m  g ro ss  w o o d  a rea  

a f te r  it  w a s  id e n tif ie d  b y  v isu a l o b se rv a tio n  o f  th e  d a rk  c o lo r  

a s so c ia te d  w ith  h e a r tw o o d . T h e  s a p w o o d  a re a  w a s  th e n  

d iv id e d  in to  c o n c e n tr ic  b a n d s  c o in c id in g  w ith  th e  d e p th  o f  

e a c h  th e rm o c o u p le  ju n c t io n  w ith in  th e  p ro b e s . T h u s  e s ti 

m a te s  o f  sap  f lo w  w e re  w e ig h te d  b y  th e  a m o u n t o f  c o n 

d u c tin g  s a p w o o d  o f  e a c h  b a n d . S a p w o o d  a n d  b a rk  th ic k n e ss  

w a s  m e a su re d  o n  b o th  s tem s an d  o n  a su b se t o f  s ix  ro o ts  

ra n g in g  in  ra d ia l s ize  fro m  3 .7  to  9.3 cm . T h e se  p ro p e rtie s  

w e re  th e n  e s tim a te d  fo r  th e  re m a in in g  ro o ts  b y  u s in g  a 

l in e a r  re g re s s io n  o f  ro o t  d ia m e te r  v e rsu s  b a rk  th ic k n e ss  

(R “ =  0 .9 4 )  an d  sa p w o o d  th ic k n e ss  (R “ =  0 .7 4 ).

[14] B e c a u se  H R M  m e a su re m e n ts  o f  sap  flo w  a re  v e iy  

se n s itiv e  to  sp a c in g  b e tw e e n  th e  te m p e ra tu re  p ro b e s  a n d  th e  

c e n tra l h e a tin g  p ro b e , th e  tru e  sp a c in g  b e tw e e n  p ro b e s  m u s t 

b e  v a lid a te d . To e n su re  z e ro  flo w , w e  d rille d  tw o  30 111111 

d e e p  b y  12.5  n u n  w id e  h o le s  in to  th e  ro o ts  o n  b o th  s id e s  o f  

e a c h  p ro b e  a n d  th e n  filled  th e m  w ith  s il ic o n  c a u lk  a t th e  

c o n c lu s io n  o f  th e  s tu d y  to  s to p  a ll f lo w  a n d  k e e p  th e  x y le m  

a ro u n d  th e  p ro b e  fro m  d ry in g . S p a c in g  b e tw e e n  p ro b e s  w a s  

c a lc u la te d  a c c o rd in g  to  Burgess et a l  [19 9 8 ]:

w h e re  x 2 (n u n )  is  d e s ig n a te d  th e  in c o rre c tly  sp a c e d  p ro b e , 

X) is a s su m e d  to  b e  c o rre c tly  sp a c e d  a t 6  n u n , k is th e
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F ig u r e  1. T h e  ra tio  o f  e c o sy s te m -sc a le  e v a p o tra n sp ira tio n  

(E T ) a n d  da ily  e c o sy s te m -sc a le  tree  ro o t  w a te r  m o v e m e n t 

(Qh r ) d u rin g  d a y s  o f  th e  2 0 0 4  a n d  2 0 0 5  m e sq u ite  g ro w in g  

seaso n  w ith  m in im a l u n d e rs to ry  tra n sp ira tio n  a n d  ba re -so il 

ev a p o ra tio n . A  re g re ss io n  lin e  re f le c tin g  th e  te m p o ra l tren d  

is a lso  sh o w n .

th e rm a l d iffu s iv ity  o f  fresh w o o d  (m e a su re d  from  c o re s  o f  

th e  in d iv id u a l ro o ts  a n d  s te m s), vj a n d  v2 a re  th e  in c re a se s  

in te m p e ra tu re  a t e q u id is ta n t  p o in ts  d o w n s tre a m  an d  

u p s tre a m  re sp e c tiv e ly , an d  t is th e  m e d ia n  m e a su re m e n t 

tim e  a f te r  th e  re le a se  o f  th e  h e a t p u ls e  (in th is  case  80  s). 

S in ce  it is u n k n o w n  w h ic h  p ro b e  is in c o rre c tly  sp a c e d , o r 

w h e th e r  bo th  p ro b e s  are  in c o rre c tly  sp a c e d , eq u a tio n  (2 ) 

w a s  so lv e d  fo r Xj a n d  x 2 a n d  th e  tw o  so lu tio n s  w e re  

av e rag ed .

[ 15] In o rd e r  to  c o m p a re  th e  m a g n itu d e  o f  w a te r  m o v e d  

v ia  h y d ra u lic  re d is tr ib u tio n  to  o th e r  e c o sy s te m -sc a le  h y d ro 

lo g ic  f lu x es  like  p re c ip ita tio n  an d  ET , w e  sc a le d  u p  o u r  

m e a su re m e n ts  by  c a lc u la tin g  th e  v o lu m e  o f  w a te r  m o v e d  by  

tree  ro o ts  p e r  u n it  lan d  su rfa c e  a re a , Qh r  [m m ], as:

Ol m =  1 0 0 0 ^ ^ / ; , w  (3 )
c r o w n

w h e re  J  is th e  a v e ra g e  (la tera l o r  ta p  ro o t)  sap  flo w  p e r  u n it  

sap  w o o d  a re a  [m 3 m  2 d '] ,  Asw  is th e  to ta l (la te ra l o r  ta p  

ro o t)  sa p w o o d  a re a  o f  T rees  1 an d  2 [m 2. T ab le  1], Acrom, is 

th e  to ta l c a n o p y  a re a  o f  bo th  tre e s  (m 2. T ab le  1 ) , f nv =  0 .35  

is th e  a v e ra g e  frac tio n a l c a n o p y  c o v e r  o f  tre e s  a t th e  s ite , 

an d  1000  is fo r u n it  c o n v e rs io n . S ap  flow  v e lo c ity , J ,  fo r th e  

la tera l ro o ts  c o n s is te d  o f  3 ro o ts  in 2 0 0 4  a n d  6 ro o ts  in 

2 0 0 5 . J  fo r th e  tap  ro o ts  c o n s is te d  o f  2 ro o ts  in 2 0 0 4  a n d  5 

m e a su re m e n ts  in 2 0 0 5  s in ce  tw o  a d d itio n a l la te ra l ro o ts  h ad  

ta p ro o t b e h a v io r  a n d  an a d d itio n a l p ro b e  w a s  a d d e d  to  o n e  

ta p ro o t. W e a p p lie d  e q u a tio n  (3 ) a f te r  u s in g  in te rp o la tio n  

a c ro ss  d a ta  g a p s  to  c o m p u te  a n n u a l to ta ls  fo r th e  d o rm a n t 

an d  p o te n tia l g ro w in g  seaso n  Qh r  in b o th  y ea rs . T he  

p o te n tia l g ro w in g  seaso n  fo r tre e s  is d e f in e d  by  th e  ty p ica l 

fro s t-free  p e r io d  w h e n  th e  tre e s  h a v e  g re e n  leav es  b u t w e re  

n o t n e c e ssa r ily  tra n sp ir in g  (D O Y  1 1 0 - 3 3 5 ) .

[ib] F o llo w in g  an a p p ro a c h  s im ila r  to  Williams et al. 

[2 0 0 4 ], w e  c o m p a re d  to ta l d a ily  la te ra l an d  tap  ro o t  QHr

w ith  E T  d u r in g  ca re fu lly  se le c te d  ra in -fre e  an d  low  soil 

m o is tu re  p e r io d s  o f  th e  sp r in g  an d  fall m o n th s . D u rin g  th ese  

tim e s , th e  u n d e rs to ry  v e g e ta tio n  w a s  lik e ly  s e n e sc e d  an d  

so il e v a p o ra tio n  w a s  n e g lig ib le  so  it w a s  re a so n a b le  to  

a ssu m e  th a t to ta l d a ily  QHr  — ET . H o w e v e r , w e  fo u n d  th a t 

o u r  sca led  sap  flo w  u n d e re s tim a te d  E T  d u r in g  th e se  p e rio d s  

(F ig u re  1), w ith  th e  d e g re e  o f  u n d e re s tim a tio n  te n d in g  to  

in c re a se  th ro u g h  th e  tw o  y e a r  m o n ito r in g  p e rio d . A lso , th e re  

w a s  c o n s id e ra b le  v a ria tio n  in E T /Q h r  w ith in  each  p e rio d , 

w h ic h  w e  su sp e c t w a s  d u e  n o t on ly  to  th e  in a c c u ra cy  o f  Qh r  

b u t a lso  to  th e  ac c u ra cy  o f  q u a n tify in g  low  E T  ra te s  an d  th e  

a s su m p tio n  th a t T  =  ET . S c a le d  sap  flow  m e a su re m e n ts  m a y  

b e  u n d e re s tim a te d  d u e  to  sap  flo w  m e a su re m e n t p ro b le m s  

in c lu d in g : 1) th e  u n d e re s tim a tio n  o f  w o u n d in g  a n d  su b se 

q u e n t ty lo s is  [Swanson and Whitfield, 198 1 ], 2 )  a  fa ilu re  to  

m e a su re  sap  flux in th e  m o s t  a c tiv e  re g io n  o f  th e  x y le m  th a t 

is g e n e ra lly  lo c a te d  n e a r  th e  c a m b iu m  [Swanson, 1994], or 

3 ) an  u n d e re s tim a tio n  o f  sap  flux a t d e p th s  b e y o n d  w h ic h  

o u r  se n so rs  w e re  d e s ig n e d  to  m e a su re  (in th is  case , 10 m m ) 

[Fernandez et a l ,  2 0 0 1 ], A d d itio n a l sc a lin g  e rro rs  m a y  

h a v e  re su lte d  from  an u n d e re s tim a tio n  o f  to ta l sap  w o o d  

a re a  ( in c lu d in g  th e  o m iss io n  o f  all ro o ts  <  0 .0 2  m  d ia m e te r)  

o r  an o v e re s tim a tio n  o f  c ro w n  a rea . T h e  in c re a se  o f  th e  

u n d e re s t im a t io n  in tim e  s u g g e s ts  th a t  e i th e r  w o u n d in g  

in c re a se d  th ro u g h o u t th e  in v es tig a tio n  (i.e ., re a so n  # 1 )  or 

ra d ia l g ro w th  a fte r  th e  p ro b e s  w e re  in s ta lle d  re su lte d  in h ig h  

sap  flu x  ra te s  in re g io n s  n o t c a p tu re d  by  o u r  se n so rs  (i.e ., 

re a so n  #2 ). U n fo rtu n a te ly , th e se  p o te n tia l e rro rs  a re  u n a v o id 

ab le  w h e n  u s in g  a c c e p te d , in v a s iv e  sap  flux  a p p ro a c h e s  

d u r in g  m u lt iy e a r  s tu d ie s . F u r th e rm o re , ly s im e te r  te s ts  o f  

I IR M  in m e sq u ite  s tem s (u n p u b lish e d  d a ta )  in d ica te  th a t 

th e  r in g  p o ro u s  n a tu re  o f  m e sq u ite  x y le m  m ay  a lso  lead  to  an 

u n d e re s tim a tio n  o f  th e  flo w  v e lo c ity  in th e  ro o ts . N e v e r th e 

le ss , th is  ly s im e te r  s tu d y  a n d  th e  re su lts  o f  Williams et al. 

[2 0 0 4 ] su g g e s t th a t m u ltip ly in g  QHr  by  a  co rre c tio n  fac to r 

re su lts  in a  re a so n a b le  e s tim a tio n  o f  to ta l tree  w a te r  u se . To 

a c c o u n t fo r th is  u n d e re s tim a tio n , w e  m u ltip lie d  Qh r  by  the  

u n d e r e s t im a t io n  t r e n d  l in e  (F ig u re  1). T h is  c o r re c t io n  

re su lte d  in an  R 2 =  0 .7 6  (p <  0 .0 0 1 ).

2 .3 . M ic r o m e te o r o lo g ic a l  a n d  S o il  M o is tu r e  

M o n i to r in g

[ 17] T h irty  m e te rs  w e s t o f  th e  tre e s  w ith  sap  flow  in s tru 

m e n ta t io n , w e  u s e d  th e  e d d y  c o v a r ia n c e  te c h n iq u e  to  

q u a n tify  e c o sy s te m  e v a p o tra n sp ira tio n  (E T ) a n d  th e  n e t 

e c o sy s te m  e x c h a n g e  o f  C O 2 (N E E ). A  3 -d im e n s io n a l, so n ic  

a n e m o m e te r  (M o d e l C S A T -3 ; C a m p b e ll  S c ie n tif ic  In c ., 

L o g a n  U T )  a n d  an o p e n -p a th  in fra re d  g a s  a n a ly z e r  (L I- 

7 5 0 0 , L I-C O R  In c ., L in c o ln , N E )  w e re  m o u n te d  a t 7 m  

h e ig h t (a p p ro x im a te ly  tw ic e  th e  v e g e ta tio n  h e ig h t)  to  m e a 

su re  th e  th re e  c o m p o n e n ts  o f  th e  w in d  v e lo c ity  v e c to r , so n ic  

te m p e ra tu re  a n d  c o n c e n tra tio n s  o f  w a te r  v a p o r  an d  ca rb on  

d io x id e . D a ta  w e re  sa m p le d  a t 10 H z  a n d  th e  3 0 -m in  

c o v a r ia n c e s  w e re  re c o rd e d  by  a  d a ta  lo g g e r  (C R 5 0 0 0 , 

C a m p b e ll S c ie n tif ic  In c ., L o g a n  U T ). E v e ry  o n e -to - tw o  

m o n th s , IR G A s w e re  z e ro -  a n d  sp a n -c a lib ra te d  u s in g  a 

C 0 2/ I I 20  - f r e e  g a s , a  s ta n d a rd  [ C 0 2] g a s  an d  a  d ew  p o in t 

g e n e ra to r .  F lu x e s  w e re  la te r  c a lc u la te d  o f f - l in e ,  a f te r  

p e rfo rm in g  a  tw o -d im e n s io n a l c o o rd in a te  ro ta tio n  an d  a c 

c o u n tin g  fo r d e n s ity  flu c tu a tio n s  [Webb et a l ,  1980],

[is] T h e  flux  d a ta  w e re  filte red  fo r sp ik e s  an d  in s tru m e n t 

m a l fu n c tio n s  (re p re se n tin g , 6 .4 %  o f  th e  E T  a n d  7 .2 %  o f N E E  

d a ta ) . A lso , w e  a p p lie d  a  fric tion  v e lo c ity  o r  u * -f il te r  (u* =
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0 .1 5  n i  s - 1 ) to  o m it f lu x e s  w h e n  th e re  w a s  n o t  su ffic ie n t 

tu rb u le n c e  to  m a k e  re p re se n ta tiv e  f lu x  m e a su re m e n ts , w h ic h  

o c c u rre d  a b o u t 10%  o f  th e  tim e  [Malhi et al., 1998 ], D a ily  

a v e ra g e  E T  v a lu e s  w e re  c a lc u la te d  b y  firs t f illin g  th e  g a p s  in  

th e  30  m in  da ta . G a p s  w e re  fille d  u s in g  3 0 -m in  a v e ra g e s  o f  

P A R  a n d  1 4 -d ay  lo o k -u p  ta b le s  o f  E T  v a lu e s  a v e ra g e d  o v e r  

100 finro le s  m - 2  s - ' in te rv a ls  [Falge et al., 2 0 0 1 ],

[19] To c o m p u te  w e e k ly  a v e ra g e s  o f  g ro ss  p r im a ry  p ro 

d u c tio n  o f  C 0 2 (G P P ), w c  firs t c a lc u la te d  c o m p o s ite  d iu rn a l 

N E E  c u rv e s  fo r e a c h  w e e k , a n d  th e se  w e re  u sed  to  ca lc u la te  

w e e k ly  a v e ra g e  N E E . T h ir ty  m in u te  re s p ira tio n  v a lu e s  w ere  

d e te rm in e d  b y  fittin g  a n  e x p o n e n tia l  fu n c tio n  to  a ir  te m p e r 

a tu re  a n d  n ig h ttim e  N E E  d a ta  o v e r  a  5 -d a y  m o v in g  w in d o w  

[Reichstein et a l ,  2 0 0 5 ], T h is  m o d e l w a s  th e n  u sed  to  till  

m is s in g  n ig h ttim e  d a ta  a n d  m o d e l d a y tim e  re sp ira tio n . T h e  

3 0 -m in  d a ta  w e re  th e n  a v e ra g e d  up  to  d e te rm in e  w e e k ly  

a v e ra g e  re sp ira tio n , R . F in a lly , w e e k ly  a v e ra g e  G P P  w a s  

d e te rm in e d  by :

G P P  =  R -  N E E  (4 )

[20] W e m e a su re d  v o lu m e tr ic  so il w a te r  c o n te n t (0 ) u s in g  

c o m m e rc ia l so il m o is tu re  p ro b e s  (C S 6 1 6 -L , C a m p b e ll S c i 

en tif ic , L o g a n , U T )  a t 5 , 10, 2 0 , 30 , 5 0 , 70 , 100 , a n d  130 cm  

d e p th s  in  a  p ro file  lo c a te d  in  a n  in te r -m e sq u ite -c a n o p y  

p o s itio n  im m e d ia te ly  to  th e  w e s t o f  th e  m o n ito re d  tre e s  

a n d  b e n e a th  a  la rg e  m c sq u itc  tree  a b o u t 10 m  n o r th  o f  th e  

m o n ito re d  tre e s . M e a su re m e n ts  w e re  re c o rd e d  e v e ry  3 0  m in  

a n d  s to re d  o n  a  d a ta  lo g g e r  (C R -1 0 X , C a m p b e ll  S c ien tif ic , 

L o g a n , U T ). In  th e se  p ro file s , th e  so ils  w e re  fa ir ly  u n ifo rm  

sa n d y  lo a m s  w ith  n o  o b se rv a b le  c h a n g e s  in  so il tex tu re . 

T h u s  th e  g ra d ie n ts  o f  so il m o is tu re  a c ro ss  th e  d if fe re n t 

m e a s u re m e n t d e p th s  a re  l ik e ly  re p re s e n ta tiv e  o f  s im ila r  

g ra d ie n ts  in  so il w a te r  p o te n tia l ,  th e  d r iv in g  fo rc e  fo r  

h y d ra u lic  re d is tr ib u tio n .

3. Results

[21] D u r in g  th e  tw o -y e a r  s tu d y  p e r io d , m a x im u m  a ir  

te m p e ra tu re s  w e re  a ro u n d  4 0 °C  a n d  o c c u rre d  d u r in g  th e  

d ry  su m m e r  p e r io d  p r io r  to  th e  o n s e t  o f  th e  m o n s o o n  

(F ig u re  2 ). W h ile  m in im u m  a ir  te m p e ra tu re s  o c c a s io n a lly  

d ip p e d  b e lo w  f re e z in g , e v e n  s h a llo w  so il te m p e ra tu re s  

re m a in e d  a b o v e  5°C .

[22] U s in g  th e  re m o te ly  s e n s e d  E n h a n c e d  V e g e ta tio n  

In d e x  (E V I, le v e l M O D 1 3 Q 1 , N A S A  M O D IS  T erra  sa te l 

l i te , Huete et a l ,  2 0 0 2 )  a s  a  su r ro g a te  fo r  v e g e ta t io n  

g re e n n e ss , th e  g re e n  le a f-a re a  a t o u r  s a v a n n a  site  g e n e ra lly  

h a d  tw o  p e a k s  d u r in g  e a c h  y e a r  (F ig u re  3 ). T h e  f irs t  

in c re a se  in  g re e n n e ss  o c c u rre d  in  A p r il  w ith  a  m o re  p ro m 

in e n t in c re a se  in  m id -su m m e r. T h e  sp rin g  p e a k  c a n  be  

m a in ly  a ttr ib u te d  to  th e  m c sq u itc  c a n o p y  le a f  f lu sh , w h ic h  

o c c u rs  in  A p r il  re g a rd le ss  o f  w in te r /sp r in g  ra in fa ll [Cable, 

197 7] th o u g h  th e re  c a n  b e  so m e  u n d e rs to ry  g re e n -u p  

m a in ly  in  a n n u a l fo rb s  a n d  u n d e rs to ry  sh ru b s  fo llo w in g  

w e t  w in te rs . T h e  la rg e r  s u m m e r  p e a k  is  d u e  to  th e  

m o n so o n  ra in fa ll a n d  la rg e ly  re f le c ts  th e  g ro w th  o f  th e  

p e re n n ia l g ra sse s ; th e  c h a n g e  in  m c sq u itc  c a n o p y  g re e n 

n e s s  is m u c h  sm a lle r  b a s e d  o n  m e a su re m e n ts  o f  tree  L A I 

(d a ta  n o t  sh o w n ).

[23] T h e  tre n d  in  a n n u a l v e g e ta tio n  g re e n n e ss  w a s  g e n 

e ra lly  tra c k e d  b y  th e  b e h a v io r  o f  E T  (R “ =  0 .6 2 , p <  0 .0 0 1 ,

F ig u re  3 ). Ig n o r in g  th e  sp ik e s  in  E T  d u e  to  th e  h ig h  

e v a p o ra tio n  th a t fo llo w e d  p re c ip ita tio n  ev e n ts , E T  p ea k e d  

d u r in g  th e  m o n s o o n  ( th e  t im e  w ith  g re a te s t  v e g e ta t io n  

g ro w th  a n d  so il m o is tu re  a v a ila b ility ) , b u t  th e re  w a s  a lso  

a  su s ta in e d  le v e l o f  E T  in  th e  sp rin g  o f  2 0 0 4 . T h is  e le v a te d  

le v e l o f  E T  in  sp r in g  w a s  w e ll-c o rre la te d  w ith  g re e n n e ss  an d  

th u s  p ro b a b ly  in d ic a tiv e  o f  m c sq u itc  tra n sp ira tio n . T h is  w a s  

n o t  th e  c a se , h o w e v e r , in  d ie  sp r in g  o f  2 0 0 5  w h e n  th e  le a f  

f lu sh  o f  th e  tre e s  w a s  n o t  a s so c ia te d  w ith  a n  in c re a se d  an d  

su s ta in e d  E T  ra te .

[24] R e v e rse  f lo w  w a s  e v id e n t in  d ie  ta p ro o ts  o f  b o d i  

tre e s  b e fo re  l e a f  f lu sh  a n d  a f te r  a  n u m b e r  o f  s ig n if ic a n t 

ra in fa ll  ev e n ts  in  th e  sp r in g  o f  2 0 0 4  (F ig u re  4a). C o n v e rse ly  

th e re  w a s  p o s itiv e  f lo w  (flo w  to w a rd  th e  s te m ) in  th e  la te ra l 

r o o ts ,  in d ic a t in g  th a t  s h a llo w  s o il  m o is tu re  w a s  b e in g  

re d is tr ib u te d  to  d e e p  so il la y e rs  ( i.e ., h y d ra u lic  d escen t) . 

S im ila r  b e h a v io r  w a s  a lso  se e n  in  th e  o th e r  ro o ts  o f  T ree  1 

a n d  2 (d a ta  n o t  sh o w n ). P r io r  to  ~ D O Y  100 d ie  c a n o p y  w a s  

lea fle ss , a n d  th e re  w e re  g e n e ra lly  n o  s tro n g  a n d  re g u la r  

d iu rn a l f lu c tu a tio n s  in  th e  r o o t  sap  flo w  (F ig u re  4 a ). A t th is  

t im e , th e  f lo w  in  d ie  la te ra l a n d  tap  ro o ts  w a s  s tro n g ly  

n e g a tiv e ly  c o rre la ted  (T ree  2 -R "  =  0 .6 4 , p <  0 .0 0 1 ; T ree  

1 -R 2 =  0 .4 9 , p <  0 .0 0 1 ) . T h e  re v e rse  f lo w  in  th e  tap  an d  

p o s itiv e  f lo w  in  th e  la te ra l ro o t ta p e re d  o f f  to w a rd  d ie  

en d  o f  c a n o p y  le a f  flu sh . D u rin g  d ie  a c tiv e  tra n sp ira tio n  

p e rio d , ro o t  sap  flo w  o c c u rre d  w ith  la rg e , o b v io u s  d iu rn a l 

f lu c tu a tio n s , a n d  f lo w  in  th e  ro o ts  a t n ig h t  g ra d u a lly  

tra n s itio n e d  fro m  h y d ra u lic  d e s c e n t  (se e  a ro u n d  D O Y  

1 1 5 - 1 1 7 )  to  a  sm a ll a m o u n t o f  h y d ra u lic  lif t (n e g a tiv e  

f lo w  in  th e  la te ra l ro o t  a n d  p o s itiv e  f lo w  in  d ie  ta p )  a s  n e a r 

su rfa c e  so ils  d ried . T h e  ro o ts  re a c te d  s im ila r ly  to  ra in  ev en ts  

in  su m m e r  (F ig u re  4 b )  e x c e p t th a t f lo w  in  th e  tap  r o o t  w a s  

g e n e ra lly  p o s itiv e  in  d ie  d a y tim e  as w e ll, in d ic a tin g  th a t  a ll o r  

m o s t  o f  d ie  ro o ts  w e re  su p p o r tin g  tra n sp ira tio n . H y d ra u lic  

d e sc e n t w a s  m a in ly  c o n fin e d  to  n ig h ttim e  p e rio d s  fo llo w in g  a 

la rg e  a m o u n t o f  ra in  w h ic h  led  to  h y d ra u lic  d e sc e n t ev e n  

d u rin g  th e  d a y tim e  in  so m e  o f  th e  ro o ts .

[25] A v e ra g e  sap  v e lo c itie s  fo r a ll la te ra l a n d  tap  ro o ts  o f  

b o th  tre e s  in d ic a te  th a t  h y d ra u lic  re d is tr ib u tio n  w a s  a  c o m 

m o n  o c c u rre n c e  b o th  in  th e  d o rm a n t a n d  a c tiv e -g ro w in g  

se a so n  (F ig u re  5 , u p p e r  p an e ls) . T h e  g ra d ie n t b e tw e e n  

d e e p  an d  sh a llo w  so il m o is tu re  w a s  s tro n g ly  c o rre la ted  

w id i (R “ =  0 .6 1 , p <  0 .0 0 1 )  a n d  m irro re d  d ie  d ire c tio n  o f  

th e  f lo w  in  d ie  ta p ro o ts  (F ig u re  5 , lo w e r p a n e ls ) . H y d ra u lic  

d e s c e n t  o c c u r re d  a f te r  m o s t  r a in fa l l  e v e n ts , e sp e c ia lly  

d u rin g  d o rm a n c y  (b e fo re  ~ D O Y  110 o r  a f te r  ~ D O Y  3 3 0 ) 

b u t  a lso  d u r in g  th e  h e ig h t  o f  d ie  m o n so o n  w h e n  tra n sp ira tio n  

w a s  a t its  p eak . P o s itiv e  f lo w  in  th e  ta p ro o ts  o c c u rre d  m a in ly  

d u rin g  d ie  su m m e r  p r io r  to  o r  a f te r  th e  p e a k  o f  th e  m o n s o o n  

ra in s .

[26] F ig u re  6 sh o w s  th e  c u m u la tiv e  sap  flu x  o f  a  s in g le  

la te ra l  r o o t  a n d  th e  ta p ro o t  o f  T ree  2 , w h e re  d a y tim e  

(n ig h ttim e )  to ta ls  w e re  su m m e d  fo r  a ll p e r io d s  w ith  P A R  >

5 (<  5) / /m o l m - 2  s - 1. In  ea rly  2 0 0 4 , a  la rg e  q u a n tity  o f  w a te r  

w a s  m o v e d  d o w n w a rd  in  th e  so il p ro file  v ia  th e  ta p ro o t 

d u rin g  d o rm an cy . N ex t, in  e a rly  su m m e r, d ie  la rg e  sw in g  to  

p o s itiv e  ta p ro o t  f lo w  a n d  its  c o -o c c u rre n c e  w ith  a n  in c re a se  

in  G P P  p ro v id e s  e v id e n c e  th a t th e  w a te r  re d is tr ib u te d  d u rin g  

d o rm a n c y  m a y  h a v e  fa c ilita te d  e a rly  su m m e r  g ro w th . T h e re  

is a lso  e v id e n c e  fo r  a  sm a ll a m o u n t o f  n o c tu rn a l h y d ra u lic  lift 

d u r in g  d iis  tim e  (n e g a tiv e  la te ra l ro o t  f lo w  a n d  p o s itiv e  tap 

ro o t flo w ). T h e  p e a k  in  G P P  d u r in g  d ie  m o n s o o n  su m m e r
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F ig u r e  2. D a ily  m a x im u m  an d  m in im u m  a ir  te m p e ra tu re  a t 2 m  h e ig h t (T a) a lo n g  w ith  d a ily  m in im u m  

so il te m p e ra tu re  a t 5 cm  d ep th  (T s).

c o in c id e d  w ith  n o c tu rn a l p e r io d s  o f  p o s itiv e  la tera l ro o t flow  

an d  n e g a tiv e  ta p ro o t flow  (h y d ra u lic  d e sc e n t) , b u t g ro w th  at 

th e  en d  o f  th e  m o n so o n  c o in c id e d  w ith  p o s itiv e  flo w  m a in ly  

b y  th e  ta p ro o t .  In  th e  w in te r  o f  2 0 0 5 , th e re  w a s  le ss  

" b a n k in g ”  o f  so il w a te r , a n d  ea rly  s u m m e r  G P P  (F ig u re  6, 

b o tto m  p a n e ls )  w a s  sm a ll. F ro m  a ro u n d  D O Y  1 - 6 0  in  2 0 0 5 , 

th e  s lig h tly  p o s itiv e  ta p ro o t flow  an d  p o s itiv e  la te ra l ro o t 

flow  d u r in g  th e  d a y tim e  g iv e s  so m e  e v id e n c e  o f  tra n sp ira 

t io n  lo ss  d e sp ite  th e  lack  o f  c a n o p y  leav es , w h ic h  m ig h t 

in d ic a te  so m e  lo ss v ia  th e  t r e e ’s s tem  an d  b ra n c h e s . S m all, 

b u t re g u la r, d iu rn a l flu c tu a tio n s  w ith  p o s itiv e  flo w  bo th  in 

ta p  a n d  la te ra l ro o ts  d u r in g  th e  d ry  p e r io d s  in  w in te r

p ro v id e d  a d d itio n a l e v id e n c e  o f  tra n sp ira tio n  d u r in g  d o r 

m a n c y  (d a ta  n o t sh o w n ). T h e n , from  a ro u n d  D O Y  6 0 - 1 0 0 ,  

th e  n e g a tiv e  flow  in th e  la te ra l ro o t  sh o w e d  th a t so m e  o f  the  

b a n k e d  w a te r  w a s  tra n sp o rte d  to  th e  u p p e r  so il lay ers  v ia  

h y d ra u lic  lift. M u c h  o f  th e  h y d ra u lic  lift a p p e a re d  to  h av e  

e n d e d  u p o n  le a f  flush  ( ~ D O Y  115) w ith  a  sm a ll a m o u n t o f  

p o s itiv e  flo w  in th e  ta p ro o t su p p o r tin g  tree  tra n sp ira tio n . 

T h e  b e h a v io r  in  th e  tw o  ro o ts  from  th e  m o n so o n  to  th e  end 

o f  y e a r  in  2 0 0 5  w a s  s im ila r  to  2 0 0 4 , a lth o u g h  th e  q u a n tity  

o f  w a te r  m o v e d  w a s  g re a te r  d u e  to  a  h ig h e r  v o lu m e  o f  

p re c ip ita tio n .

F ig u r e  3 . M O D IS  E n h a n c e d  V e g e ta tio n  In d e x  ( E V P ,  n o rm a liz e d  b e tw e e n  0 an d  1), d a ily  to ta l 

e v a p o tra n sp ira tio n  from  e d d y  c o v a ria n c e  (E T ), an d  p re c ip ita tio n . E V I d a ta  a re  th e  a v e ra g e  o f  3 x  3 (1 k m ) 

p ix e ls  c e n te re d  o v e r  th e  site.
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F ig u r e  4 . D a ily  p re c ip ita tio n  a n d  v o lu m e tr ic  sap  How fo r a  sp r in g  (a ) a n d  su m m e r (b ) p e r io d  o n  a  la tera l 

an d  ta p  ro o t o n  T ree  1 (g re y ) a n d  T ree  2 (b la c k ). P o s itiv e  sap  How in  th e  ro o ts  in d ic a te s  How to w a rd  th e  

tree  b a se , an d  n e g a tiv e  sap  How in d ic a te s  How aw ay  from  th e  tree  base .

[27] T h e  to ta l c o n tr ib u tio n  o f  e c o sy s te m -sc a le  la te ra l an d  

ta p  ro o t sap  How (Q h r ) d u r in g  th e  d a y tim e  v a rie d  c o n s id e r 

ab ly  th ro u g h o u t th e  tw o  y e a rs  (F ig u re  7). Q h r , su m m e d  o v e r  

th e  d a y tim e  an d  w h e n  the  c a n o p y  h a d  le a v e s , re su lte d  in  an  

e s tim a te  o f  tree  tra n sp ira tio n . In  2 0 0 4 , tra n sp ira tio n  in  th e  

p re -m o n so o n  p e r io d  o f  th e  g ro w in g  se a so n  (D O Y  1 1 0 - 1 9 0 )  

w a s  m a in ly  su p p o rte d  by  th e  ta p ro o ts  ev e n  th o u g h  d e e p e r  soil 

la y e rs  sh o w e d  little  in flu e n c e  from  p re c ip ita tio n  ev e n ts  an d  

re m a in e d  q u i te  d ry . A t th e  p e a k  o f  m o n s o o n  E T , tree  

tra n sp ira tio n  w a s  su p p o rte d  m a in ly  by  la te ra l ro o ts  w ith  a  

g re a te r  c o n tr ib u tio n  b e in g  a d d e d  by  ta p ro o ts  as  th e  ra in y  

se a so n  w a n e d . In  th e  2 0 0 5  p re -m o n so o n  p e r io d , th e re  w a s  

less  o f  a  su s ta in e d  p e rio d  o f  E T  a n d  a lso  less  tree  tra n sp ira tio n  

(th e  su m  o f  th e  la te ra l an d  ta p  ro o t Q h r ) a n d  ta p ro o t How th an  

in 2 0 0 4 . D u r in g  th e  2 0 0 5  m o n so o n , tra n sp ira tio n  w a s  a g a in  

first su p p lie d  m a in ly  by  the  la te ra l ro o ts , w ith  ro o ts  at bo th  

d e p th s  c o n tr ib u tin g  e q u a lly  to w a rd  th e  e n d  o f  th e  m o n so o n . 

A v erag e  soil m o is tu re  c o n d itio n s  from  th e  u n d e r-tre e  an d

o p e n  p ro file s  w e re  s im ila rly  d ry  in  th e  p re -m o n so o n  p e rio d  

(F ig u re  7 , lo w e r  p a n e ls ) . T h e  w e t te r  m o n s o o n  o f  2 0 0 5  

re su lte d  in  in filtra tio n  g o in g  b e y o n d  100 cm  (b u t le ss  th an  

130 c m -d a ta  n o t sh o w n ) w h ile  in  2 0 0 4 , p ro b e s  a t 100 cm  

re c o rd e d  n o  c h an g es .

[28] T h e  n e t a m o u n t o f  w a te r  a c q u ire d  by  la te ra l ro o ts  

w a s  2 8 %  o f  a n n u a l p re c ip ita tio n  in 2 0 0 4  an d  4 9 %  in 20 0 5  

(T ab le  2 ). E s tim a tin g  to ta l tree  tra n sp ira tio n  as th e  su m  o f  

d a y tim e  Q Hr  d u r in g  th e  g ro w in g  se a so n , th e  tree s  tra n sp ire d  

78  m m  in 2 0 0 4  a n d  131 m m  in  2 0 0 6  w h ic h  re p re se n ts  a b o u t 

2 7 %  o f  a n n u a l E T  in 2 0 0 4  a n d  3 9 %  in  2 0 0 5 . In  th e  d o rm a n t 

se a so n  o f  2 0 0 4 , d a y tim e  an d  n ig h ttim e  to ta ls  w e re  s im ila r, 

a n d  a  to ta l o f  12 m m  o f  w a te r  w a s  m o v e d  to w a rd  th e  s tem s 

in  th e  la tera l ro o ts  w h ile  38  m m  w a s  m o v e d  d o w n w a rd  in 

th e  ta p ro o ts , in d ic a tin g  a  lack  o f  b a la n c e  in th e  m e a su re 

m e n ts  th o u g h  th e  s ta n d a rd  e rro rs  o f  th e se  e s tim a te s  w e re  

c o n s id e ra b le . I f  th is  m o is tu re  w a s  la te r  u sed  to  su p p o rt 

tra n sp ira tio n  o r  lo s t v ia  h y d ra u lic  lift d u r in g  th e  su b se q u e n t
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F ig u r e  5 . 2 0 0 4 - 2 0 0 5  a v e ra g e  la te ra l a n d  tap  ro o t sap  flow  v e lo c ity  ± S .E . (u p p e r  p a n e ls )  a lo n g  w ith  

d a ily  p re c ip ita tio n  a n d  th e  d iffe re n c e  b e tw e e n  a v e ra g e  d e e p  ( 0 .5 - 1 .0  m ) an d  sh a llo w  ( 0 .0 - 0 .3  m ) soil 

m o is tu re . P o s itiv e  sap  flow  in th e  ro o ts  in d ic a te s  flow  to w a rd  th e  tree  b a se , a n d  n e g a tiv e  sa p  flow  

in d ic a te s  flow  aw a y  from  th e  tree  b ase .

s e a so n (s ) , th is  re p re se n ts  1 5 - 4 9 %  o f  th e  e s tim a te d  tra n sp i 

ra tio n  in 2 0 0 4  (u s in g  th e  la te ra l a n d  tap  ro o t to ta ls , r e s p e c 

tiv e ly ). In  th e  d o rm a n t seaso n  o f  2 0 0 5 , n e t la te ra l ro o t Q h r  

im p lie d  th a t 4 8  m m  w a s  tak en  in, b u t th is  w a s  n o t b a la n c e d  

in n e t ta p ro o t Q h r - H o w e v e r , n ig h ttim e  to ta ls  w e re  in g o o d  

a g re e m e n t so th e  la rg er, p o s itiv e  d a y tim e  flo w s a re  a n o th e r  

in d ic a to r  th a t w a te r  m a y  h a v e  b e e n  lo s t in a b o v e g ro u n d  

tissu es . T h e  —15 m m  o f  w a te r  tra n sp o rte d  d o w n w a rd  in th e  

ta p ro o t re p re se n ts  11%  o f  th e  e s tim a te d  tra n sp ira tio n  in 

2 0 0 5 . Tota l 2 0 0 4  g ro w in g  seaso n  flow  in th e  ta p ro o ts  w a s  

21 m m , 17 m m  le s s  th a n  th e  —38  m m  o f  e s t im a te d  

" b a n k e d ”  w ate r. It is p o s s ib le  th a t th is  e x c e ss  m o is tu re  

w a s  c a rr ie d  o v e r  to  2 0 0 5  w h ic h  w o u ld  h e lp  e x p la in  th e  

d e c re a se d  a m o u n t o f  h y d ra u lic  d e sc e n t in th e  w in te r  o f  2 0 0 5  

a n d  th a t th e  ta p ro o ts ’ n e t flow  d u rin g  th e  20 0 5  g ro w in g  

seaso n  w a s  17 m m  m o re  than  w a s  b a n k e d  in th e  w in te r.

4 . D iscu ssion

[29] W e fo u n d  th a t v e lv e t m e sq u ite  tre e s  in a  se m ia rid  

s a v a n n a  e c o s y s te m  r e d is t r ib u te  so il w a te r  u p w a rd s  a n d  

d o w n w a rd  in th e  soil p ro f ile  th ro u g h o u t th e  y e a r  in c lu d in g  

p e r io d s  o f  c a n o p y  d o rm an cy . R o o t ac tiv ity  p ro b a b ly  c o n tin 

u es  th ro u g h o u t th e  y e a r  d u e  to  th e  n o n -fre e z in g  soil te m p e r 

a tu re s  (F ig u re  2 ) ev en  th o u g h  w in te r  a ir  te m p e ra tu re s  can  fall 

b e lo w  z e ro  [Hultine et al., 2 0 0 4 ] , T h e  d ire c tio n  o f  flow  in th e  

ta p ro o ts  (an d  so m e  d e e p  la te ra l ro o ts )  d isp la y e d  g o o d  c o rre 

s p o n d e n c e  w ith  soil m o is tu re  g ra d ie n ts  (F ig u re  5 ), w h ic h  

lik e ly  m irro re d  w a te r  p o te n tia l  g ra d ie n ts  b e c a u s e  o f  th e  

u n ifo rm  soil p ro file s  [Caldwell et al., 1998], D u rin g  the

d o rm a n t w in te r  se a so n , h y d ra u lic  d e sc e n t o c c u rre d  d u rin g  

tim e s  w h e n  sh a llo w  so il m o is tu re  w a s  e le v a te d  d u e  to  re cen t 

a n d  su ff ic ie n tly  la rg e  p re c ip ita tio n  e v e n ts  a n d  w h e n  th e  

c a n o p y  w a s  n o t ac tiv e ly  tra n sp ir in g  (F ig u re s  4 - 6 ) .  W h e n  

s ig n if ic a n t w in te r  " s to ra g e ”  o c c u rre d , th e  s ta rt o f  th e  tree  

g ro w in g  seaso n  w a s  su p p o rte d  la rg e ly  b y  th e  ta p ro o ts  w ith  

o n ly  a  sm all c o n tr ib u tio n  from  la te ra l ro o ts  (F ig u re s  6 , 7). 

D u r in g  th is  p re -m o n so o n  su m m e r p e r io d , w in te r  m o is tu re  in 

th e  sh a llo w  so il la y e rs  h a s  b e e n  la rg e ly  a p p ro p r ia te d  b y  

u n d e rs to ry  e v a p o tra n sp ira tio n  (F ig u re  7) b e c a u se  th e  m e s 

q u ite s  g e n e ra lly  l e a f  o u t m u c h  la te r  th an  th e  u n d e rs to ry  

[Cable, 19 77 ]; th u s , th e  ta p ro o ts  w e re  th e  p r im a ry  so u rc e  

fo r c a n o p y  tra n sp ira tio n . A lso  d u rin g  th is  tim e , h y d ra u lic  lift 

w a s  o c c u rr in g  as e v a p o tra n sp ira tio n  d r ie d  th e  sh a llo w  so ils  

th e reb y  p ro v id in g  a  w a te r  p o te n tia l g ra d ie n t from  th e  m o is t, 

d e e p  soil la y e rs  to  th e  d ry , sh a llo w  soil la y e rs  (F ig u re s  4 , 6). 

D u r in g  th e  m o n so o n  seaso n  th e  sh a llo w  so il la y e rs  w e re  w e t, 

a n d  tra n sp ira tio n  w a s  su p p o rte d  m a in ly  by  th e  la te ra l ro o ts  

(F ig u re s  5 - 7 ) ,  w h ic h  h a s  a lso  b een  sh o w n  in m a tu re  flo o d - 

p la in  v e lv e t m e sq u ite  tre e s  [Snyder and Williams, 2 0 0 0 ], 

N o c tu rn a l h y d ra u lic  d e sc e n t a lso  o c c u rre d  d u rin g  th is  p e r io d  

(F ig u re  6). A f te r  th e  p e a k  o f  th e  m o n so o n , tra n sp ira tio n  w a s  

in c re a s in g ly  su p p o rte d  by  th e  ta p ro o ts  a s  th e  sh a llo w  soil 

la y e rs  ag a in  b e c a m e  d ry  (F ig u re  7).

[30] I t  is im p o rta n t to  re ite ra te  th a t th e re  is a  la rg e  d e g re e  

o f  u n c e rta in ty  in o u r  e c o sy s te m -sc a le  e s tim a te  o f  ro o t w a te r  

m o v e m e n t. T h is  u n ce rta in ty  re su lts  from  a  sm all sa m p le  

s ize  o f  ro o ts  a n d  tre e s  in th e  e c o sy s te m , th e  co rre c tio n  fa c to r 

(F ig u re  1), a n d  a  lack  o f  an  in -d e p th  lab o ra to ry  v a lid a tio n  o f
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F ig u r e  6 . Y ea rly  c u m u la tiv e  da ily , d a y tim e , an d  n ig h ttim e  v o lu m e tr ic  sap  flo w  in  a  la rg e  (9 .5  cm  

d ia m e te r)  la te ra l ro o t  an d  (1 5 .0  cm ) ta p  ro o t  o n  T ree  2 fo r  2 0 0 4  a n d  2 0 0 5 . A lso , s h o w n  in  th e  lo w e r 

p a n e ls  is c u m u la tiv e  p re c ip ita tio n  a n d  w e e k ly  a v e ra g e  g ro ss  p r im a ry  p ro d u c tio n  (G P P ). N e g a tiv e  

(p o s itiv e )  sap  f lo w  in d ic a te s  f lo w  a w a y  fro m  (to w a rd )  th e  tre e  b ase .

th e  H R M  in  m c sq u itc  ro o ts . N e v e rth e le ss , w e  fe lt i t  w a s  

im p o rta n t to  d e r iv e  a n  e s tim a te  (a lb e it, a c ru d e  o n e )  to  

c o m p a re  w ith  th e  m a jo r  h y d ro lo g ic  f lu x e s  in  th e  e c o sy s te m  

(i.e ., E T  a n d  P ). A lth o u g h  th e  e rro rs  o f  c c o sy s tc m -sc a lc  sap  

f lo w  e s tim a te s  a re  la rg e  (T ab le  2 ), th e  m a g n itu d e  o f  so il 

w a te r  th a t w a s  m o v e d  in  th e ir  d o rm a n t a n d  g ro w in g  se a so n s  

w a s  c o m p a ra b le , a n d  w a te r  m o v e d  d o w n w a rd  in  th e  so il 

p ro f i le  b y  th e  ta p ro o ts  w a s  a c o n s id e ra b le  f ra c t io n  o f  

e s tim a te d  tre e  tra n sp ira tio n  a n d  lik e ly  b o o s te d  su b se q u e n t 

tra n sp ira tio n  (F ig u re  7). F o r  th e  ro o ts  th a t w e  m o n ito re d  w e  

fo u n d  th a t h y d ra u lic  d e sc e n t w a s  a  fa r  m o re  d e te c ta b le  

p h e n o m e n o n  th a n  h y d ra u lic  lif t  (F ig u re s  5, 6 ), p e rh a p s  

d u e  to  f lo w  b e in g  m o re  c o n c e n tra te d  in  th e  ta p ro o t. T h e  

la rg e r  la te ra l ro o ts  d id  sh o w  d ire c t e v id e n c e  o f  n o c tu rn a l 

re v e rse  f lo w  d u r in g  th e  g ro w in g  se a so n  (F ig u re  4 ) an d  ev e n  

a n e t n e g a tiv e  d a ily  f lo w  in  th e  d o rm a n t s e a so n  (F ig u re  6).

[31] R o o t sap  flo w  a t th e  b e g in n in g  o f  2 0 0 5  sh o w e d  th a t 

th e re  w a s  le ss  b a n k in g  o f  d o rm a n t-sc a so n  p re c ip ita tio n  th a n  

in  2 0 0 4  (F ig u re s  5, 6 a n d  T ab le  2 ). W h ile  o u r  e s tim a te  o f  

d e e p  ( 0 .5 - 1 .0  m ) to  sh a llo w  ( 0 .0 2 5 - 0 .3 0  m ) so il m o is tu re  

g ra d ie n t w a s  e q u a lly  as  s tro n g  in  e a rly  2 0 0 5  (F ig u re  5,

lo w e r  p a n e ls ) , th e  ta p ro o ts  u n d o u b te d ly  e x te n d e d  b e y o n d

1.0 m  [Cable, 1977; Phillips, 1963] an d  w e re  re sp o n s iv e  to  

w a te r  p o te n tia l g ra d ie n ts  th a t w e  d id  n o t  q u an tify . A lso , th e  

w in te r  p re c ip ita tio n  e v e n ts  w e re  la rg e r  in  2 0 0 4  a n d  w o u ld  

h a v e  p ro m o te d  d e e p e r  in f iltra tio n  o f  ra in w a te r  to  th e  la te ra l 

ro o ts ; w e  fo u n d  th a t la te ra l ro o ts  g e n e ra lly  d id  n o t  re sp o n d  

to  s m a lle r  ra in fa ll  e v e n ts  th a t h a d  in f il tra tio n  le s s  th a n  

~ 0 .2 5  m  (d a ta  n o t sh o w n ). E c o s y s te m  w a te r  a n d  C 0 2 

f lu x e s  a lso  su p p o r t th e  n o tio n  th a t th e re  w a s  m o re  b a n k in g  

o f  p re c ip ita tio n  in  e a rly  2 0 0 4 . E T  h a d  a m o re  su s ta in e d  rise  

a n d  d e c a y  in  th e  sp rin g  o f  2 0 0 4  w h ile  i t  ro se  an d  fe ll m u c h  

m o re  q u ic k ly  in  re sp o n se  to  ra in fa ll, lik e ly  in d ic a tiv e  o f  

m a in ly  b a re  so il e v a p o ra tio n  d u r in g  th e  sa m e  p e rio d  in  20 0 5  

(F ig u re  3). L ik e w ise , p h o to sy n th e s is  (G P P ) in  th e  sp r in g  o f  

2 0 0 5  w a s  v ir tu a lly  u n d e te c te d  (F ig u re  6) e v e n  th o u g h  th e re  

w a s  m e a su ra b le  p o s itiv e  f lo w  in  b o th  la te ra l a n d  tap  ro o ts  

(F ig u re  6 , r ig h t s id e ). P e rh a p s  th is  sm a ll a m o u n t o f  sp rin g  

sap  flo w  su p p o rte d  ce ll e x p a n s io n  d u rin g  le a f  f lu sh  an d  

w o o d  d e v e lo p m e n t th a t o c c u rs  c o n c u rre n tly  in  r in g -p o ro u s  

sp e c ie s  su c h  as  m c sq u itc .

9 of 12



W 0 2 4 4 0  SC O T T  F.T A L.: H Y D R A U L IC  R E D IS T R IB U T IO N  IN A S E M IA R ID  SAVANNA W 0 2 4 4 0

F ig u r e  7 . 2 0 0 4 - 2 0 0 5  e c o sy s te m -sc a le , d a y tim e  la te ra l a n d  tap  ro o t  to ta l sap  flo w  (Qh r , e q u a tio n  (3 )) 

a n d  E T  fro m  e d d y  c o v a ria n c e  (u p p e r  p a n e ls ) . S h a d e d  a reas  in d ic a te  tree  c a n o p y  se n e sc e n c e . A lso  s h o w n  

is th e  a v e ra g e  d a ily  v o lu m e tr ic  so il m o is tu re  (0) a t 10, 30 , 5 0 , an d  100  c m  ( lo w e r  p an e ls).

[32] In  a d d itio n  to  its  h y d ro lo g ic  s ig n if ic a n c e , w c  a lso  

fo u n d  th a t h y d ra u lic  re d is tr ib u tio n  lik e ly  p la y e d  a n  im p o rta n t 

c c o lo g ic a l ro le  in  th is  e c o sy s te m . B a n k e d  so il m o is tu re  

w o u ld  a lm o s t c e r ta in ly  b e  e x p lo ite d  d u r in g  th e  d iy  ea rly  

s u m m e r  so  lo n g  as th e  w a te r  d o c s  n o t  d iffu se  to o  fa r  aw ay  

f ro m  th e  e m ittin g  ro o ts  (F ig u re s  4 - 6 ) .  L ik e w ise , re v e rse  flo w  

in  th e  ta p ro o ts  d u r in g  th e  tim e  w h e n  m o n s o o n  ra in s  w e re  

m o s t a b u n d a n t a n d  th e n  th e  su b se q u e n t re tu rn  o f  u p w ard  

ta p ro o t flo w  a f te r  th e  m o n s o o n  (F ig u re s  4 , 6) im p lie s  th a t 

h y d ra u lic  re d is tr ib u tio n  c a n  le a d  to  a n  e x te n s io n  o f  th e  

g ro w in g  s e a so n  [Lee et a l., 2 0 0 5 ; Rvel et a l., 2 0 0 4 ], H o w e v e r , 

th e  m a g n itu d e  o f  G P P  an d  E T  d u r in g  th e se  “ e x te n s io n s "  o f  

th e  m c sq u itc  g ro w in g  s e a so n  w a s  c o n s id e ra b ly  sm a lle r  th a n  

d u r in g  th e ir  p e a k  in  th e  su m m e r  ra in y  se a so n . T h u s  o u r  d a ta  

su g g e s t th a t h y d ra u lic  re d is tr ib u tio n  e x te n d s  th e  p e r io d  o v e r  

w h ic h  w o o d y  p la n ts  g ro w , p r o v id in g  th e m  a  m e a n s  to  

c o m p e te  w ith  th e  g ra s s -d o m in a te d  u n d e rs to ry  w h ic h  m o re  

q u ic k ly  an d  m o re  e ff ic ie n tly  re sp o n d s  to  su m m e r  ra in s  [Rvel 

et al., 2 0 0 4 ; Mendel et al., 2 0 0 2 ; Burgess et al., 2 0 0 1 a ] ,

[33] R o o t sa p  flo w  d a ta  fro m  th e  c u rre n t s tu d y  a rc  c o n s is 

te n t w ith  p re v io u s  in v e s tig a tio n s  th a t re p o r t ra p id  re sp o n se  b y  

m c s q u itc  ro o ts  to  re la tiv e ly  sm a ll m o n s o o n  p re c ip ita tio n

p u lse s  [Fravolini et al., 2 0 0 5 ] , H y d ra u lic  lif t a n d  a  sm a ll 

a m o u n t o f  c a n o p y  tra n sp ira tio n  th ro u g h o u t th e  d ry  ea rly  

su m m e r , c o u p le d  w ith  th e  h ig h  c a v i ta t io n  r e s is ta n c e  

p re v io u s ly  re p o rte d  in  sh a llo w  m c sq u itc  ro o ts  a t th is  s ite  

[Hultine et al., 2 0 0 6 ] , m a y  p ro lo n g  fin e  ro o t a c tiv ity  an d  

a llo w  th e se  tree s  to  ra p id ly  re sp o n d  to  su m m e r  m o is tu re  

[Fravolini et al., 2 0 0 5 ; Meinzer et al., 2 0 0 4 ], L ik e w ise , 

se a so n a l p a tte rn s  o f  h y d ra u lic  re d is tr ib u tio n  b y  m c sq u itc  

ro o ts  a rc  l ik e ly  fa c i l i ta te d  b y  th e  a v o id a n c e  o f  b o th  

f re e z e -in d u c e d  c a v ita tio n  in  w in te r, a n d  d ro u g h t- in d u c e d  

c a v i ta t io n  in  su m m e r. B y  m a in ta in in g  a t le a s t  so m e  

h y d ra u lic  c o n d u c tiv ity  th ro u g h o u t th e  y e a r  th ro u g h  c a v i 

ta t io n  re s is ta n c e , ro o t sy s te m s m a y  re m a in  in  h y d ra u lic  

c o n ta c t w ith  th e  so il, a llo w in g  fo r  th e  p a ss iv e  m o v e m e n t 

o f  w a te r  b e tw e e n  so il la y e rs  e v e n  d u r in g  d o rm an cy .

[34] T h ese  p rev io u sly  u n su sp ec ted  ac tiv itie s  w h e re b y  p lants 

a ffec t so il m o is tu re  co n te n ts  ev en  w h e n  d o rm a n t h a v e  im p o r 

tan t im p lica tio n s  fo r v e g e ta tio n  ch an g e  a n d  su b seq u en t im pacts  

o n  so il hydro lo gy . A s m e n tio n ed  earlie r, th e  e n c ro ach m en t o f  

w o o d y  p lan ts  in  th e  w e s te rn  U .S . an d  m u c h  o f  th e  E a rth 's  

se m ia rid  a reas [e .g ., Archer, 1994; McPherson, 1997] has 

po ten tia l la rge-sca le  ram ifica tio n s  fo r b o th  c a rb o n  [Archer
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Table 2, E co sy stcm -S ca lc  D o rm an t (P rio r Y ear D O Y  336  365  &  

D O Y  1 109) and P o ten tia l G ro w in g  (D ay 110 335) S eason  Total 

L atera l R o o t and  T ap root Sap Flow  fo r 20 0 4  and  2005 [m m , 

E q u a tio n  3 ]b

2 0 0 4 2 0 0 5

M e a n  S td . E rr M e a n  S td . E rr

D orm an t S e a s o i f

L a te ra l ro o ts

D ay 6 3 28 11

N igh t 5 4 20 14

Tota l 12 7 48 24

T a p ro o ts

D ay -2 0 6 1 10

N igh t - 1 8 5 - 1 6 7

Tota l - 3 8 11 - 1 5 17

G row ing  sea so n

L a te ra l ro o ts

D ay 4 8 11 89 13

N igh t 20 8 28 13

Tota l 68 19 116 25

T a p ro o ts

D ay 30 16 42 12

N igh t - 9 10 - 9 6

Tota l 21 2 4 32 15

E v a p o tra n s p ira tio n 2 8 5 3 3 2

P re c ip ita tio n 2 8 6 3 3 4

“D a ta  a v a ila b le  fo r  o n ly  D O Y  31 10 9  in 2 0 0 4 . 

bA lso , a n n u a l to ta l  p re c ip ita tio n  a n d  s a v a n n a  HT fro m  e d d y  c o v a r ia n c c  

[m m ].

et al., 2001 ; Pacala et al., 20 0 1 ; Jackson et al., 2 0 0 2 ] an d  

w a te r cyc lin g  [Wilcox, 20 0 2 ; Huxman et al., 20 0 5 ], G iv en  

th e  c o n s id e ra b le  e v id e n c e  th a t h y d ra u lic  re d is tr ib u tio n  in  

w o o d y  p lan ts  is a  c o m m o n  p h en o m en o n , o u r  f in d in g s  c learly  

p o in t to  th e  n e e d  to  a c c o u n t fo r th is  p ro cess  in  eco hy d ro lo g ic  

m o d e lin g  e ffo rts  [Guswa, 2 0 0 5 ], M a n y  m o d e lin g  effo rts  

in c lu d e  o n ly  th e  e ffe c t o f  so il p h y s ic s  o n  so il m o is tu re  

red is trib u tio n  [e.g., Guswa et al., 2 0 0 2 ], O u r fin d ing s, a lo n g  

w ith  a n  ev er-g ro w in g  b o d y  o f  ev id en ce , sh o w  th a t w o o d y  p lan t 

ro o ts  ro u tin e ly  fac ilita te  th e  rap id  red is tr ib u tio n  o f  so il m o is tu re  

th ro u g h  a  n e tw o rk  o f  ro o ts  th a t read ily  tra n sm it s ig n ifican t 

q u an titie s  o f  w a te r  ac ro ss  so il w a te r  po ten tia l g rad ien ts .

[35] S a v a n n a  e c o s y s te m s  lik e  th e  o n e  w e  s tu d ie d  a re  

c o m m o n  th ro u g h o u t th e  w o rld  [Huntley and Walker, 1982], 

In  m a n y  o f  th e se , so m e  p a r tit io n in g  o f  th e  p la n t-a v a ila b le  so il 

w a te r  is th o u g h t to  o c c u r  w ith  sh a llo w e r-ro o te d  u n d e rs to ry  

g ra sse s  re ly in g  p rim a rily  o n  n e a r-su rfa c e  m o is tu re  a n d  tre e s  

re ly in g  m a in ly  o n  w a te r  th a t h a s  in filtra te d  d e e p e r  in to  th e  

so il p ro file  [Walter, 1971 ], In  m u c h  o f  th e  so u th w e s t U .S ., it 

is lik e ly  th a t  th e  so u rc e  o f  p la n t w a te r  fo r  th e  w o o d y  a n d  

u n d e rs to ry  p la n ts  is n o t  as  c le a r ly  p a r titio n e d  b e c a u se  o f  th e  

re la tiv e ly  sh a llo w  d e p th s  o f  in f iltra tio n  [Cable, 19 80 ; Scott 

et al., 2 0 0 0 ], H o w e v e r , h y d ra u lic  re d is tr ib u tio n  b y  m e sq u ite  

a n d  o th e r  w o o d y  p la n ts  lik e ly  fac ilita te s  su c h  a  p a r titio n in g  

[Zou et a l., 2 0 0 5 ] d u rin g  p e rio d s  w h e n  h y d ra u lic  d e sc e n t 

o c c u rs . L ik e w ise , h y d ra u lic  re d is tr ib u tio n  w o u ld  le a d  to  a n  

e v e n  g re a te r  e n h a n c e m e n t o f  m o is tu re  fo r  th e  tre e s  in  w e tte r  

sa v a n n a  e c o sy s te m s  w h e re  a “ tw o -s o u rc e ”  p a r tit io n in g  c a n  

o c c u r  [Porporato et al., 2 0 0 3 ],

[36] R e s u lts  f ro m  th is  in v e s t ig a tio n  sh o w  th a t  m a tu re  

m e s q u ite  t r e e s  (Prosopis  sp p .)  re d is t r ib u te  a  s ig n if ic a n t  

a m o u n t o f  w a te r  th ro u g h o u t th e  y e a r , a n d  th a t  I IR  m a y  h a v e  

c o n s id e ra b le  c o n se q u e n c e s  o n  tree , e c o sy s te m  a n d  re g io n a l

le v e l E T  a n d  C 0 2 flu x e s . H y d ra u lic  re d is tr ib u tio n  a llo w s 

d e e p ly  ro o te d  p la n ts  su c h  a s  m e sq u ite  to  in v o lv e  m o s t, i f  n o t 

a ll o f  th e ir  ro o t  sy s te m s in  w a te r  u p ta k e  e v e n  w h e n  m o is tu re  

is sp a tia lly  lim ited  th ro u g h o u t m u c h  o f  th e  g ro w in g  seaso n . 

T h e  p ro p e n s ity  to  re d is tr ib u te  w a te r , p a r t ic u la r ly  d u r in g  

d o rm a n c y  m a y  b e  a n  im p o r ta n t c o m p e tit iv e  a d v a n ta g e  in  

re g io n s  w h e re  su m m e r, m o n so o n a l ra in s  m a y  b e c o m e  in 

c re a s in g ly  m o re  u n c e rta in  d u rin g  c lim a te  c h a n g e . T h e  im 

p ro v e d  w a te r  s ta tu s  v ia  I IR , m a y , in  p a r t  fa c i l i ta te  th e  

p e rv a s iv e  e n c ro a c h m e n t o f  m e sq u ite  th ro u g h o u t m u c h  o f  

th e  so u th w e s te rn  U n ite d  S ta te s , n o r th e rn  M e x ic o , a n d  o th e r  

w a rm -te m p e ra te  a n d  su b tro p ic a l z o n e s . O n e  c a n  im a g in e  th a t 

i f  th e  tre e s  o n ly  h a d  la te ra l ro o ts  in  th e  sh a llo w  so il lay e rs , 

th e ir  g ro w in g  s e a so n  w o u ld  b e  lim ite d  to  th e  ra in y  se a so n  

w h e n  th e se  so il la y e rs  w e re  w e t. H o w e v e r , b e c a u se  o f  a  d eep  

ro o t sy s te m , th e  m e sq u ite  e ffe c tiv e ly  s to re  p re c ip ita tio n  v ia  

h y d ra u lic  d e sc e n t d u r in g  th e  w in te r  d o rm a n t p e r io d  an d  

d u rin g  th e  w e tte s t p a r ts  o f  th e  su m m e r  ra in y  se a so n . T h is , 

in  e ffec t, lik e ly  in c re a se s  th e  p ro d u c tiv ity  a n d  fitn e ss  o f  th e se  

d e e p ly  ro o te d  p la n ts  b o th  sp a tia lly  a n d  tem p o ra lly .
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