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A c k n o w l e d g e m e n t s  

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

b y  a g r a n t  t o  t h e  Wyoming  Water R e s e a r c h  C e n t e r  f r o m  t h e  O f f i c e  o f  

Water P o l i c y ,  U.S. D e p a r t m e n t  of I n t e r i o r .  C l e r i c a l  a n d  t y p i n g  

a s s i s t a n c e  was p r o v i d e d  b y  R a m o n a  W i l s o n  a n d  K a t h y  G r e e n e ,  a n d  

f i e l d  a s s i s t a n c e  was p r o v i d e d  b y  G e o f f  M c N a u g h t o n  a n d  J a c k  V a r m a n .  



INTRODUCTION 

R e c e n t  s t u d i e s  o n  c o n i f e r s  o f  t h e  w e s t e r n  U n i t e d  S t a t e s  h a v e  

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

wa te r  s t r e s s  a n d  l e a f  c o n d u c t a n c e  t o  w a t e r  v a p o r  l o s s .  I t  h a s  

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

t e m p e r a t u r e s  a b o v e  4 C ,  s t o m a t a l  c o n d u c t a n c e  f o r  E n g e l m a n n  s p r u c e  

( P i c e a  e n g e l m a n n i i  P a r r y  e x  E n g e l m . ) ,  s u b a l p i n e  f i r  ( A b i e s  

l a s i o c a r p a  [ H o o k . ]  N u t t . )  a n d  l o d g e p o l e  p i n e  ( P i n u s  c o n t o r t a  

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

( K a u f m a n n ,  1 9 8 2 a ) ,  l e a f - t o - a i r  a b s o l u t e  h u m i d i t y  d i f f e r e n c e  

( K a u f m a n n ,  1 9 8 2 a ) ,  a n d  s a t u r a t i o n  v a p o r  d e f i c i t  o f  t h e  a i r  

( R u n n i n g ,  1980a ) .  R u n n i n g  ( 1 9 8 0 a )  a l s o  f o u n d  t h a t  a t  l e a f  w a t e r  

p o t e n t i a l s  b e l o w  -1*8  t o  - 2 . 0  MPa, s t o m a t a l  c o n d u c t a n c e  was 

r e d u c e d  i n  l o d g e p o l e  p i n e .  M o r e o v e r ,  K a u f m a n n  ( 1 9 8 2 b ) ,  F a h e y  

( 1 9 7 9 ) ,  a n d  S m i t h  e t  a l .  ( u n p u b l i s h e d  d a t a )  o b s e r v e d  s i g n i f i c a n t l y  

r e d u c e d  c o n d u c t a n c e s  f o l l o w i n g  n e a r - f r e e z i n g  o r  s u b f r e e z i n g  

n i g h t s .  

I n  s o u t h e a s t e r n  W y o m i n g ,  E n g e l m a n n  s p r u c e - s u b a l p i n e  f i r  

f o r e s t s  r a n g e  f r o m  a p p r o x i m a t e l y  2 9 0 0  m e l e v a t i o n  t o  t i m b e r l i n e  a t  

a b o u t  3350 m .  W i t h  i n c r e a s i n g  e l e v a t i o n ,  s o l a r  i r r a d i a n c e ,  m e a n  

l e a f - t o - a i r  t e m p e r a t u r e  d i f f e r e n c e s ,  a n d  d i f f u s i v i t y  o f  wa te r  

v a p o r  i n c r e a s e ,  w h i l e  m e a n  a i r  t e m p e r a t u r e  d e c r e a s e s  ( S m i t h  a n d  

G e l l e r ,  1 9 7 9 ) .  W i t h  t h e s e  f a c t o r s  i n  m i n d ,  t h e  p u r p o s e  o f  t h e  

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

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

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

t o  f a c i l i t a t e  t h e  a p p l i c a t i o n  o f  a p h y s i o l o g i c a l l y - b a s e d  

h y d r o l o g i c  m o d e l  t o  s p r u c e - f i r  f o r e s t s  i n  Wyoming .  
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METHODS 

T h e  l o w e r  e l e v a t i o n  s t u d y  s i t e  ( 2 8 6 0  m )  was a m a t u r e  m i x e d  

s t a n d  o f  l o d g e p o l e  p i n e ,  E n g e l m a n n  s p r u c e ,  a n d  s u b a l p i n e  f i r .  Two 

t r e e s  e a c h  of  t h e  t h r e e  s p e c i e s  were c h o s e n  f o r  c o n d u c t a n c e  

m e a s u r e m e n t s .  S e l e c t e d  t r e e s  were l o c a t e d  o n  a s o m e w h a t  

l e v e l  p o r t i o n  o f  a s l i g h t l y  s o u t h e a s t e r l y - f a c i n g  s l o p e .  T h e  

h i g h e r  e l e v a t i o n  s i t e  ( 3 2 0 0  m) was a n  o l d e r  s t a n d  o f  E n g e l m a n n  

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

C o n t i n u o u s  r e c o r d s  o f  a i r  t e m p e r a t u r e  ( T a i r )  a n d  r e l a t i v e  

h u m i d i t y  were o b t a i n e d  by  p l a c i n g  a h y g r o t h e r m o g r a p h  i n  a 

p r o t e c t i v e  w e a t h e r  s h e l t e r  a p p r o x i m a t e l y  5 m a b o v e  g r o u n d  l e v e l  a t  

e a c h  s i t e .  S a t u r a t i o n  v a p o r  d e f i c i t  o f  t h e  a i r  (SVD) was 

c a l c u l a t e d  f r o m  t h e s e  d a t a .  S o i l  t e m p e r a t u r e  ( T s o i l )  a n d  water  

p o t e n t i a l  were m e a s u r e d  d u r i n g  m i d d a y  u s i n g  s o i l  

t h e r m o c o u p l e  p s y c h r o m e t e r s  ( W e s c o r  m o d e l  P I - 1 0 )  b u r i e d  a t  10 a n d  

40 cm. X y l e m  p r e s s u r e  p o t e n t i a l s  (XPP)  were d e t e r m i n e d  w i t h  a 

S c h o l a n d e r - t y p e  p r e s s u r e  c h a m b e r .  

C o n d u c t a n c e s  were d e t e r m i n e d  a p p r o x i m a t e l y  b i w e e k l y  ( m o r e  

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

e a c h  s i t e  f r o m  l a t e  May t h r o u g h  m i d - A u g u s t .  M e a s u r e m e n t s  were 

o b t a i n e d  f r o m  a p p r o x i m a t e l y  0800 t o  1900 ( s o l a r  t i m e )  a t  3 - h r  

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

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

a p p r o x i m a t e l y  5 t o  10 cm i n  l e n g t h  were c u t  f r o m  t h e  m i d - c a n o p y  

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

b r a n c h  t i p  ( o r  10 n e e d l e  f a s c i c l e s  i n  t h e  c a s e  o f  l o d g e p o l e  p i n e )  

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

were c o a t e d  w i t h  p e t r o l e u m  j e l l y ,  a n d  t h e n  s e a l e d  i n t o  t h e  



3 

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

h u m i d i t y  c h a n g e  t o  o c c u r  i n s i d e  t h e  c h a m b e r ,  t h e  c h a m b e r  was 

v e n t i l a t e d  a n d  r e a d y  f o r  t h e  n e x t  d e t e r m i n a t i o n .  D u r i n g  e a c h  

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

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

c o n d u c t a n c e  m e a s u r e m e n t s  s o  t h a t  a n  a v e r a g e  t r e e  c o n d u c t a n c e  c o u l d  

b e  e s t i m a t e d .  A p p r o x i m a t e l y  7 5  m i n  were r e q u i r e d  t o  c o m p l e t e  o n e  

s e t  of  m e a s u r e m e n t s .  

T o t a l  n e e d l e  s u r f a c e  a r e a s  f o r  u s e  i n  c a l c u l a t i n g  c o n d u c t a n c e  

were o b t a i n e d  b y  d r y i n g  t h e  n e e d l e s  a t  75 C f o r  a t  l e a s t  3 d a y s  

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

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

g e o m e t r i c a l l y - d e t e r m i n e d  a r e a s .  

RESULTS A N D  DISCUSSION 

L a t e  s p r i n g  a n d  e a r l y  s u m m e r  i n  1 9 8 2  a t  b o t h  t h e  3 2 0 0  m a n d  

2 8 6 0  m s i t e s  were c h a r a c t e r i z e d  b y  c o o l  t e m p e r a t u r e s  a n d  f r e q u e n t  

r a i n  o r  s n o w s t o r m s .  Due  t o  c o o l  t e m p e r a t u r e s ,  t h e  h e a v y  w i n t e r  

s n o w p a c k  p e r s i s t e d  i n  1 9 8 2  u n t i l  m i d - J u n e  a t  t h e  l o w e r  s i t e  a n d  

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

h i g h  s o i l  m o i s t u r e  c o n d i t i o n s  t h r o u g h o u t  t h e  summer  w i t h  min imum 

r e c o r d e d  s o i l  water  p o t e n t i a l s  b e i n g  - . 0 7  MPa ( 8 / 1 9 )  a n d  - . 06  MPa 

( 7 / 1 1 )  a t  t h e  h i g h e r  a n d  l o w e r  s i t e s ,  r e s p e c t i v e l y  ( T a b l e  1 ) .  

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

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

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

a n d  t h r e e  a t  t h e  l o w e r  s i t e .  
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D i u r n a l  c o n d u c t a n c e  p a t t e r n s  

S t o m a t a 1  c o n d u c t a n c e  ( g w v )  f o r  a l l  s p e c i e s  a t  b o t h  t h e  h i g h  

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

m o r n i n g  p e r i o d  ( a p p r o x i m a t e l y  0800 s o l a r  t i m e )  a n d  g r a d u a l l y  

d e c r e a s e d  u n t i l  e a r l y  e v e n i n g  w h e n  f i n a l  m e a s u r e m e n t s  were m a d e  

( F i g s .  1 a n d  2 ) .  S p r u c e  a n d  f i r  c o n d u c t a n c e s  were t y p i c a l l y  n o t  

s i g n i f i c a n t l y  d i f f e r e n t  ( a  = . 0 5 )  o n  a d i u r n a l  b a s i s ,  a l t h o u g h  

s p r u c e  c o n d u c t a n c e  t e n d e d  t o  b e  h i g h e r  ( F i g s .  1 a n d  2 ) .  L o d g e p o l e  

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

c o n d u c t a n c e  o n  a d i u r n a l  b a s i s  ( F i g .  Z ) ,  b e g i n n i n g  i n  e a r l y  J u l y .  

S i n c e  a n d  Tsoil d i d  n o t  v a r y  a p p r e c i a b l y  d u r i n g  t h e  d a y  

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

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

d i u r n a l  c h a n g e s  i n  Tai r  a n d / o r  SVD. M u l t i p l e  n o n - l i n e a r  

r e g r e s s i o n  e q u a t i o n s  o f  t h e  f o r m  

were t e s t e d  s e p a r a t e l y  f o r  e a c h  s p e c i e s  o n  e a c h  d a t e  a t  b o t h  

s i t e s .  R e s u l t s  o f  t h e s e  r e g r e s s i o n  a n a l y s e s  were o f t e n  s i m i l a r  

b e t w e e n  s p e c i e s  a t  a g i v e n  s i t e  o n  a g i v e n  d a t e  w i t h  r e g a r d  t o  t h e  

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

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

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

p r e d i c t i n g  d i u r n a l  c h a n g e s  i n  g w v .  I n  g e n e r a l ,  h o w e v e r ,  

s a t u r a t i o n  v a p o r  d e f i c i t  ( a s  SVD o r  SVD’) was t h e  v a r i a b l e  mos t  

o f t e n  o f  g r e a t e s t  i m p o r t a n c e  i n  t h e  g e n e r a t e d  e q u a t i o n s  ( 1 6  o u t  o f  

2 3 ) ,  a n d  was s i g n i f i c a n t  ( p  = . 05 )  i n  t h e  e q u a t i o n s  2 2  o u t  o f  2 3  
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t i m e s .  A v e r a g e  r 2  v a l u e s  o b t a i n e d  w h e n  r e g r e s s i o n  e q u a t i o n s  were 

o f  t h e  f o r m  

o r  

were .30  a n d  . 2 3  f o r  s p r u c e  a n d  f i r  a t  t h e  h i g h e r  s i t e ,  a n d  .35 ,  

. 2 6 ,  a n d  - 1 5  f o r  s p r u c e ,  f i r ,  a n d  p i n e  a t  t h e  l o w e r  s i t e ,  

r e s p e c t i v e l y .  A i r  t e m p e r a t u r e  ( a s  Ta i r  o r  T a i r 2 )  was s i g n i f i c a n t  

i n  t h e  e q u a t i o n s  7 o u t  o f  t h e  8 d a y s  u s e d  i n  m o d e l l i n g  d i u r n a l  

c o n d u c t a n c e  a t  t h e  h i g h e r  s i t e ,  b u t  o n l y  7 o u t  o f  t h e  15 d a y s  

m o d e l l e d  f o r  t h e  l o w e r  s i t e .  

A l t h o u g h  t h e  r 2  v a l u e s  were l e s s  t h a n  0 . 4 ,  t h e  i m p o r t a n c e  o f  

SVD i n  2 2  o u t  o f  t h e  2 3  e q u a t i o n s  p r o b a b l y  i s  a n  i n d i c a t o r  o f  t h e  

g r e a t e r  i n f l u e n c e  o f  SVD t h a n  T a i r  o n  n e e d l e  c o n d u c t a n c e .  H i g h e r o  

r 2  v a l u e s  f o r  e q u a t i o n s  p r e d i c t i n g  d i u r n a l  c h a n g e s  i n  g w v  p r o b a b l y  

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

t h e  b r a n c h  t i p s  ( K a u f m a n n  1 9 8 2 a ) .  

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

o b s e r v e d  d i u r n a l  d e c r e a s e s  i n  g w v  seems u n l i k e l y ,  s i n c e  o u r  

m i n i m u m  r e c o r d e d  m i d d a y  ( 1 4 0 0 )  XPP's ( -1 .3  a n d  -1.1 MPa f o r  s p r u c e  

a n d  f i r ,  r e s p e c t i v e l y ,  a t  t h e  h i g h e r  s i t e ,  a n d  - 1 . 2 ,  - 1 . 4 ,  a n d  

-1 .3  MPa f o r  s p r u c e ,  f i r ,  a n d  p i n e  r e s p e c t i v e l y ,  a t  t h e  l o w e r  

s i t e )  were r e l a t i v e l y  h i g h  c o m p a r e d  w i t h  v a l u e s  r e p o r t e d  b y  

R u n n i n g  (1980a ,  -1 .8  t o  - 2 . 0  M P a ) .  O u r  v a l u e s  were a l s o  g r e a t e r  
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t h a n  t h e  m i n i m u m  v a l u e s  r e p o r t e d  by  K a u f m a n n  ( 1 9 8 2 a )  ( - 2 . 2 ,  - 1 . 9 ,  

-1 .8 ,  a n d  - 2 . 3  MPa f o r  s p r u c e ,  f i r ,  p i n e  a n d  a s p e n ,  r e s p e c t i v e l y ) ,  

who r e p o r t e d  t h a t  X P P ' s  o f  - 2 . 2  t o  - 2 . 3  MPa were n e c e s s a r y  t o  

r e d u c e  a s p e n  l e a f  g w v  t o  o n e - h a l f  o f  t h e  s t i l l  h i g h  g w v ' s  a t t a i n e d  

a t  -1 .5  t o  - 1 . 7  MPa XPP. O u r  XPP d a t a  t h e r e f o r e  seem t o  s u p p o r t  

t h e  s u g g e s t i o n  t h a t  i n c r e a s e s  i n  SVD were p r i m a r i l y  r e s p o n s i b l e  

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

C h a n g e s  i n  maximum c o n d u c t a n c e s  

F r e e z i n g  min imum n i g h t t i m e  a i r  t e m p e r a t u r e s  a p p a r e n t l y  r e d u c e d  

m e a n  maximum c o n d u c t a n c e s  ( g w v m a x )  i n  b o t h  s p r u c e  a n d  f i r  i n  May 

a n d  J u n e  a t  3 2 0 0  m ( F i g .  3 ) .  D u r i n g  t h i s  p e r i o d ,  gw, f o r  b o t h  

s p e c i e s  was l e s s  t h a n  h a l f  t h a t  w h i c h  o c c u r r e d  f o l l o w i n g  t h e  o n s e t  

o f  c o n s i s t e n t l y  n o n - f r e e z i n g  n i g h t s .  On d a y s  f o l l o w i n g  f r e e z i n g  

n i g h t s ,  f i r  g w v m a X  was u s u a l l y  c l o s e  t o  z e r o ,  w h e r e a s  s p r u c e  

1 m a x  a v e r a g e d  0 . 6  m m  s- . T h i s  was a h i g h l y  c o n s i s t e n t  gwv 

d i f f e r e n c e  ( F i g .  3 ) .  T h e  g w v  v a l u e s  u s u a l l y  o c c u r r e d  d u r i n g  

t h e  0800 m e a s u r e m e n t  a t  e i t h e r  s i t e  f o l l o w i n g  n o n - f r e e z i n g  n i g h t s ,  

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

m i d - A u g u s t  ( F i g s .  3 a n d  4 ) .  T h e  h i g h e s t  m e a n  c o n d u c t a n c e s  

r e c o r d e d  d u r i n g  t h e  s u m m e r  were 7 . 1 ,  

s p r u c e ,  f i r ,  a n d  p i n e ,  r e s p e c t i v e l y ,  a t  t h e  l o w e r  s i t e  ( A u g u s t  

1 8 ) ,  a n d  were 4 . 1  a n d  3 . 9  m m  s-l f o r  s p r u c e  a n d  f i r ,  r e s p e c t i v e l y ,  

a t  t h e  h i g h e r  s i t e  ( A u g u s t  3 ) .  T h e  l o w e r  s i t e  gwv  v a l u e s  a r e  

h i g h e r  t h a n  a n y  r e p o r t e d  s o  f a r  f o r  c o n i f e r  s p e c i e s .  

6 . 3 ,  a n d  8 . 7  m m  s-I  f o r  

Mean maximum c o n d u c t a n c e s  f o r  s p r u c e  a n d  f i r  were n e a r l y  

i d e n t i c a l  a t  e a c h  s i t e  o n  m o r n i n g s  f o l l o w i n g  n o n - f r e e z i n g  n i g h t s  

t h r o u g h o u t  t h e  s u m m e r  ( F i g s .  3 a n d  4 ) .  L o d g e p o l e  p i n e  c o n s i s t e n t l y  
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max h a d  g r e a t e r  g w v  t h a n  s p r u c e  o r  f i r  a t  t h e  l o w e r  s i t e  f r o m  e a r l y  

J u l y  t h r o u g h  m i d - A u g u s t  ( F i g .  4 ) .  

I n  a t t e m p t i n g  t o  r e l a t e  g w v m a X  t o  v a r i o u s  e n v i r o n m e n t a l  

v a r i a b l e s ,  t h e  d a t a  were t e s t e d  f o r  s i g n i f i c a n t  f i t s  t o  s e v e r a l  

n o n - l i n e a r  m u l t i v a r i a t e  e q u a t i o n s .  R e s u l t s  o f  t h e s e  r e g r e s s i o n  

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

f o r m  

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

s p e c i e s  a t  e i t h e r  s i t e  ( T a b l e  2 ) .  T h e  r 2  v a l u e s  f o r  t h e  a b o v e  

r e l a t i o n s h i p  a r e  .31 a n d  - 5 4  f o r  s p r u c e  a n d  f i r ,  r e s p e c t i v e l y ,  a t  

t h e  h i g h e r  s i t e  a n d  . 83 ,  . 7 5 ,  a n d  - 8 1  f o r  s p r u c e ,  f i r ,  a n d  p i n e ,  

r e s p e c t i v e l y ,  a t  t h e  l o w e r  s i t e .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  r 2  v a l u e s  a r e  much  h i g h e r  f o r  

t h e  s p e c i e s  a t  t h e  2 8 6 0  m s i t e ,  a n d  t h a t  s o i l  t e m p e r a t u r e  ( a s  

Tsoi12 o r  Tso i l )  was m o s t  i m p o r t a n t  i n  t h e  m o d e l  a t  2 8 6 0  m w h e r e a s  

SVD ( a s  SVD o r  SVD + SVD’) was m o s t  i m p o r t a n t  a t  3 2 0 0  m ( T a b l e  2 ) .  

I t  a p p e a r s  t h a t  a t  t h e  h i g h e r  s i t e ,  g w v  was mos t  s e n s i t i v e  t o  

f l u c t u a t i o n s  i n  SVD w h e r e a s  a t  t h e  l o w e r  s i t e  i n c r e a s i n g  Tsoi l  w a s  

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

p r o b a b l e  e x p l a n a t i o n  f o r  t h e s e  d i f f e r e n c e s  seems t o  b e  t h a t  a t  4 0  

c m  d e p t h ,  Tsoil a t  t h e  3 2 0 0  m s i t e  was n e v e r  g r e a t e r  t h a n  

a p p r o x i m a t e l y  7 . 5  C ( F i g .  5 ) ,  w h e r e a s  t h e  maximum Tsoil ( 4 0  cm) 

m e a s u r e d  a t  2 8 6 0  m was 9 . 5  C ( F i g .  6 ) .  T h e  h i g h e r  r 2  v a l u e s  were 

o b t a i n e d  w i t h  d a t a  f r o m  t h e  2 8 6 0  m s i t e ,  i n d i c a t i n g  a g o o d  f i t  t o  

a n  e x p o n e n t i a l - t y p e  c u r v e  w i t h  Tsoil a s  t h e  m o s t  i m p o r t a n t  m o d e l  
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max 
c o m p o n e n t ,  a n d  s u g g e s t i n g  a t h r e s h o l d  r e l a t i o n s h i p  o f  g w v  t o  

a b o v e - f r e e z i n g  Tsoi l .  K a u f m a n n  ( 1 9 7 5 )  r e p o r t e d  t h a t  r o o t  

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

b e l o w  7 . 5  C ,  a n d  R u n n i n g  ( 1 9 8 0 b )  r e p o r t e d  a s i m i l a r  t h r e s h o l d  f o r  

l o d g e p o l e  p i n e  a t  a p p r o x i m a t e l y  7 C .  O u r  d a t a  w o u l d  seem t o  a g r e e  

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

l o w e r  s i t e  i s  a p p a r e n t  i n  t h e  same t e m p e r a t u r e  r a n g e  ( F i g .  6 ) .  I t  

i s  a l s o  i n t e r e s t i n g  t h a t  R u n n i n g  ( 1 9 8 0 b )  o b s e r v e d  t h e s e  Tsoil 

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

a s  w a s  t h e  c a s e  i n  t h e  p r e s e n t  s t u d y .  I n  a d d i t i o n ,  s i n c e  f i r  

wv 

max  d a t a  f i t  t h e  e q u a t i o n  a s  w e l l  a s  s p r u c e  a n d  p i n e  d a t a ,  i t  gwv 

w o u l d  seem t h a t  a s i m i l a r  r o o t  r e s i s t a n c e  r e s p o n s e  t o  Tsoil e x i s t s  

i n  f i r  if a r o o t  r e s i s t a n c e  t h r e s h o l d  i s  i n d e e d  t h e  p h e n o m e n o n  

i n d i c a t e d  b y  t h e  r e g r e s s i o n  r e l a t i o n s h i p s .  T h e  l o w e r  r 2  v a l u e s  

o b t a i n e d  w i t h  d a t a  f r o m  3 2 0 0  m may r e s u l t  t h e r e f o r e  f r o m  p o o r  f i t  

o f  t h e  d a t a  t o  a n  e x p o n e n t i a l  e q u a t i o n  d u e  t o  t h e  l a c k  o f  

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

A s  a n  e x p l a n a t i o n  o f  l a r g e  i n c r e a s e s  i n  g w v  b a s e d  o n  s o i l  

t e m p e r a t u r e s  r i s i n g  a b o v e  a t h r e s h o l d  o f  a p p r o x i m a t e l y  7 . 5  C i s  

s u p p o r t e d  t o  s o m e  d e g r e e  b y  XPPmaX ( e a r l y  m o r n i n g )  d a t a  ( T a b l e  3 ) .  

XPPmaX i n c r e a s e d  g r a d u a l l y  a t  3 2 0 0  m ,  t h o u g h  m o r e  s p o r a d i c a l l y  a t  

2 8 6 0  m o v e r  t h e  s u m m e r  a s  Tsoi l  i n c r e a s e d  ( T a b l e  l ) ,  p o s s i b l y  

i n d i c a t i n g  i n c r e a s e d  o v e r n i g h t  t r u n k  r e c h a r g e  r a t e s  w i t h  

d e c r e a s i n g  r o o t  r e s i s t a n c e  t o  w a t e r  u p t a k e .  Grea te r  XPPmaX l a t e r  

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

i n  g,, m a x ,  a n d  t h u s  t h e  h i g h  c o r r e l a t i o n  o f  g w v m a X  w i t h  Tsoi l .  
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CONCLUSIONS 

L e a f  c o n d u c t a n c e  t o  water  v a p o r  l o s s  was m e a s u r e d  u n d e r  

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

G i v e n  t h e s e  c o n d i t i o n s ,  r e s u l t s  i n d i c a t e  t h a t  v a r i a t i o n s  i n  SVD 

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

f i n d i n g  i s  i n  a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  R u n n i n g  ( 1 9 8 0 a ) ,  a s  

w e l l  a s  w i t h  M u r p h y  a n d  F e r r e l l  ( 1 9 8 2 )  who f o u n d  s u m m e r  

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

d e f i c i t .  

O u r  d a t a  a l s o  i n d i c a t e  t h a t  s o i l  t e m p e r a t u r e  was i m p o r t a n t  i n  

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

O u r  e a r l y - m o r n i n g  XPP ( X P P m a x )  d a t a  l e n d  s o m e  s u p p o r t  t o  t h i s  

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

a l o n g  w i t h  Tsoil a n d  g w v  m a x .  T h i s  c o u l d  i n d i c a t e  t h e  l i m i t i n g  o f  

f o l l o w i n g  n o n - f r e e z i n g  n i g h t s  by  l o w e r  XPPmax,  w h i c h  may i n  gwv 

t u r n  b e  c a u s e d  by  h i g h e r  r o o t  r e s i s t a n c e  t o  wa te r  u p t a k e  i n d u c e d  

b y  s o i l  t e m p e r a t u r e s  b e l o w  a p p r o x i m a t e l y  7 C .  

I t  seems r e a s o n a b l e  t o  e x p e c t  d i f f e r e n c e s  b e t w e e n  maximum 

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

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

R e l a t i o n s h i p s  b e t w e e n  Tsoil a n d  r o o t  r e s i s t a n c e s  t o  water  u p t a k e  

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

( K a u f m a n n  1 9 7 5 )  a n d  l o d g e p o l e  p i n e  ( R u n n i n g  1 9 8 0 b ) .  O u r  d a t a  a l o n g  

w i t h  t h a t  o f  F a h e y  ( 1 9 7 9 ) ,  K a u f m a n n  ( 1 9 8 2 b ,  1 9 7 5 ) ,  R u n n i n g  (1980a ,  

b ) ,  a n d  S m i t h  e t  a l .  ( u n p u b l i s h e d  d a t a )  l e a d  u s  t o  h y p o t h e s i z e  

t h a t  t h e  o c c u r r e n c e  o f  maximum s t o m a t a 1  c o n d u c t a n c e s  g r e a t e r  t h a n  

a p p r o x i m a t e l y  0 . 5  m m  s-' i s  d e p e n d e n t  o n  min imum n i g h t t i m e  a i r  

t e m p e r a t u r e s  (Tai rmin)  r i s i n g  a b o v e  f r e e z i n g  i n  l a t e  s p r i n g ,  a n d  
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c o n v e r s e l y ,  t h a t  d e c r e a s e s  i n  g w v m a X  t o  b e l o w  t h i s  a p p r o x i m a t e  

l e v e l  a r e  d u e  t o  d e c r e a s e s  i n  Tairmin t o  f r e e z i n g  i n  t h e  f a l l .  

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

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

b e l o w  maximum p o s s i b l e  l e v e l s  u n t i l  s o i l  t e m p e r a t u r e  r i s e s  a b o v e  

a p p r o x i m a t e l y  7 C .  I n  h i g h e r  e l e v a t i o n  s p r u c e - f i r  f o r e s t s ,  s o i l  

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

l e v e l ,  

a s  i n  f o r e s t s  a t  l o w e r  e l e v a t i o n s .  W i t h  t h e  a c q u i s i t i o n  o f  

a d d i t i o n a l  f i e l d  d a t a  r e l a t i n g  g w v m a X  t o  Tsoil u n d e r  n o n - l i m i t i n g  

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

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

h o w e v e r ,  f o r  a d a p t i n g  t h e  h y d r o l o g i c  s i m u l a t i o n  m o d e l  (H20TRANS) 

t o  s p r u c e - f i r  f o r e s t s  i n  Wyoming ( R u n n i n g  e t  a l .  1 9 8 2 ) .  

t h u s  g w v  m a x  i n  t h e s e  f o r e s t s  may n e v e r  r e a c h  v a l u e s  a s  h i g h  
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d i f f e r e n c e  f r o m  l e a f  t o  a i r .  P l a n t  P h y s i o l .  6 9 :  1 0 1 8 - 1 0 2 2 .  

. 1 9 8 2 b .  E v a l u a t i o n  o f  s e a s o n ,  t e m p e r a t u r e ,  a n d  

wa te r  s t r e s s  e f f e c t s  o n  s t o m a t a  u s i n g  a l e a f  c o n d u c t a n c e  

m o d e l .  P l a n t  P h y s i o l .  69:  1 0 2 3 - 1 0 2 6 .  

. 1 9 7 5 .  L e a f  water  s t r e s s  i n  E n g l e m a n n  s p r u c e :  

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

56: 8 4 1 - 8 4 4 .  

M u r p h y ,  E.M. a n d  W . K .  F e r r e l l .  1 9 8 2 .  D i u r n a l  a n d  s e a s o n a l  

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

a b s c i s i c  a c i d  o f  D o u g l a s  f i r  [ P s e u d o t s u g a  m e n z i e s i i  ( M r i b . )  

F r a n c e ]  i n  f i v e  h a b i t a t  t y p e s .  F o r e s t  S c i .  2 8 ( 3 ) :  6 2 7 - 6 3 8 .  

R u n n i n g ,  S.W., D . H .  K n i g h t ,  a n d  T . J .  F a h e y .  1 9 8 2 .  D e s c r i p t i o n  

a n d  a p p l i c a t i o n  o f  H20TRANS, a s t a n d  l e v e l  h y d r o l o g i c  m o d e l  

f o r  w e s t e r n  c o n i f e r o u s  f o r e s t s .  P r o c e e d i n g s ,  T h i r d  

I n t e r n a t i o n a l  C o n f e r e n c e  o n  S t a t e - o f - t h e - A r t  i n  E c o l o g i c a l  

M o d e l l i n g ,  C o l o r a d o  S t a t e  U n i v e r s i t y ,  F o r t  C o l l i n s ,  C O . ,  

May 2 4 - 2 8 ,  1 9 8 2 .  

- R u n n i n g ,  S.W. 1980a. E n v i r o n m e n t a l  a n d  p h y s i o l o g i c a l  c o n t r o l  

o f  water  f l u x  t h r o u g h  P i n u s  c o n t o r t a .  C a n .  J o u r n .  F o r .  Res.  

10(  1 ) :  8 2 - 9 1  . 
R u n n i n g ,  S.W. 1 9 8 0 b .  S o i l  t e m p e r a t u r e  i n f l u e n c e s  o n  r o o t  

r e s i s t a n c e  o f  P i n u s  c o n t o r t a  s e e d l i n g s .  P l a n t  P h y s i o l .  

65: 6 3 5 - 6 4 0 .  

S m i t h ,  W . K .  a n d  G . N .  G e l l e r .  1 9 7 9 .  P l a n t  t r a n s p i r a t i o n  a t  h i g h  

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

w i t h  d e s e r t  p l a n t s .  O e c o l o g i a  ( B e r l . )  4 1 :  1 0 9 - 1 2 2 .  
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Figure 1. Mean conductance versus solar time, August 3, 1982, 3200 m elevation. 
Brackets represent 95 percent confidence intervals. 
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Figure 2. Mean conductance versus solar time, July 31, 1982, 2860 rp elevation, 
Brackets represent 95 percent confidence intervals, 
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Figure 3. Mean maximum conductance versus Julian date, summer, 1982, 3200 m 

elevation. Brackets represent maximum 95 percent confidence intervals. 
Each point is  a mean of 12 early-morning observations (usually 0800 h). 
Arrow indicates onset of consistently freezing nights. 
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Figure 4. Mean maximum conductance versus Julian date, summer 1982, 2860 m 

elevation. 
Each point is a mean of 8 early-morning observations (usually 0800 h). 
A l l  points follow non-freezing nights. 

Brackets represent maximum 95 percent confidence intervals. 
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(usually 0800 h). 

Brackets represent maximum 95 percent confidence intervals. 

I 



9 

6 
n 

v) L 5  
E 
E 

W 

3 

2 

1 

0 

I 

MENELMAW SPRUCE 
Q-CI SUBALPINE FIR 

I !I 

I I I 1 I 1 I I I 
1 2 3 4 5 6 7 8 9 16 

SOIL TEMPERATURE, C 
Figure 6 .  Mean maximum conductance versus soil temperature, summer 1982, 2860 rn 

elevation. 
Each point is a mean of 8 early-morning conductance observations 
(usually 0800 h). 

Brackets represent maximum 95 percent confidence intervals. 



18 

T a b l e  1. S o i l  t e m p e r a t u r e ,  water  p o t e n t i a l ,  a n d  m i n i m u m  a n d  maximum 

a i r  t e m p e r a t u r e s ,  s u m m e r ,  1982.  

S i t e  Date  ' s o i l  ( " C )  + s o i l  (MPa 1 Tairmin(  " C )  T a i r m a x ( ' C )  

3200 m 5 /22  
5 /26  
5 /27  
6 /4  
6 /14  
6 /17  
6 / 2 1  
6 / 2 3  

7 / 1 7  

8 / 1 9  

7 / 3  

8 / 3  

2800 m 6 / 1  
6 / 3  
6 / 1 0  
6 /28  
7 / 1 1  
7 /31  
8/18 

-- 
1.1  

0 . 8  

1 . 0  
1 . 6  
2 .6  
5 . 4  
7 .6  

-- 

-- 

1 . 0  
0 . 0  
1 . 3  
4 . 4  
6 . 4  
9 . 0  
9 . 5  

-- 
0 . 0  
- . 04 
- .04  
- . 07 

-. 01 -. 03 
- . 04 -. 05 
- .06  
- . 03 
- . 0 5  

-3 .0  
- 2  . 5 

2 .0  
-3 .0  

3 . 0  
1 . 0  

-1 . 0 
2 .0  
4 .0  
3 . 0  
7 .0  
9 . 5  

0 .0  
-1 .0  

1 . 0  
3 . 0  
5 . 5  
7 .0  
9 . 5  

1 2 . 0  
1 2 . 0  
12 .0  

9 . 0  
9 . 0  

10 .0  
1 2 . 0  
1 2 . 0  
1 6 . 0  
1 6 . 0  
1 6 . 0  
1 8 . 5  

8 . 5  
8 . 5  

13 .0  
1 9 . 5  
22 .5  
20 .5  
22 .0  



T a b l e  2 .  C o m p a r i s o n  of r a  v a l u e s  f o r  e q u a t i o n s  r e l a t i n g  gWvmax t o  v a r i o u s  e n v i r o n m e n t a l  f a c t o r s  a n d  XPP. 
~ _ _  _ _  - ~ ~ ~ 

Mode l  T e s t e d '  S i g n i f i c a n t  ( p  = . 05 )  v a r i a b l e s  I r * I 2  
3200 I s i t e 3  2860 B s i t e  

1. gwvmax e ( T s o i l  + SVD + T s o i l '  + SVD') 

2 .  gwv max e ( T s o i l  + XPP + SVD + T s o i l '  + XPP' + SVD') 

. . 

3.  

S p r u c e  

Fir 

P i n e  

Spruce  

F i r  , 

P i n e  

S p r u c e  

Fir 

P3 n e  

, 

SVD + SVD' + Tsoil 

( 0 3 1 )  

SVD + SVD' + T , , i f '  

( - 5 4 )  

SVD + SVD' + XPP 

(.32) -- 

SVD t SVD' + T s o i l '  

( 0 5 4 )  
. .  

SVD + T a i r a  

< 30) 
SVD + T a i r *  + SVD' 

( * 5 4 )  

f . 8 3 )  

T s o i l '  + % o i l  

T s * i l '  + T s o i l  

( 7 5 )  

O n l y  m o d e l s  y i e l d i n g  t h e  h i g h e s t  r'  v a l u e s  a r e  shown 
S i g n i f i c a n t  v a r i a b l e s  are l i s t e d  i n  o r d e r  o f  r e l a t i v e  i m p o r t a n c e  
60 o b s e r v a t i o n s  per s p e c i e s  
60 o b s e r v a t i o n s  p e r  species 

2 
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T a b l e  3 .  Mean maximum ( e a r l y  m o r n i n g )  x y l e m  p r e s s u r e  p o t e n t i a l s  ( - M P a ) .  

S i t e  Date S D e c i e s  
I 

S p r u c e  F i r  L o d g e p o l e  

3200 m 614 
6 /14  
713 
7 / 1 7  
813 
8 /19  

2860 m 5 /21  
5 /30  
611 
6 /10  
6 /28  
7 / 1 1  
7/26 
7 /31  
8 /18  

1 . 0  
1 . 3  
0 . 8  
0 .8  
0 . 5  
0 . 6  

1.1 
0 .8  
0 .7  
1 . 5  
1.1 
0 . 8  
0 . 3  
0 .8  
0 . 6  

1 . 4  
1.1 
0 . 8  
0 . 6  
0 . 3  
0 . 5  

1 . 6  
1 . 0  
0 . 8  
1 . 5  
1 .0  
0.7 
0 . 3  
0 .8  
0.7 

0 . 8  
0 .8  
0 .8  
1 . 3  
1 .1  
1 . 0  
0 . 4  
0 .9  
0 . 7  




