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INTRODUCTION

D iu rn a l  v a r i a t i o n  in t re e  stem c irc u m fe re n c e  has been known f o r  a t  

l e a s t  a c e n tu ry .  These more o r  l e s s  r e g u l a r  changes have been measured w ith  

band dendrometers eve r  s i n c e  the In v e n t io n  and development o f  the se  d e v ic e s  

by v a r i o u s  A u s t r i a n  f o r e s t  b o t a n i s t s  ( to  our  knowledge, the  e a r l i e s t  d e s c r i p t i o n s  

o f  band dendrometers a re  tho se  o f  BOhmerle [ 1883 ] and F r i e d r i c h  [1890,
1897])« An e x c e l l e n t  h i s t o r i c a l  su rv e y  o f  dendrometry and I t s  use in  m o n ito r in g  

d im e n s io n a l  changes in t re e  stems has been g iv e n  by B r e l t s p r e c h e r  and Hughes 

(1975).  More recen t  s t u d ie s  rep orte d  by Dobbs and S c o t t  (1971 ),  L a s s o ie  

(1973, 1975), and P a r la n g e  e t  a l .  (1975) a re  r e p r e s e n t a t i v e  o f  modern work 

in the  f i e l d .

Tree stem f l u c t u a t i o n s  a re  g e n e r a l l y  s m a l l ,  be in g  o f  the o rd e r  o f  0.1 

perce n t  in D o u g l a s - f i r  t re e s  o f  100 cm c irc u m fe re n c e  and 20 m in h e ig h t  

(Dobbs and S c o t t  1971; L a s s o ie  1973)» Stem c ir c u m fe re n c e  d e cre ase s  s t e a d i l y  

th ro u gh ou t  most o f  the  d a y l i g h t  hours  but s l o w ly  re c o v e rs  d u r in g  the n ig h t .

Rate o f  s h r in k a g e  seems d i r e c t l y  r e l a t e d  to  r a t e  o f  t r a n s p i r a t i o n  s i n c e  

s h r in k a g e  r a t e  I s  a p p r e c ia b l y  reduced by r a in  o r  f o g ,  but I s  In c re a se d  by 

s t r o n g  w inds .  Dobbs (1966) p r e se n t s  exper im en ta l  ev ide n ce  t h a t  d im e ns iona l  

change o c c u r s  c h i e f l y  in the  cam bla l  zone and a d ja c e n t  In ne r  bark, and he 

co n c lu d e s  t h a t  such d im e n s ion a l  changes a re  caused by movements o f  w ater  to  

o r  from the sapwood in re spon se  to  t e n s io n  g r a d i e n t s .  I f  t h i s  i n t e r p r e t a t io n  

i s  c o r r e c t ,  u n d e r s t a n d in g  o f  the mechanisms u n d e r ly in g  the se  f lu e *  l a t l o n s  

may shed l i g h t  on many a s p e c t s  o f  w ater  movements In  t re e s .

J a r v i s  (1975) d e s c r i b e s  v a r i o u s  w ater  t r a n s p o r t  mechanisms in c o n s i d e r 

a b le  d e t a i l  In  a recen t  rev iew  o f  t r a n s p o r t  p ro c e s se s  in p l a n t s .  In a d d i t i o n ,  

m athem atica l  models o f  d iu r n a l  d im e n s ion a l  change in stems have been put
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fo rw ard  by se v e ra l  w orke rs ,  i n c lu d in g  Molz  and K lepper  (1972, 1973) and 

P a r la n g e  e t  a l .  (1975). Molz  and K lep pe r  p o s t u l a t e  th a t  d i f f u s i o n  o f  w ater  

from In n e r  bark  and xylem o c c u r s  in re spon se  to changes in xylem w ater  

t e n s io n .  The Molz  and K lepper  model I s  concerned p r i m a r i l y  w ith  l a t e r a l  

movement o f  w ater  in phloem t i s s u e ,  which  i s  assumed to  be c h a r a c t e r i z e d  by 

a c o n s ta n t  c o e f f i c i e n t  o f  d i f f u s l v i t y .  C o u p l in g  between l a t e r a l  movement o f  

w ater  in the phloem and v e r t i c a l  t r a n s p o r t  in the stem I s  not r i g o r o u s l y  

examined. P a r la n g e  et  a l .  (1975) f u r t h e r  deve lop  the con ce p ts  in t rodu ced  by 

Molz  and K lepper ,  p o i n t in g  ou t  th a t  s u f f i c i e n t l y  l a r g e  change In w ater  

c o n te n t  a c r o s s  the  phloem w i l l  lead  to  a v a r i a b l e  c o e f f i c i e n t  o f  d i f f u s l v i t y .

Hence, a c c o r d in g  to  P a r la n g e  e t  a l . ,  the  movement o f  w ater  in the phloem I s  

e s s e n t i a l l y  a n o n l in e a r  d i f f u s i o n  p ro c e s s .  U s in g  exper im en ta l  o b s e r v a t i o n s  

o f  c i r c u m f e r e n t ia l  changes In  c o t to n  stems and red p in e ,  they o b t a in  v a lu e s  

o f  an " I n t e g r a t e d  d i f f u s l v i t y . "  They r e l a t e  the se  v a lu e s  to  the t im e la g  

between changes in f o l i a g e  and stem w ater  p o t e n t i a l s  and o b t a in  good correspondence  

w ith  ob se rved  s h r i n k i n g  and s w e l l i n g  da ta .

Q u i te  a d i f f e r e n t  approach  to  the problem I s  taken by W ar ing and 

Running (1976) and Running, W ar in g ,  and R y d e l l  (1975),  who deve lop  computer  

s im u la t i o n  models which re p re se n t  w ater  f l u x e s  In  D o u g l a s - f t r .  T h e ir  

models in c lu d e  p o s s i b l e  stem s t o r a g e  e f f e c t s ,  and w ater  t r a n s p o r t  in the  

t re e  i s  coup led  w ith  th a t  in the s o i l .  The c h ie f  o b j e c t i v e  o f  t h e i r  m o d e l l in g  

e f f o r t  i s  to  p a ra m e te r ize  the e f f e c t s  o f  changes in  sy stem  param eters  such  

a s  r o o t in g  volume, sapwood s t o r a g e  volume, and l e a f  a rea  on q u a n t i t i e s  o f  

w ater  s t o r e d  in  o r  t ra n sp o r t e d  through  an e n t i r e  t re e  o r  a s tan d  o f  t r e e s ,  

g e n e r a l l y  o v e r  p e r io d s  o f  t im e r a n g in g  from one day to  an e n t i r e  g row ing  

season .  W ar in g  and Running (1976, 1978) a l s o  rev iew  much recen t  l i t e r a t u r e  

on se a so n a l  changes  in w ater  s t o r a g e  In  the inner  sapwood. In a d d i t i o n ,  

they deve lop  e s t im a te s  o f  I t s  m agn itude  in o ld - g r o w t h  D o u g l a s - f l r ,  i n c lu d in g  

r a t e s  o f  w ithd raw a l  and recharge .

In the model p re se n ted  here, we a re  concerned w ith  d e s c r i p t i o n s  o f  

phenomena w ith  t ime s c a l e s  o f  the o rd e r  o f  a day; s p e c i f i c a l l y ,  we c o n s id e r  

d iu r n a l  v a r i a t i o n s  in sap  f lo w  v e l o c i t y  and phase l a g s  a s s o c i a t e d  w ith  

d iu r n a l  f l u c t u a t i o n s  in stem c irc u m fe re n c e .  C e n tra l  to  the  model i s  the  

concept  t h a t  v e r t i c a l  f lo w  in the xylem I s  c o n ce n t ra te d  in a narrow band o f  

young o u te r  sapwood c e l l s  a d ja c e n t  to  the cambium and t h a t  t i s s u e s  on both  

s i d e s  o f  t h i s  f lo w  band a c t  a s  temporary  s t o r a g e  s i t e s  f o r  a p p r e c ia b le  

amounts o f  w ater.  The a d ja c e n t  t i s s u e s  a re  the In n e r  bark  (which we d e f in e
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a s  tho se  t i s s u e s ,  I n c l u d in g  the cambium and In ne r  phloem, lo c a te d  between 

the  sapwood and the corky  o u te r  b a r k ) ,  and the inner  sapwood. In l i v i n g  

t r e e s ,  w ater  in the  inn er  bark  and inn e r  sapwood i s  a lw ays  s u b je c t  to  

t e n s i o n s  o f  v a r y in g  m agn itude th a t  a re  t r a n s m i t t e d  from the zone o f  v e r t i c a l  

f lo w  in the xylem. These n e g a t i v e  p r e s s u r e s  in the xylem sap  a re  u l t im a t e l y  

r e l a t e d  to e v a p o r a t iv e  lo s s e s  from the crown o f  the t re e .  Because l e a f  

w ater  t e n s io n s  a re  c o n s id e r a b ly  g r e a t e r  than tho se  in  the ro o t s  and s o i l ,  

p r e s s u r e  p o t e n t i a l  g r a d ie n t s  a re  s e t  up in the  w a t e r - c o n d u c t in g  t i s s u e s  o f  

the  t re e .  Mass f lo w  o f  w ater from the ro o t s  toward the le av e s  takes  p la c e  

In re spon se  to  the se  g r a d i e n t s ,  but l a t e r a l  movement o f  w ater  between o u te r  

sapwood and a d ja c e n t  t i s s u e s  a l s o  o c c u r s  when p o t e n t i a l  g r a d i e n t s  a re  

s u f f i c i e n t l y  l a r g e .

MATHEMATICAL MODEL

In t h i s  s e c t i o n ,  we d e r iv e  p a r t i a l  d i f f e r e n t i a l  e q u a t io n s  which govern  

v a r i a t i o n s  in  the  xylem w ater p o t e n t i a l  and a l s o  s o i l  w ater  p o t e n t i a l ;  

temporal f l u c t u a t i o n s  In  stem d im ens ion  a s  a fu n c t io n  o f  h e ig h t  above the 

ground a re  o b ta in e d  from the s o l u t i o n s  o f  the boundary v a lu e  problem.

Water In t re e s  i s  t ra n sp o r t e d  from ro o t s  to le a v e s  a lo n g  te n s io n  

g r a d i e n t s  in  the c o n d u c t in g  system  caused by t r a n s p l r a t i o n a l  l o s s e s  from the  

le a v e s .  As the w ater  c on te n t  o f  l e a f  m esophyll t i s s u e  d e c r e a s e s ,  n e g a t iv e  

p r e s s u r e s  deve lop  in the  l e a f  xylem. These n e g a t i v e  p r e s s u r e s  a re  t r a n s m i t t e d  

th ro u gh ou t  the e n t i r e  v a s c u l a r  system  o f  the  t re e  by c o h e s iv e  f o r c e s  between 

the  w ater  m o lecu le s  ( S l a t y e r  1967; Zimmerman and Brown 1971). A l th o u g h  

s i z e a b l e  t e n s i o n s  deve lop  in the se  w ater  co lumns, c a v i t a t i o n  i s  p revented by 

the  c o h e s io n  o f  a d ja c e n t  w ater  m o lecu le s  and by t h e i r  a d h es io n  to  the c e l l  

w a l l s  o f  the  c o n d u c t in g  system . Moreover, the magn itude  o f  the w ater  

p o t e n t i a l  In  l i v i n g  t i s s u e s  a d ja c e n t  to  the xylem p a r a l l e l s  the te n s io n  in 

the  xylem w ater  column.

A c c o r d in g  to  the  co h e s io n  the o ry ,  the p r i n c i p a l  f o r c e s  a t  any p o in t  

a lo n g  the stem ( F i g .  l )  a re :  the te n s io n  T (Newtons) in the w ater  column, 

which  a c t s  in the  d i r e c t i o n  o f  the crown and i s  r e l a t e d  to  e v a p o ra t io n  

o r i g i n a t i n g  In the  le a v e s ;  f r i c t i o n a l  f o r c e s  F a c t i n g  In  the  d i r e c t i o n  

o p p o s i t e  to  the f lo w  ( i . e . ,  downward); and the f o r c e  G due to  g r a v i t y .  To 

s i m p l i f y  the  a n a l y s i s  we assume th a t  the se  f o r c e s  a c t  a c r o s s  a n n u la r  r e g io n s  

o f  a p p ro x im a te ly  u n ifo rm  area  A (m ) th ro ughout  the stem. We d e f in e  ( z , t )
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Fig.  1. Schematic representation of  

geometrical re la t ionsh ip s  and p r inc ipa l  

forces Im p l ic i t  In the Cohesion 

Theory, as they apply to the stem of  

a tree. At the t re e - so i l  In terface  

leve l,  the height z = 0 (m); at  the 

base of the crown z = H (m). When 

the tension T (N) In the water 

column, which Is  related to evaporative  

forces In the crown, exceeds the sum 

of f r ic t i o n a l  F (N) and g rav i ta t ion a l  

G (N) forces, mass flow o f  water 

occurs In the p o s i t ive  z -d lrect lon  

(upwards).

-T /A  , the  p r e s s u r e  (N m 2 ) a t  h e i g h t  z (m) above the mean s o i l - r o o t  I n t e r f a c e

a t  t im e t  ( s e c ,  measured from m id n ig h t ,  s a y ) .  The f o r c e  due to  g r a v i t y  on a

d i f f e r e n t i a l  s e c t i o n  o f  t h i c k n e s s  6z may be ex pre sse d  a s  pgA 6z, where p I s
^ -2

the  f l u i d  d e n s i t y  (kg m and g I s  the  a c c e l e r a t i o n  due to  g r a v i t y  (m sec  ) . ̂ - 2
The net  w ater  p o t e n t i a l  I s  iJj ( z , t )  + pgz (N m ) ,  and I s  u s u a l l y  denoted  

by ^t ( z , t )  (b ar )  ( S l a t y e r  1967) (1 bar  = 10"* N m 2 ) .

Water f lo w  In  the v a s c u l a r  sy stem  o f  c o n i f e r o u s  t re e s  o c c u r s  In  the  

sapwood, a t i s s u e  o f  e lo n g a te d  n o n l i v i n g  c e l l s  c a l l e d  t r a c h e ld s ,  which  

communicate w ith  each o th e r  th rough  a number o f  pores  equ ipped w ith  porous  

membranes. R e s i s t a n c e  to  f lo w  oc c u r s  In  the  c e l l  lumen, In  the  t o r tu o u s  

passagew ay  th rough  the p o re s ,  and a t  the  p i t  membrane, a meshwork o f  many 

f i n e  f i b r i l s .  S in c e  the d im e n s ion s  o f  the pathway a re  s m a l l ,  the  v i s c o u s  

f o r c e s  a re  very  l a r g e  compared to  I n e r t i a l  f o r c e s .  In such a c a se ,  the  

p r e s s u r e  g r a d ie n t  I s  ba lan ce d  by v i s c o u s  f o r c e s ,  so  t h a t  the  eq u a t ion  

g o v e r n in g  the  motion o f  the f l u i d  In  the  v e r t i c a l  d i r e c t i o n  may be w r i t t e n

3z
32w _ -+y — ¡r = 0,
9z

( 1 )

„ 2
where y I s  the  v i s c o s i t y  o f  the f l u i d  (N se c  m ) and w I s  the r a t e  o f  f lo w  

In  the v e r t i c a l  d i r e c t i o n  (m sec  ) .
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Now, I f  the  xylem c ou ld  be id e a l i z e d  a s  a system  o f  th in  tubes,  the  
3 "1

volume ra t e  o f  f lo w  Q (m sec  ) normal to  an a rea  o f  A would be g iv e n  by 

a v e r s i o n  o f  the  P o i s e u i l l e  law. However, In  media o f  more complex geometry,  

the P o i s e u i l l e  law I s  u s u a l l y  rep lace d  by D a r c y ' s  law:

Q k 9̂ t L  A _i.
y t  3z

( 2 )

2
where the  v a lu e  o f  the  c o n s ta n t  k (m ) ,  the s o - c a l l e d  p e r m e a b i l i t y  o f  the  

medium, must be determined by exper im ent.  A p p l i c a t i o n  o f  D a r c y ' s  law to  

w ater  f lo w  In  s a tu r a t e d  s o i l s  I s  j u s t i f i e d  by numerous o b s e r v a t i o n s ,  In  

which r a t e  o f  f lo w  has been found to  be p r o p o r t io n a l  to  the  p re s s u r e  g r a d ie n t .  

In the sapwood o f  c o n i f e r o u s  t r e e s ,  D a r c y ' s  law has been shown to  be v a l i d  

by a number o f  o th e r  w orke rs ,  such a s  Comstock (1965) and E r ic k so n  and 

Craw ford  (1959). S in c e  wood i s  not  an i s o t r o p i c  medium, f o r  f low  in  the  

v e r t i c a l  d i r e c t i o n ,  i t  i s  a p p r o p r ia t e  to  in t ro d u c e  a l o n g i t u d in a l  p e r m e a b i l i t y  

k t (m ) ,  the v a lu e  o f  which has been determ ined by experim ent f o r  a number 

o f  c o n i f e r o u s  t re e s .  S in c e  the f lo w  v e l o c i t y  w ( z , t )  I s  equal to  Q ( z , t ) / A t , 

D a r c y ' s  law can be w r i t t e n  In  the  co n ve n ie n t  form

At w ( z , t )
9̂ t

(3)

The model developed here i s  based on the w ork in g  a ssu m p t ion  th a t  w ater  

moves r a d i a l l y  between the In n e r  bark  and the xylem in re spon se  to  g r a d ie n t s  

In  p r e s s u r e  p o t e n t i a l s  between the  two t i s s u e s .  We assume a c o n s ta n t ,  

e s s e n t i a l l y  s a tu r a t e d  w ater  co n te n t  in the  In n e r  bark.  I t  f o l l o w s  th a t  the  

d l f f u s l v i t y  I s  a p p r o x im a te ly  c o n s ta n t  th ro ughout  the  In n e r  bark.  T h is  

a ssu m p t ion  d i f f e r s  from th a t  o f  P a r la n g e  et  a l .  (1975) who, a s  a l r e a d y  

noted, use a d l f f u s l v i t y  depend ing  on v a r i a b l e  phloem w ater  c on ten t .  Our 

t h e o r e t i c a l  development c o u ld  be extended to  in c lu d e  such n o n l i n e a r  d i f f u s i o n  

p ro c e s se s  in  p l a n t s  I f  a p p r o p r ia t e .  However, by way o f  j u s t i f i c a t i o n  o f  our  

a ssu m p t io n ,  we s u g g e s t  the  f o l l o w in g  mechanism o f  d im e n s io n a l  change. The 

o u te r  ba rk ,  a t i s s u e  which  In c lu d e s  the  zone o f  m o s t ly  n o n l i v i n g  f i b e r  and 

c o rk  c e l l s  o u t s i d e  the  phloem parenchyma, a c t s  as  impermeable e l a s t i c  

s le e v e .  I n c r e a s i n g  t e n s io n  in  the  xylem w ater  i s  t r a n s m i t t e d  by c o h e s iv e  

f o r c e s  between w ater  m o le c u le s  in the xylem to  the w ater  b a th in g  the c e l l s  

o f  the inner  bark.  As the w ater  p o t e n t i a l  o f  i n t e r c e l l u l a r  w ater  de cre ase s  

to  a le v e l  below th a t  o f  the c e l l  v a c u o le s ,  w ater  moves ou t  o f  the  c e l l s  and 

j o i n s  the ge n e ra l  f lo w  toward the xylem. The c h i e f  pathway o f  t h i s  f lo w  I s
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a lo n g  and i n s id e  the c e l l  w a l l s  o f  the inner  bark ,  a l th o u g h  some w ater  may

move from c e l l  t o  c e l l  by o sm o s i s  a c r o s s  the membranes (W eather ley  1970). 

In c re a se d  t e n s io n  In  the I n t e r c e l l u l a r  w ater  o f  the In ne r  bark  and decreased  

t u r g o r  o f  i t s  l i v i n g  c e l l s  imply  a re d u c t io n  o f  the f o r c e s  r e s i s t i n g  the  

inward movement o f  the  o u te r  bark.  T h is  t i s s u e  p o s s e s s e s  some e l a s t i c i t y  in 

the  t a n g e n t ia l  d i r e c t i o n  and a l s o  i s  pushed inward by a tm o sp h e r ic  p re s su r e .  

A c c o r d i n g l y ,  a s  the Inner  bark  l o s e s  w ate r ,  i t  i s  compressed and i t s  t i s s u e  

volume d e c re a se s ,  but the w ater  con ten t  o f  i t s  c e l l  w a l l s  and p r o t o p l a s t s  

does not change a p p r e c ia b l y .  ( A n t i c i p a t i n g  the model r e s u l t s ,  the t o t a l  

volume change o f  n o n f tb ro u s  inn e r  bark  c e l l s  i s  l e s s  than s i x  p ercen t  in 

D o u g l a s - f i  r .)

Lo ss  o f  w ater  by the inner  bark  c e l l s  c o n t in u e s  u n t i l  t h e i r  w ater  

p o t e n t i a l  i s  a p p r o x im a te ly  equal to  th a t  o f  the i n t e r c e l l u l a r  w ater.

J a r v i s  (1975) has reviewed a c o n s id e r a b le  body o f  ev ide nce  which s u g g e s t s  

t h a t  the w ater  c on ten t  o f  the  inner  bark  responds r a th e r  q u i c k l y  to  changes  

in sapwood te n s io n .

I t  i s  p o s t u la t e d  th a t  changes in inn e r  bark  volume a re  the r e s u l t  o f  

r a d i a l  movement o f  w ater  caused by changes in xylem w ater  t e n s io n ;  c o n se q u e n t ly ,  

i t  may be assumed th a t

Sijj =  EjV (^)
o

_ 2
i s  v a l i d  in  the inn er  bark. Here, E.v (N m ) i s  a volume modulus o f  e l a s t i c i t y

and 6V (m ) i s  the  volume o f  an element o f  inner  bark  whose mean volume i s

V . In the  absence  o f  ev ide n ce  to  the c o n t r a r y ,  I t  i s  assumed th a t  d im e n s ion a l  o
changes  in  the v e r t i c a l  can be n e g le c te d ,  so  t h a t  we may d e v e lo p  a q u a n t i t a t i v e  

d e s c r i p t i o n  o f  f l u i d  f lo w  in a d i s k  o f  c o n s t a n t  t h i c k n e s s  <5z (m) in the stem  

a t  h e ig h t  z (m ). Let Rx (m) denote the o u te r  r a d iu s  o f  the  xylem ( F i g .  2 ) ,  

l e t  r Q (m) the  mean t h i c k n e s s  o f  the  inn er  bark ,  and l e t  Rq + r ( z , t /  denote  

the  t ru e  r a d iu s  a t  h e i g h t  z and time t .  Thus, r ( z , t )  measures e x c u r s i o n s  o f  

the  In ne r  bark  r a d iu s  about  i t s  mean, R , and can be p o s i t i v e  o r  n e g a t i v e .

The volume o f  In n e r  bark  in  an a n n u la r  r i n g  o f  t h i c k n e s s  <5z i s  it(R + r) 6z -
2 0 

uR^ 6z. When r I s  n e g le c te d  compared w ith  Rq , the r a t i o  SV/V^ i s
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where
A = it (R2 R2 )

O O X

Fig. 2. Schematic representation of 

the c ro ss section  o f the stem of a 

tree. R^ (m) Is  the rad ia l d istance, 

measured from the center o f the tree  

to the border between the Inner and 

outer sapwoods. R^ + r^ (m) Is  the 

mean d istance, measured along a 

rad iu s, from the center o f the tree 

to the border between Inner and 

outer bark zones. V a ria tio n s  In 

th is  d istance  about the mean R^ + rQ 

are measured by r ( z , t ) .  V e rtica l 

flow Is  concentrated In narrow zone 

o f outer sapwood In the annular 

section  whose Inner and outer rad ii 

are R^ and R^ + rQ, respective ly .

i t  f o l l o w s  th a t

<5^ = E (5)
o

27Tro (Rx + ro> -2
where E = ------- ^---------------  E.v i s  a l i n e a r  modulus o f  e l a s t i c i t y  (N m )

o
measured in  the  r a d ia l  d i r e c t i o n .  E qu a t ion  5 i s  e s s e n t i a l l y  a form o f  

H o o k e 's  law, which s t a t e s  t h a t  change In  d im ens ion  i s  p r o p o r t io n a l  to  

change In  a p p l ie d  f o r c e  per u n i t  a rea  ( e q u i v a l e n t l y ,  to  the  change in  w ater  

p o t e n t i a l ) .

J a r v i s  (1975) a l s o  has reviewed ev id e n c e  f o r  change in w ater  co n te n t  o f  

the sapwood. He conc luded  t h a t  a t  the t ime o f  h i s  w r i t i n g ,  the e x te n t  to  

w hich  the w ater  s t o r e d  in the sapwood i n t e r a c t s  w ith  th a t  in the t r a n s p i r a t i o n  

stream  was not  determ ined. Su b se q u e n t ly ,  as remarked e a r l i e r ,  W ar ing  and 

Running (1978) e s t im a te d  se a so n a l  r a t e s  o f  w ith d ra w a l  and recharge  o f  w ater  

s to re d  in  the inner  sapwood o f  o ld - g r o w th  D o u g l a s - f i r .  T h e i r  work su p p o r t s  

our  a s su m p t ion  t h a t  w ater  i s  exchanged between inn er  and o u te r  sapwood a lo n g  

p o t e n t i a l  g r a d i e n t s .  Mass f lo w  toward the In n e r  sapwood o c c u r s  when I t s  

m a tr ic  p o t e n t i a l  f a l l s  below the p r e s s u r e  p o t e n t i a l  o f  the  t r a n s p i r a t i o n  

stream . In sapwood c e l l s  which  a re  not  s a tu r a t e d  w ith  w ater ,  w ater  movement 

p ro b a b ly  o c c u r s  a lo n g  and w i t h in  c e l l  w a l l s .  G a ses ,  i n c lu d in g  w ater  vapor,
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in the lumens o f  the se  c e l l s  may then e v e n t u a l l y  d i s s o l v e .  ( P r o f e s s o r  H. 

R ic h t e r  p o in te d  out  to  us th a t  Bode (1923) p re se n t s  a ve ry  d e t a i l e d  d e s c r i p 

t io n  o f  the  d i sa p p e a ra n c e  o f  g a s  bubb le s  in the xylem c e l l s  o f  c e r t a i n  

herbaceous p l a n t s ,  under r a t h e r  s i m i l a r  c i r c u m s t a n c e s . )  We a l s o  make the  

a ssu m p t ion  th a t  r a d i a l  f lo w  I s  r e v e r s i b l e ,  so  th a t  a t  n i g h t  the re  can be 

a p p r e c ia b le  net f lo w  inwards and, d u r in g  the  day, ou tw ard s;  l . e . ,  from the  

inn e r  sapwood s t o r a g e  zones to  the t r a n s p i r a t i o n  stream.

By way o f  r e c a p i t u l a t i o n ,  we assume t h a t  w ater  i s  t r a n s p o r t e d  r a d i a l l y  

between the o u te r  sapwood o f  the xylem (the  p r i n c i p a l  pathway o f  v e r t i c a l  

movement o f  w ater)  and both the In ner  sapwood and the In n e r  bark .  We now 

i n q u i r e  as to  the  im portance o f  the se  r a d ia l  movements In the t o t a l  w ater  

budget o f  the  t re e .  To o b t a in  a q u a n t i t a t i v e  e s t im a te ,  we beg in  by c a l c u 

l a t i n g  the change d u r in g  t ime fit In the amount o f  w ater  c o n ta in e d  In  the  

o u te r  sapwood and inner  bark  o f  an a n n u lu s  fiz (m) t h i c k  a t  h e ig h t  z (m) 

above the ground.

By a s su m p t ion ,  the  In ne r  bark  t i s s u e  i s  e s s e n t i a l l y  s a t u r a t e d  w ith  

w ater  a t  a l l  t im es,  so  th a t  the  inn er  bark  must g a in  an amount o f  w ater  fiV 

equal to  i t s  t o t a l  change o f  volume in u n i t  t ime. An in c r e a se  o f  w ater  held  

In  the  In n e r  bark  le a d s  to  an In c r e a s e  In t i s s u e  volume, p ro d u c in g  a net  

outward movement o f  the  o u te r  bark  and a c o r re sp o n d in g  In c r e a se  in t re e  stem  

r a d iu s .  Suppose now th a t  the inn er  sapwood g a i n s  an amount o f  w ater  fiS and 

th a t  the  r a t e  o f  change o f  sapwood s t o r a g e  i s  p r o p o r t io n a l  to  t h a t  o f  In ne r  

bark  s t o r a g e :

5S _ 5 V
fit a fit

fiA
5 fiz (6)

T h is  a ssu m p t ion  i s  e s s e n t i a l l y  an h y p o t h e s i s  t h a t  sapwood p e r m e a b i l i t y  In  

the  r a d ia l  d i r e c t i o n  i s  a t im es a s  l a r g e  a s  the p e r m e a b i l i t y  to  f lo w  from  

sapwood to  inner  bark. From the  f o r e g o in g  argum ents we now o b se rv e  th a t  the  

p ro du ct  o f  (1 + a) and the time ra te  o f  change o f  the inn e r  bark  volume V 

must equal the n e g a t i v e  g r a d ie n t  o f  the f lo w  Q. In  the v e r t i c a l  d i r e c t i o n :

2tt( 1 + a ) ( R x + rQ ) ~ 3Q
3z

o r , s i n c e  Q = A fcw, and At i s  assumed to  be r o u gh ly  c o n s t a n t ,

(7)
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E q u a t io n s  3, 5, and 7 can be combined to  o b t a in  a p a r t i a l  d i f f e r e n t i a l  

eq u a t io n  f o r  :

3i|>t  k t  A t  E d2\pt

d t ~ ~  27ry(Rx + rQ) (1 + a)r"0 ( 8 )

E qu a t ion  8 has the  form o f  a " d i f f u s i o n "  e q u a t io n  w ith  d l f f u s l v l t y

k A E
* t  t  _2 -1
Dt  “ "2-iry QR + r ) ( T + a ) r  m S6C 

H X  o ' o
(9)

M oreover,  because  o f  the l i n e a r i t y  o f  the  r e l a t i o n  between iJj and r, we may 

a l s o  w r i t e :

iL
at

Oo)

To f i n d  s o l u t i o n s  f o r  E qu a t ion  8 (o r  10), i t  I s  n e c e s s a r y  to  f o rm u la te  

boundary c o n d i t i o n s  d e r iv e d  from a c o n s i d e r a t i o n  o f  the p h y s i c a l  n a tu re  o f  

the  system . F ie ld  s t u d i e s  on D o u g l a s - f l r  ( F r l t s c h e n  and Doralswamy 1973) 

have shown t h a t  v a r i a t i o n  in r a t e  o f  w ater  l o s s  from a t r e e - s o i l  system  I s  

a p p r o x im a te ly  p e r i o d i c .  Maximum r a t e  o f  w ater  l o s s  g e n e r a l l y  o c c u r s  s h o r t l y  

a f t e r  noon, and the minimum r a t e  somewhat b e fo re  dawn. As a " f i r s t  a p p r o x i 

m a t i o n , "  the  r a t e  o f  f lo w  o f  w ater  ou t  the  top o f  the system  I s  rep rese n ted  

by a t r i g o n o m e t r i c  f u n c t i o n .  (A l th o u gh  t h i s  I s  o n ly  a rough a p p ro x im a t io n  

to  the  t r u e  n a tu re  o f  the  v a r i a t i o n ,  the  a n a l y s i s  c o u ld  e a s i l y  be extended  

by the  use o f  F o u r ie r  s e r i e s  to  p ro v id e  g r e a t e r  a c c u r a c y . )  R e s t r i c t i n g  

a t t e n t i o n  to  a s i n g l e  mode o f  c i r c u l a r  f req ue n cy  tu ** 2 ir /to , we w r i t e

Q (H , t )  = Qq (1-cos — ■ t )  (11)
o

where H (m) I s  the  h e ig h t  o f  the  stem Im m ed ia te ly  below the  f i r s t  branch o f  
3 “ 1

the  crown, Q (m day ) I s  the  a v e ra g e  volume o f  w ater  used by the t re e  in  
° k

one day, and t  “ 8 .64  X 10 seconds (one day) I s  the  fundamental p e r io d  o f  

the  p r o c e s s .  W ith  the use o f  (2 ) ,  E qu a t ion  (11) I s  w r i t t e n  In the  form
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9ijj yQ. o_
■—  -  -  -¡— 2 -  (1 - c o s  r - t ) ,  a t z - H ,  (12)
9z kt At  o

S o M - p l a n t  i n t e r a c t i o n s  a t  the lower end o f  the system  lead to  a 

number o f  c o m p l i c a t io n s .  A d e t a i l e d  t reatm ent  o f  the problem would r e q u i re  

models o f  t r a n s p o r t  o f  w ater  through  the s o i l  to  the ro o t  and a c r o s s  the  

ro o t  c o r te x  and endoderm ls to  the ro o t  xylem and thence to  the main t r a n s p t r a  

t i o n  stream . A l th o u g h  movement o f  w ater  from the s o i l  to  an In d i v i d u a l  

r o o t l e t  I s  r e a so n a b ly  w e l l  u nd erstood  (Gardner I960; Farnum and Carey 1975),  

mass movement In t o  a roo t  system  i s  n o t  so  s im p ly  d e sc r ib e d .  Each r o o t l e t  

a c t s  a s  a lo c a l  s i n k ,  t e n d in g  to  d e p le te  the s o i l  In  I t s  ne ighborhood  and,

In  t h i s  way, re d u c in g  t r a n s p o r t  to  n e ig h b o r in g  r o o t l e t s .  A c c o r d in g l y ,  a 

r e a l i s t i c  model would r e q u i re  a d e s c r i p t i o n  o f  the  geometry o f  the  e n t i r e  

ro o t  system . I t  I s  o b v io u s  th a t  such geometry w i l l  v a ry  g r e a t l y  w ith  s o i l  

type, a v a i l a b i l i t y  o f  m o is tu r e  and n u t r i e n t s ,  and s p a t i a l  d i s t r i b u t i o n  and 

abundance o f  o th e r  o r g a n ism s .

These c o m p l i c a t io n s  a re  avo id ed  by i d e a l i z i n g  the roo t  sy stem  o f  a 

D o u g l a s - f l r  t re e  a s  a l a r g e  membrane o r  " s u c t i o n  p l a t e "  ( F i g .  3 ) .  Thus,  

suppose  t h a t  s o l i  w ater  moves v e r t i c a l l y  upward toward the t re e  through  an 

u n s a tu r a te d  s o i l  from a re g io n  o f  c o n s ta n t  p o t e n t i a l  ( such  a s  one near a 

w ater  t a b l e ) .  For s i m p l i c i t y ,  we assume c o n s ta n t  s o i l  c o n d u c t i v i t y  and 

d l f f u s i v l t y ,  a c o n d i t i o n  t h a t  i s  approx im ated  In r e a l i t y  I f  s o i l  m o is tu re  

c o n te n t  In the  re g io n  o f  f lo w  v a r i e s  o n ly  s l i g h t l y  o v e r  the  p e r io d  o f  

o b s e r v a t i o n .  A g a in ,  f o r  s i m p l i c i t y ,  n e g l e c t  change In  w ater  c on te n t  by

F ig. 3. Schematic representation  

o f v e r t ic a l flow  In two connected 

cy lin d e rs . The upper narrow cy lin d e r  

represents the stem o f a tree in 

which flow  Is  concentrated in the 

outer sapwood, modeled as a th In -  

walled annular cy lind e r. The 

lower, th ick  cy lin d e r represents 

the s o i l .  A ll  water moving v e r t ic a l ly  

In the lower cy lin d e r Is  assumed to 

pass w ithout lo s s  In to  the upper 

cy lin d e r acro ss an In te rface  of 

perm eab ility  h (m sec ), which 

represents the root system.
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I n f i l t r a t i o n  o r  e v a p o ra t io n  from the s o i l  s u r f a c e  o r  by l a t e r a l  movement to  

o r  from a d ja c e n t  s o l i  co lumns. F i n a l l y ,  we assume th a t  the p e r m e a b i l i t y  o f  

the  " s u c t i o n  p l a t e "  i s  a p p ro x im a te ly  th a t  o f  a roo t  membrane. Under the se  

c o n d i t i o n s ,  the f o l l o w in g  r e l a t i o n s  ho ld  ( c . f . ,  Rose 1966; E ag le so n  1970):

30
at D 0

3z‘

3 i 2
where 0 ( z , t )  I s  the  s o l i  m o is tu re  c on ten t  (nr w ater/nr  s o i l )  and Dg (m sec  

' )  I s  the  s o i l  d l f f u s l v l t y .  I f  v a r i a t i o n s  In s o i l  w ater  c on te n t  a re  s m a l l ,  

the s o i l  m o is tu re  p o t e n t i a l  ( z , t ) (b a r s )  I s  a p p ro x im a te ly  p r o p o r t io n a l  to

s o i l  m o is tu r e  c on ten t :

(13)

Suppose t h a t  some depth z = - L  (m ), the s o i l  m o is tu re  p o t e n t i a l  a t t a i n s  

an a p p r o x im a te ly  c o n s ta n t  v a lu e  denoted by Bq ( b a r s ) .  To com plete  the  

m athem atica l  s ta tem ent  o f  the  problem, I t  rem ains o n ly  to  f o rm u la te  boundary  

c o n d i t i o n s  a t  the  s o i l - p l a n t  I n t e r f a c e  (z  ^ o) . I f  the re  I s  no w ater  

a cc u m u la t io n  a t  the I n t e r f a c e ,  then

Ws As “ wt A t  a t  2 = °* 0 * 0

where wg and w^ (m sec  ' )  a re  f lo w  v e l o c i t i e s  In  s o l i  and t re e ,  r e s p e c t i v e ly ,  

and Ag and a re  the c o r re sp o n d in g  f lo w  a re a s .  Assum ing th a t  both s o l i  and 

t re e  f lo w  r a t e s  a re  d e sc r ib e d  by D a r c y ' s  law, we can w r i t e

k dip -2. s 

S y 3z

w
t

dipt

3z

Here we have w r i t t e n  the " h y d r a u l i c  

( see ,  e . g . ,  P h i l i p  1957) a s  ks / y  to  

Law f o r  the  t r e e  (E q u a t io n  2 ) .  The 

measured In  m2 .

c o n d u c t i v i t y  o f  the s o i l "  K (m sec  M  

conform w ith  o u r  fo r m u la t io n  o f  D a r c y ' s  

s o i l  p e r m e a b i l i t y  kg I s ,  o f  c ou rse ,
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Substitution In (14) gives

9^
9z A k 3z 

s s

a t  z = 0 (15)

F i n a l l y ,  s i n c e  the r a te  o f  movement o f  w ater  a c r o s s  a membrane I s  

p r o p o r t io n a l  to  the d i f f e r e n c e  In w ater  p o t e n t i a l  on the two s i d e s  o f  

the  membrane, we have the r e l a t i o n

ws = hs ^ s  "  ^

where hg (m sec   ̂ bar  ^) I s  the membrane p e r m e a b i l i t y ,  and a c c o r d i n g l y

I s  a measure o f  f lo w  v e l o c i t y  a t  the  s o i l - r o o t  i n t e r f a c e  per u n i t

d i f f e r e n c e  in w ater p o t e n t i a l  between s o i l  and t re e .  A c o r re sp o n d in g

measure f o r  f lo w  In  the t re e  i s  denoted by h . . S in c e  w A = w .A .,  we
t  s s t t

have hg = ht A t / As -

In summary, we seek the p e r i o d i c  s o l u t i o n  o f  the  f o l l o w in g  e q u a t io n s :

and

s u b j e c t  to

and

= 0C
at 3z2

3*s = a2i|/
D Ts

at” ' 7 F

3*t —  (i

3z *7  (

II CD 0

a t z = -L

3^s
\ k t 3 * t

a'z ~ A
s

k
s

_ _ hjj (tflg 'I'j)k

z < H,

<_ z  <_ 0;

t )  a t  z =

a t  z = 0,

a t  z = 0.

H, (17)

C lo se d - fo rm  s o l u t i o n s  f o r  and can be d e r iv e d  in a s t r a i g h t f o r w a r d  way 

and, from the se  e x p r e s s i o n s ,  I t  i s  easy  to  o b t a in  fo rm u la s  f o r  f lo w  v e l o c i t i e s  

In  t re e  and s o l i  and f o r  changes In  stem c ir c u m fe re n c e  and amounts o f  w ater  

s to r e d  a t  any time In  the bark.  To compare the s o l u t i o n s  w ith  f i e l d  

o b s e r v a t i o n s ,  num erica l  e s t im a te s  a re  r e q u i re d  o f  D^, and o th e r  c o n s t a n t s  

in the system  (17).

Many o f  our  param eter e s t im a te s  and o b s e r v a t i o n a l  d a ta  come from
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s t u d i e s  on f o r e s t - g r o w n  D o u g l a s - f i r  t re e s  c a r r i e d  out  by L a s s o le  (1973,

1975), F r l t s c h e n  e t  a l .  (1973, 1977), S a lo  (1974),  and Doralswamy (1976) as  

c o n t r i b u t i o n s  to  the C o n i fe ro u s  F o re s t  Blome, I n t e r n a t i o n a l  B i o l o g i c a l  

Program. As a p a r t  o f  th a t  Program, measurements were made on 5 0 -y e a r -o ld  

t r e e s ,  most about  30 meters t a l l ,  lo c a te d  w i t h in  1 km o f  the A l l e n  E.

Thompson R esearch  Center,  near R avensburg ,  W ash ington  (a p p ro x im a te ly  55 km 

s o u t h e a s t  o f  S e a t t l e ) .  P h y s i c a l  c h a r a c t e r i s t i c s  o f  the Thompson s i t e  have 

been d e sc r ib e d  by C o le  and G esse l (1968) and F r l t s c h e n  e t  a l .  (1973)«

Other e s t im a te s  a re  o b ta in e d  from D o u g l a s - f i r  t re e s  grown e lsew here  in the 

w estern  U n ited  S t a t e s .

Where p o s s i b l e ,  data  f o r  parameter e s t im a te s  a re  taken from a l y s im e te r  

system  c o n t a in in g  a l i v i n g  28-m D o u g l a s - f i r  t re e ,  a s  d e sc r ib e d  by F r l t s c h e n ,  

Cox, and K in e r so n  (1973) and F r i t s c h e n ,  H s ta ,  and Doralswamy (1977)« These  

in c lu d e  c l e a r  t ru n k  le ng th  H = 14.0 m; d iam eter  a t  b r e a s t  h e ig h t  = 0.40 m; 

s o i l  f lo w  area  A = 30.98 m (the  crown p r o j e c t io n  a rea  o f  the  l y s im e te r

t r e e ) ;  and t o t a l  d a i l y  f lo w  o f  w ater  through  the t r e e - s o i l  system  Q “
-1 0 

56.4  l i t e r s  day . The l a s t  v a lu e  c o r re sp o n d s  to  the mean o f  the three

summer months o f  J u ly ,  A ugus t ,  and September 1973, when mean r a te  o f  evapo -  

t r a n s p i r a t i o n  from the l y s im e te r  system  was 1.82 X 10 m day per u n i t  

area  o f  crown p r o je c t io n .  D u r in g  tho se  months, L a s s o ie  (1975), S a lo  (1974),  

and Doralswamy (1976) measured sap f lo w  v e l o c i t y ,  v a r i a t i o n s  in stem  

c ir c u m fe re n c e  and a re a ,  branch xylem w ater  p o t e n t i a l ,  and r a t e s  o f  évapo 

t r a n s p i r a t i o n  u s in g  the Bowen r a t i o  te ch n iq ue  on se v e r a l  t re e s  a t  the  

l y s im e te r  s i t e ,  in a d d i t i o n  to  d e t a i l e d  work on r e l a t i o n s h i p s  between r a te s  

o f  p h o to s y n t h e s i s  and m e te o r o lo g i c a l  v a r i a b l e s .

The xylem r a d iu s  R i s  taken to  be 0.185 m, and the t o t a l  ba rk  t h i c k n e s s  
-2 *

i s  about  1.0 X 10 m. Inner  bark  t h i c k n e s s  r was measured by us (on 

a n o th e r  t re e  o f  comparable  s i z e )  as  3*8 X 10 m. An e s t im a te  o f  At> the  

e f f e c t i v e  a rea  o f  sapwood through  which w ater  f lo w s  a t  a r a d i a l l y  averaged  

r a t e  o f  w ( z , t )  m h r  was o b ta in e d  from measurements o f  r a d ia l  d i s t r i b u t i o n s  

o f  f lo w  v e l o c i t i e s  made by L a s s o le  (1975) in  D o u g l a s - f i r ,  and Swanson 

(1966) and Mark and Crews (1973) In  o th e r  c o n i f e r s .  Water f lo w  i s  de tected  

by the h e a t -p u l s e  v e l o c i t y  techn iq ue  (Swanson 1972) up to  a depth o f  0 .08  m 

measured inward beyond the cambium, but im portant  c o n t r i b u t i o n s  to  f low  

a p p a r e n t ly  a re  c o n ce n t ra te d  in a band about  0.01 m w ide cen te red  a t  a 

depth o f  about  0.015 m from the cambium. S in c e  the xylem r a d iu s  Rx i s  

taken to  be 0.185 m and A = tt(0.175^ “ 0.165^) = 1.068 X 10  ̂ m^, a mean
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volume f lo w  ra te  o f  56.4 l i t e r s  day 1 = 2.35 l i t e r s  hr 1 g i v e s  an ave rage  

f lo w  v e l o c i t y  o f  0.22 m hr 1 . The a ssu m p t ion  o f  a s i n u s o i d a l  v a r i a t i o n  In 

f lo w  v e l o c i t y  a t  the  top o f  the  system  g i v e s  a maximum f lo w  r a t e  a t  t h a t  

p o in t  o f  0.44 m hr \  which  I s  about  tw ice  L a s s o l e ' s  ob served  maximum 

h e a t - p u l s e  v e l o c i t y ,  but somewhat l e s s  than 0.63 m hr the  r a te  reported  

by V i t é  ( I9 6 0 )  In P ln u s  p o n d e ro sa . S in c e  V i t é ' s  r e s u l t  was based on the  

movement o f  an in je c te d  dye, i t  must be in te r p r e te d  w ith  c a u t io n .  As 

Zlmmermann ( I n  Zlmmermann and Brown 1971:170) has em phasized, I n j e c t i o n  o f  

a l i q u i d  can m odify  normal p o t e n t i a l  g r a d i e n t s  d r a s t i c a l l y .  Indeed, a t  the  

p o in t  o f  i n j e c t i o n  o f  the  l i q u i d ,  the f o rm e r ly  n e g a t i v e  p o t e n t i a l  becomes + 1 

ba r .  S in c e  a c c o r d in g  to  D a r c y ' s  law, v e l o c i t y  i s  p r o p o r t io n a l  to  p o t e n t i a l  

g r a d i e n t ,  f lo w  r a te s  o f  the dye shou ld  be g r e a t e r  than th o se  in an i n t a c t  

t re e .  M oreover,  because  f low  v e l o c i t i e s  a re  not  u n ifo rm  in the a rea  o f  

f lo w ,  some o f  the dye would f lo w  f a s t e r  than the r a d i a l l y  ave raged  v e l o c i t y  

even i f  a change in  p o t e n t i a l  d id  not  o c c u r  a t  the p o in t  o f  i n j e c t i o n ,  and, 

o f  c o u r s e ,  in  any exper im ent the f a s t e s t - m o v i n g  dye would be d e te c te d  

f  i r s t .

We la c k  a c c u r a te  v a lu e s  o f  s o i l  c o n d u c t i v i t y  k and d l f f u s i v l t y  D In
s s

the  ne ighborhood  o f  the ly s im e te r  t re e .  From measurements a t  the A l l e n

Thompson Research  C en te r ,  Cedar R iv e r  W atershed , Machno (1975) and Hatheway
-1 3 2

e t  a l .  (1972) c a l c u l a t e d  " b u l k "  o r  a v e rag e  v a lu e s  o f  k = 6 .67  X 10 m
“ 7 2 -1 S

and D = I .35 X 10 '  m sec  a t  26 percen t  m o is tu r e  c on ten t  in the  upper

0.1 m o f  a g r a v e l l y - t o - s t o n y  phase o f  the  E v e r e t t  sandy loam s e r i e s .  The

s o i l s  o f  the l y s im e t e r  t re e  s i t e ,  some d i s t a n c e  away, were a p p r e c ia b l y  more

m o is t  and more compact. We c a r r i e d  out p a r a l l e l  c a l c u l a t i o n s ,  in which  we

used p aram eters  v a lu e s  o f  the Y o lo  l i g h t  c l a y  s o i l  rep orte d  by P h i l i p

(1957).  In t h i s  s o i l ,  k s = 2 .15 X lo“15 m2 and Dg = 7 .67  X lo' 9 m2 s e c " 1

a t  20 percen t  v o lu m e t r i c  w ater  c on ten t .  Presum ably  v a lu e s  a t  the l y s im e te r

s i t e  were in te rm e d ia te  between tho se  o f  the  Y o lo  s o i l  and the g r a v e l l y - t o -

s to n y  E v e r e t t  s i t e  v a lu e .  We e s t im a te d  a v a lu e  Bq “ -2 .51  ba r  f o r  the

(c o n s t a n t )  s o i l  w ater  p o t e n t i a l  a t  a d i s t a n c e  L = 7 cm below the roo t  mass.

-8 -1
The v a lu e  a s s i g n e d  to  the roo t  p e r m e a b i l i t y  h was 0 .5  X 10 m sec-1 s

bar  , an a v e rag e  f o r  c e l l  membrane p e r m e a b i l i t y  su g g e s te d  by S l a t y e r

(1967, pp. 186, 204).  As p r e v io u s l y  mentioned, a more r e a l i s t i c  v a lu e  f o r

t h i s  p e r m e a b i l i t y  would In c lu d e  a c o r r e c t i o n  f o r  s u r f a c e  a rea  o f  e f f e c t i v e l y

a b s o r b in g  r o o t s  in the  s o i l  under the  t re e .

For most c a l c u l a t i o n s ,  the  p e r m e a b i l i t y  o f  D o u g l a s - f i r  sapwood was
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"12 2
taken to  be 9 .89  X 10 m , the a ve rag e  o f  10 measurements on each o f  fo u r

w estern  W ash ington  D o u g l a s - f i r  t re e s  reported  by E r ic k so n  and Crawford

(1959)- C a l c u l a t i o n s  were a i s o  made w ith  a iower ave rage  p e r m e a b i l i t y
“12 2

v a lu e  o f  2 .80  Darcys  (2 .80  X 10 m ) ,  reported  by Markstrom  and Hann 

(1972),  f o r  f r e s h  sapwood o f  10 D o u g l a s - f i r  t re e s  g row ing  near F o r t  C o l l i n s ,  

C o lo ra d o .  A com parable  measurement o f  5-50 Darcys  was o b ta in e d  by Comstock  

(1965) in  f r e s h  e a s te rn  hemlock sapwood. Even s m a l le r  v a lu e s  o f  c o n i f e r  

p e r m e a b i l i t y  have been o b ta in e d  by L in  e t  a l .  (1973) and B a i l e y  and P re s ton  

(1970 ),  but t h e i r  m a te r ia l  was d r ie d  be fo re  measurement.

P e t t y  and P u r i t c h  (1970) su g g e s te d  t h a t  p e r m e a b i l i t y  m igh t  be c a l c u l a t e d

by a m o d i f i c a t i o n  o f  P o i s e u i l i e ' s  law, making use o f  e s t im a te s  o f  the

numbers and s i z e s  o f  c a p i l l a r i e s  in v o lv e d  in the f lo w  through  c o n i f e r

t r a c h e i d s .  However, much o f  the r e s i s t a n c e  to  f lo w  i s  p re se n ted  by the

membranes o f  the bordered p i t - p a i r s .  P e t t y  and P u r i t c h  used the e l e c t r o n

m ic ro scope  to  e s t im a te  the s i z e s  and numbers o f  p ores  In  c o n i f e r  p i t

membranes. Su b se q u e n t ly ,  Sachs  and Kinney (197*0 showed th a t  the l a r g e s t
-8

o p e n in g s  in c o n i f e r  membranes a re  l e s s  than 7 X 10 m In  d iam ete r ,  about  

30 pe rce n t  o f  the v a lu e  used by P e t t y  and P u r i t c h .  S in c e  p e r m e a b i l i t y  

i n c r e a s e s  a s  the t h i r d  power o f  the d iam ete r  in the a p p r o p r i a t e  m o d i f i c a t i o n  

o f  P o i s e u i l i e ' s  law, very  a c c u ra te  e s t im a te s  o f  p i t  membrane pore d iam ete r s  

a re  needed, but a re  e v i d e n t l y  u n a v a i l a b l e .

Our e s t im a te  o f  the c o m p re ss io n a l  ( l i n e a r )  modulus o f  e l a s t i c i t y ,
6 “2

E = 3.01 X 10 N m , i s  based on two l a b o r a t o r y  measurements we made u s in g  

an In s t r o n  TT-DL machine. S i m i l a r  v a lu e s  have been ob ta in e d  in  d i f f e r e n t  

t i s s u e s  by o th e r  w orkers ;  e . g . ,  H e l l q v i s t  e t  a l .  (197*0* As remarked  

e a r l i e r ,  we have no d i r e c t  e s t im a te  o f  the r a d ia l  p e r m e a b i l i t y  parameter

a. Hence, we made the w ork in g  a ssu m p t ion  t h a t  sapwood p e r m e a b i l i t y  In the  

d i r e c t i o n  o f  the  c e n te r  o f  the t re e  e q u a ls  t h a t  toward the ba rk  and, con 

s e q u e n t ly ,  a = 1.0. F i n a l l y ,  we assumed the v i s c o s i t y  o f  xylem sap to  be
-3 -2

0.01 p o i s e  a 10 N se c  m .

RESULTS 1

1. Q u a l i t a t i v e  P r e d i c t i o n s  o f  the  Model

Model r e s u l t s  a re  d e p ic te d  in F i g s .  4 -9  and F ig .  11. These in c lu d e  

v a r i a t i o n s  in p la n t  w ater  p o t e n t i a l ,  sap f lo w  v e l o c i t y ,  s o i l  w ater  f low  

v e l o c i t y ,  and p r o f i l e s  o f  p l a n t  w ater  p o t e n t i a l  and sap f lo w  v e l o c i t y .
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V a r i a t i o n s  in stems c ir c u m fe re n c e  a re  a l s o  shown in F i g s .  4 and 5, s i n c e  

they  a re  p r o p o r t io n a l  to  v a r i a t i o n s  in p la n t  w ater  p o t e n t i a l  (see  E quat ion  

5).

From F i g s .  A and 5 i t  can be seen t h a t  the  a m p l i tu d e  o f  t im e f l u c t u a t i o n s  

in sap v e l o c i t y  and p la n t  w ater  p o t e n t i a l  ( F i g s .  7 and 8) v a ry  w ith  h e ig h t  

z a lo n g  the stem. Moreover, phase  l a g  phenomena a re  c l e a r l y  p re se n t  and 

appear  a s  a p ro p e r ty  o f  the model s o l u t i o n s .  In the g ra p h s ,  maximum p la n t  

w ater  p o t e n t i a l  a t  the top o f  the system  ( i . e . ,  a t  the base  o f  the crown) 

o c c u r s  from 0 .5  to  2 .8  hr  b e fo re  the maximum a t  the s o i l  I n t e r f a c e ,  depend ing  

on s o i l  d i f f u s i v i t y .  In a d d i t i o n ,  sap f lo w  v e l o c i t y  i s  out  o f  phase  w ith  

p la n t  w ater  p o t e n t i a l .

The m athem atica l  s o l u t i o n s  a re  f u n c t i o n s  ^ t ( z , t )  and \J>s ( z , t )  which  

r e p re se n t  w ater  p o t e n t i a l s  in t re e  and s o i l ,  r e s p e c t i v e l y ,  a t  d i s t a n c e  z 

above the  t r e e - s o i l  i n t e r f a c e  and a t  t im e t  (measured in h ou rs )  from the  

hour a t  which f lo w  v e l o c i t y  a t  the  top o f  the system  I s  a minimum— from

F ig . k .  Time v a r ia t io n s  In sap flow  

v e lo c ity  In the stem o f a tree at z 

“ 0 and z » 14 (m) when Erickson stem 

and Everett s o i l  parameters are used 

In  the model (k = 9.89 x 10 ' 2 m2;

D -  1.35 x 10 '  m2 sec k » 6 .6 7
S - 1 7  9  S

F ig. 9. Time v a r ia t io n s  In sap flow  

v e lo c ity  In the stem o f a tree at z » 

0 and z = 14 m when Markstrom-Hann 

stem and Yolo s o il  parameters are  

used In the model (kt = 2.80 x 10’ 12 

m2; D » 7 . 6 7  x 10  ̂ m2 sec k = 

2.15 x 10"15 m2). S

abou t  m id n ig h t  to  2 a.m. These f u n c t i o n s  a re  e x p r e s s i o n s  o f  the form  

i|>t ( z , t )  = eY Z (a^cos  u + b ^ s in  u) + e Y Z (a 2Cos v + b2S in  v) + cz + d (18a)
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where a^, 82» b j , b 2> c ,  d, and y a re  somewhat cumbersome f u n c t i o n s  o f  

system  param eters,  I n c l u d in g  k t , ks , D^, Ds , and hg ; u and v a re  f u n c t i o n s  

o f  x and t:

u = yz + 2Trt/tQ

(18b)

v = yz -  2i r t / t0

where t  I s  the p e r io d  o f  the  f l u c t u a t i o n s  (one da y ) .

Each o f  the fo u r  f u n c t i o n s  o f  the  form e-YZ  c o s ( y z  ± 2 v  t / t Q) re p r e se n t s  

an a t te n u a te d  " t r a v e l i n g  wave" d e f in e d  ove r  the re g io n  0 <_ z <_ H, 0 <_ t <_ t Q. 

The e n d p o in t s  o f  the d i s t a n c e  i n t e r v a l  z = 0 and z = H co rre sp on d  to  the

F ig. 6. Time v a r ia t io n s  In s o il  

water flow ve lo c ity  at 3.5 cm below 

the t re e -so il In te rface  when Erickson  

stem and Yolo s o l i  parameters are  

used In the model (kt = 9.89 x 10 ' 2 

m2 ; D = 7.67 x l t f 9 m2 s e c '1; k «=* _ 1 c 9 ®
2.15 x 10 3 m ). Using th is  combination

o f parameters, the phase a t the 

In te rface  lag s that at the base o f 

the crown by about 12 hours. The 

corresponding phase lag using the 

Erlckson -Evere tt parameter combination 

Is  about 9 hours; that using the 

Markstrom-Hann-Yolo combination Is  

about 21 hours.

t r e e - s o i l  i n t e r f a c e  and the base  o f  the crown, r e s p e c t i v e l y .  A t  the  base  o f  

the crown, the wave a^ eYZ cos  (yz + 2i r t / t 0 ) has a m p l i tu d e  a^ eY^; a t  the  

s o i l  i n t e r f a c e  i t s  a m p l i tu d e  i s  a^.

At any g iv e n  h e ig h t  Z j , the term e Y Z 1 cos  (yz^ -  ~  t )  w i l l  have a
o

r e l a t i v e  maximum when co s  (yz^ 2n / t o t )  = 1 , i . e . ,  when t = yz^t^/27r = t^, 

say .  A t  h e i g h t  Z2, a r e l a t i v e  maximum w i l l  o c c u r  a t  t ime t 2 
The d i f f e r e n c e  in t im es a t  w hich  the se  maxima o ccu r  i s

, Y to , ,
t 1 ~  2 it Z 2 Z l ^ ’ (19)

and the re  i s ,  t h e r e f o r e ,  an app are n t  phase  l a g  a s s o c i a t e d  w ith  the " t r a v e l i n g

209

©Bundesforschungszentrum für Wald, Wien, download unter www.zobodat.at



S
T

E
M

 
C

IR
C

U
M

F
E

R
E

N
C

E
 

(c
m

) 
ST

E
M

 
C

IR
C

U
M

FE
R

E
N

C
E

 
(c

m
)

wave. "  C l e a r l y ,  i t  i s  d i r e c t l y  p r o p o r t io n a l  to  the d i s t a n c e  between the two
~ 1 /2.

p o s i t i o n s  on the t re e  and to  y / 2 it = (2irDt )

Because the  e x p r e s s io n  i|>t ( z , t )  i s  a com b in a t ion  o f  f o u r  waves w e igh ted  

by d i f f e r e n t  f u n c t i o n s  o f  p o s i t i o n  z, the phase la g  g e n e r a l l y  w i l l  not be 

g iv e n  by an e x p r e s s io n  q u i t e  so  s im p le  a s  Equ a t ion  19. However, i t  i s  

p o s s i b l e  to  de term ine  r e l a t i v e  maxima and minima o f  ^ t ( z , t )  a t  se v e r a l  

p o s i t i o n s  and f o r  se v e r a l  v a lu e s  o f  y . The r e s u l t i n g  phase l a g s  a re  p lo t t e d

in F ig .  11 as f u n c t i o n s  o f  y (o r ,  e q u i v a l e n t l y ,  a s  f u n c t i o n s  o f  , / Z ) .

From F ig .  11 i t  can be seen t h a t  the  phase l a g s  a re  a p p ro x im a te ly  l i n e a r  

f u n c t i o n s  o f  y ove r  most o f  i t s  range. The f a c t  th a t ,  in the model, sap

F ig. 7. Time v a r ia t io n s  In water 

poten tia l and stem circumference In 

the trunk o f a tree kO  cm In diameter 

at z ■  0 and r  ■  H  rnj when Erickson  

stem and Everett s o i l  parameters 

are used In the model (kt ■  9.89 x 

lO-12 m2 ; Dg -  1.35 x l ( f 7 m2 se c "1; k$ 

-  6.67 x l c f 13 m2).

F ig. 8. Time v a r ia t io n s  In water

po ten tia l and stem circumference In

the trunk o f a tree 0.A0 m In

diameter at z ■  0 and 1A (m) when

Markstrom-Hann stem and Yolo s o il

parameters are used in the model

(k ■= 2.80 x 10-12 m2; D -  7.67 x

10 '9 m2 s e c '1; k ■= 2.15Sx 10- ' 5 
n s

f lo w  v e l o c i t y  I s  ou t  o f  phase  w ith  p la n t  w ater  p o t e n t i a l  I s  e s s e n t i a l l y  

a consequence o f  D a r c y ' s  law, E qu a t ion  (2 ) .
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2. Comparison w ith  O b se rv a t io n

a . Sap f lo w  v e l o c l t y

When the E r ic k so n -C r a w fo r d  e s t im a te  o f  k and the E v e r e t t  s o i l  parameters  

are  used (see  F ig .  4 ) ,  sap f low  v e l o c i t y  v a r i e s  between 0 and 0.44 m hr a t  

the top o f  the system  (Imposed by the boundary c o n d i t i o n s  [E q u a t io n s  11 o r  

12]) and between 0.014 and 0.426 m hr ' a t  the t r e e - s o i l  i n t e r f a c e .  Maximum 

f lo w  ra te  a t  t h i s  i n t e r f a c e  l a g s  tha t  a t  the top o f  the system  by l e s s  

than two hours and la g s  minimum xylem w ater  p o t e n t i a l  a t  the i n t e r f a c e  by 

o n ly  a few m inutes.  I f  we use ( F i g .  5) the Markstrom -Hann e s t im a te  o f  k 

and the P h i l i p  ( l . e . ,  Y o lo  l i g h t  c l a y )  s o i l  param eters ,  the sap f low  v e l o c i t y  

near the  i n t e r f a c e  v a r i e s  between 0.091 and 0.349 m hr  \  and maximum f low  

r a t e  a t  the i n t e r f a c e  l a g s  th a t  a t  the top o f  the system  by about  4 hr and 

l a g s  minimum w ater  p o t e n t i a l  a t  the  i n t e r f a c e  by about  1.5 hr.

b. S o i l  w ater  f low

V a r i a t i o n s  in r a te  o f  s o i l  w ater  f lo w  can a l s o  be e s t im a te d  from the

model. The f lo w  v e l o c i t y  a t  0.035 m below the s o i l - t r e e  In t e r f a c e  v a r i e s  
-5  - 5 - 1

between 0 .7  X 10 and 12.4 X 10 m hr when the E r ic k so n -C r a w fo r d  k^

v a lu e  and the E v e r e t t  s o i l  param eters  a re  used. Maximum speed in the s o i l

l a g s  maximum speed a t  the top o f  the  stem by about  n in e  hours.  W ith  the

Markstrom -Hann and Y o lo  parameter v a lu e s ,  the c o r re sp o n d in g  l a g  in c r e a s e s  to

about  21 hours and f l u c t u a t i o n s  in  f lo w  v e l o c i t y  a re  s t r o n g l y  damped ( t o t a l
-5  -5  - l .

v a r i a t i o n  i s  between 7 .5  X 10 and 7 .7  X 10 m hr ) .

These r e s u l t s  may be compared w ith  tho se  o f  C o le  (1966),  who s t u d ie d

d iu rn a l*  f l u c t u a t i o n s  in f lo w  r a t e s  36 inches  (0.91 m) below a f o r e s te d

Thompson s i t e  s o i l  in e a r l y  June 1966. On June 14, f lo w  v e l o c i t y  v a r ie d  
-5  -5  - I

between 1.5 X 10 and 4 .8  X 10 m hr Maximum f lo w  ra t e  occurred  a t  

a p p r o x im a te ly  m id n igh t ,  p ro b a b ly  10 to  12 hr a f t e r  maximum f lo w  ra t e  near  

the  base  o f  the  crowns o f  the  t r e e s .  In F ig .  6 we show the e f f e c t  o f  

com b in ing  E v e r e t t  stem and Y o lo  s o i l  pa ram eters .  Under the se  model 

c o n d i t i o n s  maximum f lo w  r a te  o f  8 .0  x 10 ^ m hr  ̂ o c c u r s  a t  m id n igh t .

c. Xylem w ater  p o t e n t i a l

G r a d ie n t s  o f  xylem w ater  p o t e n t i a l  a l s o  depend on parameter e s t im a te s .

The E r i c k s o n -C r a w fo r d  k and the E v e r e t t  s o l i  p aram eters  y i e l d  a maximum ̂ _ 1
p o t e n t i a l  g r a d ie n t  o f  0.12 bar m which n e a r ly  c o i n c i d e s  w ith  maximum flow  

v e l o c i t y  a t  the base  o f  the crown. The c o r re sp o n d in g  r e s u l t  f o r  the M arkstrom -
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Hann and Y o lo  parameter v a lu e s  i s  a maximum xylem p o t e n t i a l  g r a d ie n t  o f  

about  O .36 b a r  m \  o c c u r r i n g  two hours l a t e r  ( F i g s .  7 and 8) .

d . C i r c u m f e r e n t ia l  change

We compare ou r  model r e s u l t s  ( F i g s .  7 and 8) w ith  measurements by Dobbs 

and S c o t t  (1971),  who worked near LaGrande, W ash in gton ,  in 1965» T h e i r  

s tu d y  t re e s  were 17 to  18 m t a l l  and 0.22 to  0.41 m d . b . h . ,  somewhat s m a l l e r  

on the ave rage  than the ly s im e t e r  t re e .  S o i l  c o n d i t i o n s  were g e n e r a l l y  

com parab le  to  th o se  a t  the  Cedar R iv e r  l y s im e te r  s i t e  ( F r l t s c h e n ,  p e r son a l  

com m u n ica t ion ).  A c c o r d i n g l y ,  phase  l a g s  and t o t a l  c i r c u m f e r e n t ia l  change  

sh o u ld  be ro u g h ly  com parable  to  tho se  a t  the ly s im e te r  s i t e .

As a l r e a d y  noted, maximum c i r c u m f e r e n t ia l  change In  the D o b b s -S c o t t  

t re e  " A "  was about  0.11 cm a t  in te rn o d e  13 (counted from the a p e x ) ;  a t  

in te rn o d e  22, the  t o t a l  v a r i a t i o n  was about  h a l f  t h i s  v a lu e .  Phase l a g s  

between maxima a t  the se  two p o s i t i o n s  were g e n e r a l l y  between two and fo u r  

h ou rs .  As may be noted in F i g s .  A and 5, t o t a l  c a l c u l a t e d  c i r c u m f e r e n t ia l  

change near the  top o f  the system  i s  0 .06  to  0.12 cm, a c c o r d in g  to  our  

c h o ic e  o f  param eter v a lu e s .  Near the ground, i t  I s  0.12 to  0 .44  cm, in 

q u a l i t a t i v e  but not  c l o s e  q u a n t i t a t i v e  agreement w ith  the D o b b s - S c o t t  r e s u l t s .

e. Temporary w ater  s t o r a g e

An e s t im a te  can be made o f  the  amount o f  w ater  moving from s t o r a g e  in 

the  inner  ba rk  and sapwood In t o  the t r a n s p i r a t i o n  stream  In the o u te r  

sapwood, based on a c a l c u l a t i o n  o f  t o t a l  inn e r  bark  volume VD ( t )  (c r r r ) :D

H
V g (0 = f Q A ( z , t )  dz (20)

Change in In n e r  bark  volume between t im es  t j  and t 2 , 6V0 = VB ( t 2 ) - VB ( t ^ , 

i s  e q u i v a le n t  to  the  change in w ater  volume o f  w ater  s t o r e d  in the  inner  

bark  d u r in g  t h a t  t im e I n t e r v a l .  S in c e  the t im e r a t e  o f  change o f  w ater  

volume s t o r e d  in the  inn er  sapwood i s  p r o p o r t io n a l  to  th a t  o f  the  inn e r  bark  

( E q u a t io n  6 ) ,  t o t a l  s t o r a g e  change in the  t re e  ove r  the  t im e in t e r v a l  t j  

t 2 i s

<5Vt = (1 + a) 6Vg, (21)

where the  r a d i a l  p e r m e a b i l i t y  a i s  o f  the  o rd e r  o f  u n i t y ,  by a s su m p t io n ,  and

212

©Bundesforschungszentrum für Wald, Wien, download unter www.zobodat.at



where ( t ) (cm ) i s  the  t o t a l  volume o f  w ater  s t o r e d  In the  t re e  a t  t im e t.  

U n fo r t u n a t e ly ,  no d i r e c t  f i e l d  measurements o f  change In volume o f  w ater  

s t o r e d  a re  a v a i l a b l e .  However, a measured t o t a l  c i r c u m f e r e n t ia l  change o f  

10 ^ m In  a t re e  o f  stem d iam eter  0.A0 m and h e ig h t  lA m (Dobbs and S c o t t ,  

1971) c o r re sp o n d s  to  a t o t a l  change In  s t o r a g e  ( In  the  In ne r  bark  and 

sapwood) o f  about  10.6 l i t e r s ,  which  i s  a t  the upper range o f  v a lu e s  p re d ic te d  

5 by u s in g  E quat ion  21 —  about  5 to  10 l i t e r s ,  depend ing on c h o ic e  o f  

parameter v a lu e s  ( F i g .  9 ) .

D ISCUSSION

1. M e c h a n i s t i c  C o n s id e r a t i o n s

The p re se n t  model may be compared w ith  the one su gg e s te d  by W ea ther ley  

(1970) and m o d i f ie d  by J a r v i s  (1975).  W ea ther ley  c o n c e iv e s  o f  a system  (see  

F ig .  10) c o n s i s t i n g  o f  two porous  p o t s  L and R which re p re se n t  crown and 

ro o t  sy stem s.  They a re  f i l l e d  w ith  w ater  and connected by a tube o f  low 

r e s i s t a n c e  th a t  re p r e se n t s  the  t r a n s p i r a t i o n  pathway. W eather ley  c o n n e c t s  a 

s i n g l e  manometer r e p r e s e n t in g  w ater  s t o r a g e  t i s s u e s  to  the  tube. As w ater  

i s  l o s t  from pot  L, t e n s io n  in  the tube i n c r e a se s  and i s  t r a n s m i t t e d  to  the  

manometer, so  t h a t  w ater  l o s t  by L I s  r e p la ce d  from both the tube and the  

manometer. The mercury in the  manometer r i s e s  u n t i l  I t  reaches  some c o n s ta n t

Vtk -

a

F ig. 9. Time v a r ia t io n s  In a va ilab le  

water stored In the Inner bark and 

the Inner sapwood when co n tra stin g  

se ts o f parameters are used. We 

define  a v a ila b le  stored water as 

the volume o f  water which moves out 

o f the storage  areas under conditions  

o f the model experiments, as set 

out In  the text. E ffe c ts  o f  low 

con d u ctiv ity  are exh ib ited  by the

Markstrom-Hann stem and Yolo s o il  -12 2
parameters (kt -  2.80 x 10 m ;

Ds -  7.67 x 10“9 m2 se c "1; k$ -  

2.15 x 10 19 m2). Erickson stem 

and Everett s o il  porameters are k(

-  9.89 x 10 "12 m2; Ds -  1.35 x 1 0 '7 

m2 sec k# ■  6 . 6 7  x 10 19 m2 .

l e v e l  H c o r r e s p o n d in g  to  the  te n s io n  o f  the  w ater  in  the  t r a n s p i r a t i o n  

s tream  when a s te a d y  s t a t e  has been reached. As W ea ther ley  p o i n t s  ou t,
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F i g .  10. Schematic  re p re se n ta t io n  o f  water movement between two 

porous  p o t s ,  L and R, and two s t o ra g e  a reas  and Pot L

(which re p re se n t s  the root  system o f  a p l a n t )  takes  up water from 

i t s  su r ro u n d in g  medium, w hi le  pot R ( re p r e s e n t in g  the crown) g i v e s  

o f f  water to the a i r .  Depending on d i f f e r e n c e s  in water p o te n t ia l  

between p o s i t i o n s  on the tube conn e c t in g  the two po ts  and the 

s t o ra g e  a reas ,  water moves in to  or  out o f  and S^, and mercury 

shaded dark ,  f a l l s  o r  r i s e s .  (M o d i f ie d  from W eather ly  P 9 7 0 H  and 

and Jarv  i s P 9753)•

a c c o r d in g  to  t h i s  model, the re  can be no wave p o t e n t i a l  p a s s in g  downward 

through  the p la n t .

A s l i g h t  m o d i f i c a t i o n  o f  the  W eather ley  model, however, does a l lo w  f o r  

such waves. I f ,  in s te a d  o f  a s i n g l e  manometer, s e v e ra l  a re  a t tac h e d  a t  

d i f f e r e n t  p o s i t i o n s  a lo n g  the t r a n s p i r a t i o n  pathway, a sequence o f  eve n ts  

e n v i sa g e d  by J a r v i s  (1975) w i l l  take  p la c e .  As w ater  i s  l o s t  from L by 

t r a n s p i r a t i o n ,  i t  i s  r ep lace d  by w ater  in the main pathway and by w ater  in  

the  manometer n e a r e s t  L. T en s ion  in both In c r e a s e s  to  some le v e l  g r e a t e r  

than th a t  in  the  next  manometer, which then b e g in s  to  lo se  w ater  to the  

t r a n s p i r a t i o n  pathway.

In our  model, the  e q u a t io n  o f  c o n t i n u i t y  ( i . e . ,  Equ a t ion  7) p ro v id e s  

f o r  w ater  t r a n s f e r  from a c o n t in u o u s  s e t  o f  manometers (the  inn er  bark )  to  

the  sapwood. M oreover,  a s  w ater  i s  w ithdraw n, ba rk  e l a s t i c i t y  g u a ra n te e s  a 

change in w ater  p o t e n t i a l  In the  inn er  bark.  We assume th a t  as w ater  is  

w ithdrawn from the inner  bark ,  t e n s io n  in i t  and in the  sapwood comes in to  

e q u i l i b r i u m  r a th e r  q u i c k l y .  T h i s  i s  in agreement w ith  the view o f  J a r v i s  

( 1975)» who p o in ted  ou t  t h a t  s i n c e  s t o r a g e  t i s s u e s  in the p la n t  a re  f i n i t e  

so u r c e s  o f  w ate r ,  as  w ater  i s  w ithdrawn from them, t h e i r  w ater  p o t e n t i a l  

d e cre a se s  ( e q u i v a l e n t l y ,  t e n s io n  In c r e a s e s )  u n t i l  i t  i s  about  the same as  

th a t  o f  the  main t r a n s p i r a t i o n  pathway.

A c c o r d in g  to  the  p re se n t  model, s t o r a g e  in the stem i s  a p p r e c ia b le :  in

mature D o u g l a s - f i r  5 to  10 l i t e r s  o f  w ater  (the  e x ac t  v a lu e  depend ing  on 

param eter e s t im a t e s )  a re  w ithdrawn from stem s t o r a g e  d u r in g  a summer day. 

T h is  amounts to  a p p ro x im a te ly  10 to  20 p ercen t  o f  t o t a l  w ater  consumption.  

S u b s t a n t i a l  amounts a re  a l s o  s t o r e d  in f o l i a g e  and r o o t s .  The b i o l o g i c a l  

s i g n i f i c a n c e  o f  t h i s  s t o r a g e  seems c l e a r .  The t re e  s u f f e r s  a net  l o s s  o f
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w ater  d u r in g  the day but makes a net g a in  a t  n i g h t .  Water which  I s  taken up 

a t  n i g h t  I s  t e m p o r a r i ly  s t o r e d  In  the  inner  bark ,  the inner  sapwood o f  the  

stem and r o o t s ,  and In the  le a v e s ,  to  be used d u r in g  the f o l l o w i n g  d a y l i g h t  

h ou rs .  In consequence, e x c e s s i v e  p o t e n t i a l  g r a d ie n t s  a re  not  r e q u ire d  to  

su p p ly  w ater  to  the f o l t a g e ,  as would be the c a se  i f  o n ly  w ater  s t o r e d  in  

the  s o i l  c o u ld  be drawn upoh.

The p re se n t  model can be used to  c a l c u l a t e  the consequences o f  the  la c k  

o f  a s t o r a g e  mechanism by a ssu m in g  E -> °° and a -»• 0. Then the re  i s  no change  

In  In ne r  bark  volume and In ne r  sapwood s t o r a g e ,  and the  g o v e r n in g  sy stem  o f  

e q u a t io n s  reduces to  D a r c y ' s  law and the e q u iv a le n t  boundary c o n d i t i o n s :

vQ

~  ■ ■ 0 7  0 ■ cos 2,11 )t t  o

th ro u gh ou t  the  t re e .  In t e g r a t i o n  o f  t h i s  e x p r e s s io n  ove r  the  c l e a r  t runk  

I n t e r v a l  z = 0 to  z = H y i e l d s

H»t (H) -  ipt ( 0 )
UHQ t
r ~ - r —  (1 "  cos 2tt j  ) .  
Kt At  l o

I t  f o l l o w s  t h a t  the minimum v a lu e  o f  the xylem w ater  p o t e n t i a l  below the  

c rown I s

2 HQ

M») = M°) “ r-f "

Now the re  i s  some v a lu e  ip. (H) below which K ( H )  cannot  drop I f  the stomata
tm t

a r e  to  remain open and p h o t o s y n t h e s i s  c o n t in u e .  T h ere fo re ,

* t (H) 1  ^ tm(H) and

k t \
%  - W

which shows c l e a r l y  t h a t ,  In  the  absence  o f  a s t o r a g e  c a p a b i l i t y ,  t o t a l  

d a i l y  w ater  consum ption  Qq  I s  l im i t e d  s t r i c t l y  by a minimum a l lo w a b le  

p o t e n t i a l  g r a d ie n t  In the t re e  (H) -  i|>t (0 ) ] / H .  A s t o r a g e  c a p a b i l i t y
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r e l a x e s  t h i s  r e s t r i c t i o n  and thus  p e rm it s  se v e r a l  hours a d d i t i o n a l  p h o to 

s y n t h e s i s  d u r in g  p e r io d s  o f  p o t e n t i a l  peak w ater  use.

At  t h i s  p o in t  in the d i s c u s s i o n ,  i t  may be noted th a t  the use o f  a form  

o f  H ook e 's  Law in the model d e r i v a t i o n  i s  v a l i d  o n ly  i f  the change in t i s s u e  

w ater  c o n te n t  o f  the  inner  bark  i s  s m a l l .  The s e l f - c o n s i s t e n c y  o f  the model 

can be t e s te d  by u s in g  i t  to  e s t im a te  the app rox im ate  magn itude  o f  such  

change; thus ,

5 V 
Vo

2tt(Rx  + ro ) 6 r A 2 ( R X + ro } fir A fir

l( ftx +  r0T / r- 7 j ( ¿ R  + r  ) r  r  
X  o o  o

p ro v id e d  >>r. In the  p ro to ty p e  t re e  c o n s id e re d  here, Rx = 19 cm, r Q =

0 .4  cm. The p re d ic te d  t o t a l  d a l l y  change in  c ir c u m fe re n c e  i s  2-rr fir =

0.1 cm. T h e re fo re ,  fiV/V = 0.1 / (2-rr) (0 .4 )  = 4 p e rce n t.  E xam inat ion  o f  the  
’ o

t i s s u e  m o is tu re  c h a r a c t e r i s t i c  cu rve  p re se n ted  by H e l l q v l s t  e t  a l .  (1974,  

F ig .  17) s u g g e s t s  t h a t  f o r  changes  in 6V/V o f  l e s s  than 6 p e rce n t ,  the  

r e l a t i o n s h i p  between ip and V/Vq I s  e s s e n t i a l l y  l i n e a r ,  thereby  le n d in g  some 

v a l i d i t y  to the use o f  H ook e 's  law.

2. E f f e c t  o f  U n c e r t a in ty  o f  Param eter E s t im a te s

The r e s u l t s  s e t  f o r t h  In  F i g s .  4 -9  a re  s e n s i t i v e  to  the v a lu e s  o f  the  

c o n s t a n t s  s u b s t i t u t e d  in the  f o rm u la s .  We have a l r e a d y  noted t h a t  the  phase  

l a g s  in  the t re e  v a ry  a p p r e c ia b l y  w ith  s o i l  c h a r a c t e r i s t i c s .  U s in g  the  

v a lu e  o f  Dt  c o r re sp o n d in g  to  the E r i c k s o n -C r a w fo r d  e s t im a te  o f  k t , when we 

change from the E v e r e t t  sandy loam to  the Y o lo  l i g h t  c l a y ,  t ime l a g  in  

c i r c u m f e r e n t i a l  change i n c r e a se s  from 0.65 to  1.89 hour. S in c e  k g and Dg 

i n c r e a s e  w ith  I n c r e a s i n g  s o i l  m o is tu r e  c o n te n t ,  we would expect  phase  l a g s  

to  d e c re a se  a p p r e c ia b l y  w ith  i n c r e a s e s  in s o i l  m o is tu re .

The model r e s u l t s  a re  e s p e c i a l l y  s e n s i t i v e  to  v a r i a t i o n s  in Df , a s  can  

be seen in F ig .  11. depends on wood l o n g i t u d i n a l  p e r m e a b i l i t y  kt> f lo w  

a re a  A t , and inn er  bark  e l a s t i c i t y  E, as  w e l l  a s  on sap  v i s c o s i t y  u, xylem  

r a d iu s  Rx , inner  bark  t h i c k n e s s  r Q , and the r a d i a l  p e r m e a b i l i t y  param eter a .  
In r i n g - p o r o u s  hardwoods, k^ In c r e a s e s  w ith  the number o f  v e s s e l s  per u n i t  

c r o s s - s e c t i o n a l  a re a  o f  c o n d u c t in g  sapwood, and t h i s  may be d i f f e r e n t  in  

r o o t s ,  s tem s, b ranche s,  and the v a s c u l a r  t i s s u e  o f  le a v e s .  In c o n i f e r s ,  

which  la c k  v e s s e l s ,  the re  a re  o f te n  d i f f e r e n c e s  in  annual r i n g  t h i c k n e s s  in
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d i f f e r e n t  p a r t s  o f  the t re e .  S in c e  p e r m e a b i l i t y  d e c re a se s  w ith  sapwood age,  

i t  must be I n v e r s e l y  r e la t e d  to  number o f  annual r i n g s  per c e n t im e te r .  

M oreover,  in any g iv e n  annual r i n g ,  ear lyw ood  I s  more permeable than latewood  

(K oz lo w sk i  e t  a l .  1966). Thus, l o n g i t u d in a l  p e r m e a b i l i t y  may be expected  to

in c r e a s e  w ith  in c r e a s in g  growth r a te .

F ig. 11. Pha»e lag  In stem water

poten tia l between he ights z «* 0 and

z = lA m as functions o f  y  =  (2ir/Dt ) '^ 2 .

Note that phase lag  I s  appreciab ly

greater In the Yolo s o l i  (Ds =

7.67 x lO-9 m2 s e c " ';  k -  2.15 x 
_ i c 2 ^

10 3 m ) than In the Everett _ 7 o
g rav e lly  sand (Ds = 1.35 x 10 m 

sec k£ = 6.67 x 10 ' 9 m2).

Changes In  l o n g i t u d in a l  p e r m e a b i l i t y  a re  not  r e a d i l y  s e p a r a b le  from  

changes In  the m agn itude  o f  f lo w  a rea  A t , s i n c e  I s  d e f in e d  a s  t h a t  zone 

w ith  a p p r e c ia b le  v e r t i c a l  f lo w  and, hence, w ith  a p p r e c ia b le  p e r m e a b i l i t y .

On the o t h e r  hand, kt  a t t a i n s  maximum v a lu e s  tn the young sapwood and d e c re a se s  

toward the c e n te r  o f  the t re e .  A c c o r d i n g l y ,  a ve rag e  p e r m e a b i l i t y  may de cre ase  

w ith  an in c r e a s e  tn assumed f lo w  a re a .  C l e a r l y ,  a c c u r a te  f i e l d  and la b o r a t o r y  

measurements o f  t h e se  q u a n t i t i e s  and v a r i o u s  o th e r  p aram eters  a re  g r e a t l y  to  

be d e s i r e d .

S in c e  our  e s t im a te  o f  E, the inner  bark  modulus o f  e l a s t i c i t y ,  i s  based  

on o n ly  two specim ens taken from a s i n g l e  t re e ,  I t  may not  be " r e p r e s e n t a t i v e . "  

On tha t  t re e ,  we ob se rved  th a t  E v a r i e s  w ith  p o s i t i o n ,  the  phloem o f  younger  

p a r t s  o f  the  main stem be in g  s t l f f e r  (h a v in g  l a r g e r  v a lu e s  o f  E) than tho se  

near the ground. In a d d i t i o n ,  v a r i a t i o n s  in  t h i c k n e s s  and fu r r o w in g  o f  

ou te r  bark  p ro b a b ly  m o d ify  the respon se  o f  the inn er  ba rk  to changes in  

xylem p re s su r e  p o t e n t i a l .
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F i n a l l y ,  the  a s s ig n m e n t  o f  the v a lu e  1.0 to  the r a d i a l  p e r m e a b i l i t y  

parameter a amounts to  l i t t l e  more than a c o n s e r v a t i v e  g u e s s .  L a rge r  

v a lu e s  o f  a reduce Dt , l e a d in g  to  l a r g e r  phase l a g s .  W ith a = 1, the  

c a l c u l a t e d  phase l a g s  in w ater  p o t e n t i a l  v a ry  between extremes o f  0.46 and

2.80 hours,  depend ing  on the e s t im a te s  o f  l o n g i t u d in a l  p e r m e a b i l i t y  kt  and 

the s o i l  param eters  k and Ds> As a l r e a d y  noted, the E r ic k so n -C r a w fo r d  

(1959) e s t im a te  o f  k t> used in c a l c u l a t i n g  the r e s u l t s  shown in F i g s .  5 and 

6, i s  3.58 t im es a s  l a r g e  as the  one o b ta in e d  by Markstrom  and Hann (1972).

( I f  we had used the Markstrom -Hann v a lu e ,  c a l c u la t e d  phase  l a g s  would have 

In c re a se d  from 0.46 to  1.14 hours  on the sandy loam s o i l  and from 1.37 to

2.80  hours on the  l i g h t  c l a y . )  D e s p i t e  the  u n c e r t a in t y  o f  the se v e ra l  

param eter v a lu e s ,  r e a so n a b le  agreement i s  a ch ieve d  between the ory  and  

o b s e r v a t i o n  in the  magn itude  o f  stem phase  l a g s .  The c lo s e n e s s  o f  the  

agreement i s  p a r t l y  f o r t u i t o u s .  N e v e r t h e le s s ,  the  q u a l i t a t i v e  p r e d i c t i o n  o f  

the e x i s t e n c e  o f  " s te m  w ave s"  w ith  t h e i r  a s s o c i a t e d  phase  l a g s  I s  s i g n i f i c a n t .

In some r e s p e c t s  our  the o ry  q u a n t i f i e s  p ro c e s se s  su g g e s te d  by W eather ley  

(1970) and J a r v i s  (1975)* A l th o u g h  corre sp on den ce  between the o ry  and o b s e r v a t io n  

i s  g e n e r a l l y  good, many improvements a re  p o s s i b l e ,  and the f o l l o w i n g  a re a s  

a re  su g g e s te d  f o r  a d d i t i o n a l  s tu d y  o f  the s o i l - s t e m  system : more r e a l i s t i c

r e p r e s e n t a t io n  o f  the  s o i l  component, which in c lu d e s  dependence o f  s o l i

c o n d u c t i v i t y  k and d i f f u s l v i t y  D on m o is tu re  c o n te n t ,  more a c c u r a te
s s

e v a lu a t i o n  o f  an a to m ica l  param eters ,  more r e a l i s t i c  r e p r e s e n t a t io n  o f  movement 

o f  w ater  from s o i l  to  p l a n t ,  and I n c l u s i o n  o f  the p ro c e s se s  which  o c c u r  in  

the crown o f  the  t re e .

SUMMARY

E v id en ce  has been p re se n ted  t h a t  some o f  the  w ater  taken up from the  

s o i l  by t r e e s  i s  shunted to  temporary  s t o r a g e  r e s e r v o i r s  in the  r o o t s ,  

stem s, and le a v e s .  I t  has been shown t h a t  observed  sm a l l  changes in  stem  

d im ens ion  and a s s o c i a t e d  phase  l a g s  can be accounted  f o r  a t  l e a s t  In  p a r t  by 

a the o ry  o f  w ater  t r a n s p o r t  which  in c lu d e s  movement from the  main t r a n s p i r a t i o n  

s tream  in the o u te r  sapwood to  s t o r a g e  zones in the inn e r  bark  and Inner  

sapwood.

Xylem w ate r  p o t e n t i a l  i s  shown to  be governed by a d i f f u s i o n  e q u a t io n ,  

and f lo w  v e l o c i t y  in  the  sapwood i s  p r o p o r t io n a l  to  w ater  p o t e n t i a l  g r a d ie n t  

( D a r c y ' s  law ).  I f  w ater  I s  t r a n s p i r e d  p e r i o d i c a l l y  by the  f o l i a g e  ove r  t ime  

(w ith  maximum r a t e  o f  w ater  l o s s  o c c u r r i n g  a f t e r  midday, f o r  exam ple),
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changes  in xylem w ater  p o t e n t i a l  move down the stem In t r a v e l i n g  waves o f  

f i n i t e  v e l o c i t y .  These l o n g i t u d in a l  waves o f  w ater  p o t e n t i a l  a r e  e x t e r n a l l y  

m a n ife s te d  by time la g s  In  d im e n s io n a l  change In  the stem and by changes in  

v e r t i c a l  w ater  t r a n s p o r t  v e l o c i t y  in both the stem and the s o l i .

Model p r e d i c t i o n s  compare f a v o r a b ly  w ith  da ta  o b ta in e d  on D o u g l a s - f l r  

t re e s  g row ing  In  w estern  W ash ington  S t a te .
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