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The s o i l  and p l an t  f a c t o r s  t h a t  govern mois tu re  supp ly  and . 
a v a i l a b i l i t y  t o  c rops  a r e  of pr imary importance i n  c rop  product ion,  
and s i n c e  t h e  development of a g r i c u l t u r a l  s c i e n c e s  began t h e y  have 
a t t r a c t e d  t h e  i n t e r e s t  of bo th  s o i l  and p l a n t  s c i e n t i s t s ,  The work 
r epo r t ed  is too  volur~linous t o  a l l o w  a  comprehensive review he re ,  
Moreover, t h e  s u b j e c t  has been thoroughly d i scussed  b  Kramer (45, 
pp. 18-72), Ke l l ey  (431, and Richards and l ladle igh (6[, pp. '73-251).
The p r e s e n t  paper r e f e r s  n o t  o n l y  t o  t h e s e  reviews bu t  a l s o  t o  some 
v e r y  r e c e n t  work and t o  s e l e c t e d  publ i shed  informat ion t h a t  i l l u s t r a t e  
t h e  p o i n t s  d i scussed .  

Although s o i l  and p l a n t  s c i e n t i s t s  f o r  many years  a t t r i b u t e d  t h e  
s u p p l y  and a v a i l a b i l i t y  of s o i l  mois ture  t o  p l a n t s  almost  e x c l u s f v @ l y  
t o  s o i l  p r o p e r t i e s ,  we now know t h a t  numerous p l a n t  and c l i m a t i c  f ac -  
t o r s  a r e  a l s o  involved,  In a  broader sense ,  the  supply  of a v a i l a b l e  
mois tu re  t o  p l a n t s  i n  a  s o i l  is the  t o t a l  q u a n t i t y  t h a t  can be 
e x t r a c t e d  from t h e  p r o f i l e  i n  t h e  p l a n t  growth and maturing processes .  
The p l a n t  f a c t o r s  t h a t  a f f e c t  t h e  a v a i l a b l e  mois tu re  supp ly  a r e  ( a )
p l a n t  c o n d i t i o n s  ( i nc lud ing  n u t r i e n t s  p r e s e n t ,  s t a g e  of growth, degree 
of t u r g o r  ), ( b )  roo t ing  h a b i t  ( i nc lud ing  depth  of r o o t i n g ,  degree  of 
r a m i f i c a t i o n ,  and a b s o r p t i v e  a c t i v i t y ) ,  and ( c )  p l a n t  r e s i s t a n c e  t o  
drought ,  C l ima t i c  f a c t o r s  a r e  a i r  t e n p e r a t u r e  and a i r  humidi ty  
( including t h e  e f f e c t  of f a g s  and wind).  S o i l  f a c t o r s  a r e  ( a )  moisture  
t e n s i o n  r e l a t i o n s ,  ( b )  s o i l  s o l u t i o n  osmotic p r e s su re  e f f e c t s ,  ( c )  
lcinds of  ions p r e s e n t  i n  t h e  s o i l  s o l u t i o n ,  ( d )  s o i l  mois tu re  con-
d u c t i v i t y ,  ( e )  s o i l  dep th ,  ( f )  s o i  1 s t r a t i f i c a t i o n ,  inc lud ing  t h e  
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e f f e c t  of hardpans and t e x t u r a l  l aye r ing ,  and (g ) s o i  1  temperature  and 
temperature  g rad i en t s .  In t h i s  paper,  t h e  p l a n t  and c l i m a t i c  f a c t o r s  
a r e  d i s cus sed  v e r y  b r i e f l y ,  and t h e  s o i l  f a c t o r s  t h a t  a f f e c t  a v a i l a b l e  
mois tu re  s t o r a g e  c a p a c i t y  and e f f i c i e n c y  a r e  g iven some a t t e n t i o n .  

P l a n t  Fac to r s  That Af fec t  Ava i l ab l e  Moisture Supply 

The maximum a v a i l a b l e  mois tu re  con ten t  of  any s o i l  w i th  unres-
t r i c t e d  d ra inage  is u s u a l l y  considered t h a t  held  between i t s  s o  c a l l e d  
f i e l d  c a p a c i t y  and i t s  permanent w i l t i n g  percentage.  The f i e l d  capac- 
i t y  is taken  a s  a p o i n t  or narrow range on t h e  time dra inage  curve  of 
a s o i l  where t h e  changes i n  mois tu re  percen tage  occur r ing  a f t e r  thor -  
ough w e t t i n g  wi th  i r r i g a t i o n  or ra inwate r  become v e r y  slow. The so-  
c a l l e d  gravitations l wa te r  t h a t  d r a i n s  away r a p i d l y  a f t e r  a  we1 l-
d ra ined  s o i l  is thoroughly  wet ted is u s u a l l y  cons idered  of l i t t l e  con- 
sequence t o  p l a n t  growth. The permanent t r i l t i n g  percen tage  of a s o i l  
is taken a s  t h a t  mois tu re  con ten t  a t  which p l a n t s  f i r s t  w i l t  wi thout  
recovery  i n  a  humid atmosphere, un l e s s  wate r  is added t o  t h e  s o i l  
(76) .  The upper and lower limits of t h e  a v a i l a b l e  mois tu re  percentage 
range a r e  g e n e r a l l y  considered a s  s o i l  c h a r a c t e r i s t i c s .  I t  should be 
emphasized t h a t  t h e  q u a n t i t y  of a v a i l a b l e  water  t h a t  can be supp l i ed  
depends a l s o  on s e v e r a l  p l a n t  and c l i m a t i c  f a c t o r s ,  Even though most 
p l a n t s  w i l t  or  s t o p  growing a t  about  t h e  same mois tu re  con ten t  of any 
one k ind  of s o i l  i n  which t h e y  a r e  roo t sd ,  t h e  drought  r e s i s t a n c e  of 
p l a n t s  ( 1 ~ 3 )  v a r i e s  widely. Guayule w i l l  wi ths tand  long pe r iods  of 
drought and renew growth when mois tu re  is a g a i n  a v a i l a b l e .  Likewise, 
sorghum can  be sub j ec t ed  t o  cons ide rab l e  mois tu re  s t r e s s  and w i l l  
renew growth. On t h e  o t h e r  hand, such c rops  a s  c e l e r y ,  p o t a t o e s ,  and 
l e t t u c e  a r e  v e r y  s e n s i t i v e  t o  drought.  P l a n t s  p robably  v a r y  over a  
range of s e v e r a l  atmospheres i n  t h e  s u c t i o n  f o r c e  exe r t ed  through t h e  
r o o t s  on t h e  mois tu re  i n  t h e  s o i l  a t  t h e  permanent wilting-tage. 
Fur r  and Reeve ( 2 3 )  found d i f f e r e n c e s  of 9 t o  22 atmospheres osmotic 
p r e s s u r e  i n  t h e  e x t r a c t e d  s a p  of w i l t e d  p l a n t s .  S ince  t h e  t u r g o r  
p r e s s u r e  of t h e  p l a n t  c e l l s  is probably  n e a r  ze ro  a t  w i l t i n g ,  one may 
t a k e  t h e  v a r i a t i o n  g iven  a s  an M c a t i o n  of a  wide range i n  s o i l  mois- 
t u r e  s t r e s s  a t  w i l t i n g  f o r  t he  p l a n t  s t ud i ed .  Richards ,  Campbell, and 
Healton (63) found t h e  s o i l  mois tu re  s t r e s s  f o r  sunf lower  and c o t t o n  
a t  permanent w i l t i n g  on 16 s o i l s  t o  range from 7  t o  43 atmospheres.
The wide change i n  mois ture  s t r e s s  due t o  mois ture  t e n s i o n  a lone  f o r  
most s o i l s  nea r  t h e  w i  l t i n g  percsn tage  is  d i scussed  i n  a l a t e r  sec -  
t i o n .  

P l a n t s  v a r y  cons ide rab ly  i n - r o o t i n g  h a b i t ,  w i t h  regard  t o  both 
dep th  and r a m i f i c a t i o n  (3, 6, 16, 24, 30, 32, 38, 43, 45, 50, 56,  57,  
80). The q u a n t i t i e s  of wate r  t h a t  d i f f e r e n t  c rop  p l a n t s  w i l l  e x t r a c t  
from t h e  same s o i l  p r o f i l e  w i l l  v a r y  wide ly  wi th-  s t a g e  of growth ( 6 5 )  
and kind of  p l a n t .  Although t h e  r o o t  e x t r a c t i o n  p a t t e r n  of maturing 
p l a n t s  depends l a r g e l y  on t h e  kind of p l a n t  (30, 33, 45, 5 6 )  it can 
be modified by such v a r i a b l e s  a s  th ickness  of s t and ,  s o i l  a e r a t i o n ,  

and a  h igh water  t a b l e  (16, 19, 29,. Any f a c t o r  t h a t  w i l l  a f f e c t  t h e  
v i g o r  or  c o n d i t i o n  of a p l a n t  may be expected t o  i n f luence  t h e  ex t rac -
t i o n  of r ~ ~ o i s t u r e  Kramer (46) found t ha t  wilting offrom t h e  s o i l .  



sunflower p l a n t s  reduced t h e  r a t e  of intake when water was again made 
a v a i l a b l e ,  In jury  t o  p lan t  roots  through f looding may reduce absorp- 
t i o n  of water through plugging of conductive t i s s u e  (47) or reduct ion 
of absorpt ive  sur faces ,  Crop management p r a c t i c e s  w i l l  a f f e c t  s o i l  
moisture a v a i l a b i l i t y  t o  t h e  crop t o  be harvested. 3ock and Lowe (67b 
found t h a t  a v a i l a b l e  water s tored  during t h e  summer f o r  f a l l -p lan ted  
wheat may be conserved f o r  t h e  product ion of g ra in  by judicious win- 
t e r  pastur ing.  

Cl imatic  Factors That Influence Moisture Supply 

Ordinar i ly ,  lo s s  of moisture from the s o i l  su r face  i s  considered 
small  in  comparison w i t h  t h a t  t r e n s p i r i n g  from p lan t s  (12, 2 2 ) .  With 
sparse  p lan t  cover and over long periods (36, 37) loss  by evaporation 
may be considerable ,  So i l  evzporation losses  may be increased by 
s o i l - a i r  temperature d i f ferences .  On cold n igh t s  moisture vapor w i l l  
move from warm moist subso i l  layers  and condense in  t h e  colder  s o i l  
su r face ,  where much of it may be l o s t  by evaporation during t h e  day, 
e s p e c i a l l y  i f  t h e  a i r  i s  warm and d ry  and being changed by movement 
over the  s o i l  sur face ,  Likewise, on warm days moisture vapor w i l l  
move from the  sur face ,  where i t  would be a v a i l a b l e  t o  shallow-rooted 
p l a n t s ,  and co~ldense in  t h e  cooler  s u b s ~ i l ,  Gains or  losses  of 
a v a i l a b l e  moisture  due t o  evaporation and condensat ion a r e  considered 
important under c e r t a i n  c l  iiilat i c  condi t ions (7,  27 ). Under conditions 
of high humidity or fog p l a n t s  may a b o r b  considerable  moisture  
through leaf  sur feces  (6 ,  10) and continue t o  grow though the  a v a i l -  
ab le  moisture supply of the  s o i l  is l imited,  On t h e  o ther  hand, 
Henrici  (35) has c i t e d  cases  where p l a n t s  wi l t ed  on hot,  dry,  windy 
days, even though the s o i l  moisture supply was adequate. Likewise, 
p l a n t s  o f t e n  w i l t  during f rees ing  weather, T h i s  has been a t t r i b u t e d  
by Kramer (45, pp, 18-72) t o  damage t o  p lan t  t i s s u e s  and by Bethlahmy 
(4)  t o  high moisture s t r e s s  due t o  f r eez ing  of s o i l .  The e f f e c t  of 
c l imate  on s o i l  moisture supply is f u r t h e r  indicated by the f a c t  t h a t  
the  moisture s to rage  needed t o  produce a good wheat c rop  increases  
w i t h  increasing average d a i l y  summer temperature a s  one moves from 
nor th  t o  south over t h e  wheat b e l t ,  Because of increase in  t ranspi ra-  
t i o n  r a t e  of p l a n t s  w i t h  increase in  a i r  temperature, and hence low-
ered r e l a t i v e  humidity, the water requirement of p l a n t s  increases ,  
In genere l ,  t he  same moisture supply in  North Dakota and Texas w i l l  
produce more plant  d r y  matter in North Dakota. Some s o i l  moisture 
tens ion  and conduct iv i ty  f a c t o r s  modify t h i s  e f f e c t .  

S o i l  Factors That Affect  Moisture A v a i l a b i l i t y  

A s  water is withdrawn from the s o i l  and the moisture content  
progress ive ly  decreases  from f i e l d  capac i ty  t o  the permanent w i l t i n g  
percentage,  t h e r e  is a progressive increase in  the  fo rces  r e s i s t i n g  
withdrawal, r e f e r r e d  t o  a s  s o i l  moisture s t r e s s  (64, 77). S o i l  mois- 
t u r e  s t r e s s  has two components, s o i l  moisture tension and osmotic 
pressure in the  s o i l  so lu t ion .  The moisture tens ion  component v a r i e s  
wi th  the  e f f e c t i v e  curvature of a ir-water  su r faces  in  the s o i l .  For 
most soi ls  t h e  approximate tension at field capacity varies between 
0,2 and 0,s atmosphere, depending on s o i l  tex ture ,~compact ion ,  s t r a t -  
i f i c a t i o n ,  depth of wet t ing,  and o ther  f a c t o r s  (14, 20, 31, 37, 43, 



55, 61, 66, 69).  For most s o i l s  of low s a l t  con ten t  t h e  mois ture  
t e n s i o n  near  t he  permanent w i l t i n g  percentage i s  approximately  15 
atmospheres (58 ) ,  though wide v a r i a t i o n s  w i th  d i f f e r e n t  s o i l - p l a n t  
couples  a r e  ev iden t  ( 6 3 ) .  To understand some of t h e  reasons f o r  
v a r i a t i o n s  wi th  t e n s i o n  f o r  both t h e  Yield c a p a c i t y  and t h e  permanent 
w i l t i n g  pe rcen tace ,  one should cons ide r  some mof s t u r e  t e n s i o n  r e l a -  
t i o n s h i p s  f o r  s o i l s  of d i f f z r e n t  t e x t u r e s ,  

F igure  1  shows mois ture  r e l e a s e  curves  f o r  f o u r  d i f f e r e n t  s o i l  
samples,  Lakeland sand,  Hiwassee sandy loan,  Cornmerce s i l t  loam, and 
Sharkey c lay.  Genera l ly ,  more water  is withdrawn w i t h  t e n s i o n  increase 
a t  low t ens ions  n e a r  f i e l d  c a p a c i t y  than  a s  the  w i l t i n g  range is 
approached. This is e s p e c i a l l y  t r u e  f o r  coa r se  t ex tu red  sandy s o i l s ,  
The sandy s o i l s  l o se  most of t h e i r  a v a i l a b l e  mois ture  below 1  atmos- 
phere t ens ion ,  and s i l t  loam and c l a y ,  below about  4 atmospheres. 

Fig.  1. Volume Percentage Ivioisture f o r  Several  S o i l s  Over 
the  Avai lab le  !~/Ioisture Range from F ie ld  Capaci ty  t o  
Permanent Yli 1t ing Percentage 

Pv, volume percen tage  mois ture;  F. C., f i e l d  capac i ty ,  talcen a s  1/3 
atmosphere; 3.  11. Po, permanent w i l t i n g  ps rcen tage ,  taken a s  1 5  
atmospheres 

There is no evidence of sha rp  breaks or d i s c o n t i n u i t i e s  near  t h e  
approximate f i e l d  c a p a c i t y  or t h e  permanent w i l t i n g  percen tage ,  The 
t ens ion  can change s e v e r a l  atmospheres i n  t he  w i l t i n g  range wi th  l i t -
t l e  change i n  mois ture  con ten t .  

Colman ( 1 4 )  def ined  f i e l d  c a p a c i t y  a s  a po in t  on t h e  s o i l  pro- 
f i l e  d ra inage  curve where t he  r a t e  of mois ture  change is slower than 
e a r l i e r  r a t e s ,  Others  have shown i t  is no t  an equi l ibr lunl  cond i t i on  
(20, 37, 54, 55,  6 6 ,  7 6 ) .  The r a t e  of movement of mois ture  i n  a n  



u n s a t u r a t e d  s o i l  depends on two v a r i a b l e s ,  t h e  d r i v i n g  f o r c e  ( t h e  
h y d r a u l i c  g r a d i e n t )  and t h e  unsa tu r a t ed  c o n d u c t i v i t y  a t  t h e  p a r t i c u l a r  
s o i l  mo i s tu r e  c d n t e n t s  involved (25,  52 ,  71) .  Thus t h e  f i e l d  c a p a c i t y  
c o n d i t i o n  w i l l  de9end on t h e  dep th  of w e t t i n g ,  Somewhat behind a 
w e t t i n g  f r o n t  a f t e r  i r r i g a t i o n  o r  r a i n  c e a s e s ,  t h e  f l o w  r a t e  soon 
becomes s low because t h e  change i n  t e n s i o n  w i t h  d i s t a n c e  is sma l l ,  
Th i s  change p l u s  t h e  e f f e c t  of g r a v i t y  c o n s t i t u t e s  t h e  d r i v i n g  f o r c e ,  
!!ith a g r e a t  dep th  of w e t t i n g ,  t he  f i e l d  c a p a c i t y  may be r e l a t i v e l y  
h i g h  somewhat behind t h e  f r o n t  because t h e  h y d r a u l i c  g r a d i e n t  i s  small, 
On t h e  o t h e r  hand, if t h e  amount of r a i n f a l l  o r  i r r i g a t i o n  is sma l l ,  
t h e  d e p t h  we t t ed  w i l l  be l i m i t e d ,  The mo i s tu r e  soon s p r e a d s  i n t o  t h e  
d r y  s o i l ,  and t h e  w e t t i n g  f r o n t  " f e a t h e r s  ou t , "  Here t h e  s low d r a i n -  
age  c o n d i t i o n  of t h e  f i e l d  c a p a c i t y  is reached because t h e  mo i s tu r e  
c o n d u c t i v i t y  is low a t  t h e  mo i s tu r e  con t en t  i n  t h e  l i m i t e d  dep th  zone 
behind t h e  w e t t i n g  f r o n t ,  In  t h i s  c a s e  t h e  observed f i e l d  c a p a c i t y  
w i l l  be a t  a r e l a t i v e l y  low mo i s tu r e  c o n t e n t .  

The permanent w i l t i n g  pe rcen tage  w i l l  dec r ea se  w i t h  a n  i n c r e a s e  
i n  t h e  s a l t  c o n t e n t  of t h e  s o i l  (2 ,  77, 7 8 ) ,  Thus t h e  range of a v a i l -  
a b l e  m o i s t u r e  d e c r e a s e s  a s  t he  s a l t  c o n t e n t  of t h e  s o i l  i n c r e a s e s ,  
The range i n  t o t a l  mois tu re  s t r e s s  f o r  numerous s o i l - p l a n t  coup les  ha s  
been found u s u a l l y  t o  v a r y  between 9 and 22 atmospheres ( 2 3 ) ,  though 
a c o n s i d e r a b l y  wider  range was found f o r  16 s o i  1s by Richards  and h i s  
co-workers (63). In s a l i n e  s o i l s  t h e  s a l t  c o n c e n t r a t i o n  may i n c r e a s e  
u n t i l  p l a n t s  make l i t t l e  growth o r  f a i l  t o  s u r v i v e  a t  mo i s tu r e  cons  
t e n t s  n e a r  t h c  f i e l d  c a p a c i t y ,  In t h e  humid E a s t ,  s a l i n i t y  i s  u sua l l y  
of l i t t l e  consequence. But s a l t  damage due t o  heavy f e r t i l i z a t i o n  o r  
i r r i g a t i o n  w i t h  wa t e r  from s a l t y  w e l l s  has  been o:,served by t h e  author, 
e s p e c i a l l y  a s  t h e  o t h e r  component of mois tu re  s t r e s s ,  t h e  mo i s tu r e  
t e n s i o n ,  a l s o  ha s  been a l lowed t o  inc rease .  

S o i l  mo i s tu r e  f l ow  r a t e  w i l l  n o t  o n l y  a f f e c t  f i e l d  c a p a c i t y  bu t  
has  some e f f e c t  on t h e  lower s o i l  mois tu re  l i m i t  of e x t r a c t i o n  by 
p l a n t s ,  The permanent w i l t i n g  pe r cen t age  is no t  n e c e s s a r i l y  a t  a 
s t a t i c  e q u i l i b r i u m  p o i n t  between p l a n t  and s o i l  f o r c e s ;  dynamic fo r ce s  
may a l s o  be i l~vo lved .  A t  mo i s tu r e  c o n t e n t s  below t h e  f i e l d  c a p a c i t y  
range ,  w a t e r  movement is o f t e n  v e r y  slow ( 2 5 ) ,  Where a b s o r p t i v e  roots  
a r e  n o t  c o n c e n t r a t e d  i n  a mass of s o i l ,  t h e r e  may be s e v e r a l  atmos- 
phe re s  of p r e s s u r e  d i f f e r e n t i a l  between p l a n t  l eaves  and s o i l  mois- 
t u r e  a few c e n t i m e t e r s  away from abso rb ing  r o o t s  a t  average  permanent 
w i l t i n g  pe r cen t age ,  That i s ,  one may o f t e n  expec t  a mo i s tu r e  c o n t e n t  
and a  m o i s t u r e  p o t e n t i a l  g r a d i e n t  t o  e x i s t  throughout  a  s o i l  mass i n  
which t h e  r o o t s  of t r a n s p i r i n g  p l a n t s  a r e  growing, Breazea le  and h i s  
co-workers ( 9 )  fourid t h a t  tomato p l a n t s  would e x t r a c t  s o i l  magsture  
somewhat below t h e  norna l  l y  observed >ermanent w i l t i n g  pe r cen t age  if 
a i r  a t  90 per  c e n t  r e l a t i v e  humid i ty  was passed through t h e  s o i l ,  I t  
should  be no ted  t h a t  t h e  a i r  in t roduced  was d r i e r  t h a n  t h e  average  
c o n d i t i o n  of l e s s  mobi le  a i r  i n  a  s o i l  a t  t h z  permanent w i l t i n g  pe r -  
c e n t a g e  ( u s u a l l y  cons ide r ed  t o  be above 98 p e r  c e n t  r e l a t i v e  humidity). 
The c i r c u l a t i n g  a i r  p robab ly  f u r n i s h e d  b e t t e r  mo i s tu r e  c o n t a c t  w i th  
t h e  r o o t s  and e r a d i c a t e d  t h e  e f f e c t  of p o t e n t i a l  g r a d i e n t s  i n  t h e  
s o i l .  

Mois ture  c o n d u c t i v i t y  i n  sandy  s o i l s  is h igh  a t  low mo i su t r e  t en -  
s ions  (15, 25,  54, 64) but  v e r y  low a t  i n t e rmed ia t e  and h igh  t en s ions ,  



A t  h igh  t e n s i o n s  i n  sandy s o i l s  t h e  mois ture  f i lms  a r e  mos t ly  a t  t h e  
p o i n t s  of c o n t a c t  between s o i  1  g r n i n s ,  and mois tu re  movement i s  p r in -
c i p a l l y  i n  t h e  vapor s t a t e .  That is why sandy l aye r s  beneath  f i n e r  
t e x t u r e d  s o i l  a c t  a s  mois tu re  b a r r i e r s .  l l a t e r  w i l l  move moderate ly  
f a s t  i n  a  medium t e x t u r e d  s o i l  a t  mediurn t e n s i o n s ,  e s p e c i a l l y  if t h e  
h y d r a u l i c  g r a d i e n t  i s  l a rge .  Before water  can spread  r a p i d l y  a s  
l i q u i d  i n t o  a  sandy l aye r  i n  t he  s o i l ,  i t  must accumulate i n  t h e  ad j a -  
c e n t  s o i  1 u n t i l  t h e  t e n s  ion is somewhat l e s s  than  0.5 atmosphere.
Likewise,  t h e  c o n d u c t i v i t y  of v e r y  loose  s o i l  a t  h ighe r  t e n s i o n s  is 
l e s s  t han  t h a t  of moderate ly  compact s o i l .  The popular  n o t i o n  t h a t  
r a p i d  wa te r  movement i n  s o i l s  is through worm h o l e s ,  craclcs, and chan- 
n e l s  does n o t  hold f o r  normal spread ing  of mois tu re  i n  wel l -d ra ined  
s o i l s ,  This may ue t r u e  f o r  v e r y  tret s o i l s  w i t h  h igh  wate r  t a b l e s  
(151, bu t  i n  wel l -d ra ined  s o i l s ,  except  f o r  a l lowing the  escape of 
ent rapped a i r ,  numerous l a r g e  channels  may r e t a r d  r a t h e r  t han  f a c i l i -  
t a t e  t he  sp read ing  of mois ture .  

Very f i n e  t e x t u r e d  s o i l ,  o r  v e r y  compact o r  f rozen  s o i l  l a y e r s  
( 1 7 ) ,  w i l l  impede mois tu re  movement and a f f e c t  t h e  a v a i l a b l e  mois tu re  
s u p p l y  i n  t h e  s o i l ,  One may expect  t h e  t ens ion  g rad i en t  away from 
absorbing r o o t s  t o  be h igher  a s  p l a n t s  approach w i l t i n g  i n  v e r y  f i n e  
or  v e r y  coa r se  t e x t u r e d  s o i l s  than  i n  s o i l s  of in te rmedia te  t e x t u r e  
and s t r u c t u r e .  I t  is  noteworthy t h a t  Richards ( 6 1 )  found t h e  mois tu re  
s o r p t i o n  by a  d r y  s o i l  t o  be slower than t h e  d e s o r p t i o n  ( o r  d r y i n g )  
p rocess  f o r  the  same hydrau l i c  g r ad i en t .  This ,  i n  p a r t ,  accounts  f o r  
t h e  h igh  t e n s i o n  g rad i en t  a t  a  w e t t i n g  f r o n t .  

9oo t ing  dep th  and mo i s tu re  s t o r a e e  a r e  o f t e n  l i m i t e d  by s o i l  
depth .  Although the  l a y e r  of rock beneath a sha l low s o i l  may be per-  
meable enough t o  d r a i n  away excess  wa te r ,  r oo t ing  beyond t h e  s o i l  is 
l i m i t e d  t o  c r acks  and f i s s u r e s  i n  t h e  rock.  Likewise, r o o t i n g  dep th  
and a v a i l a b l e  mois tu re  supply  may be l i m i t e d  when t h e  wate r  t a b l e  
f l u c t u a t e s  p e r i o d i c a l l y  between a  l e v e l  of a few f e e t  below t h e  su r -  
f a c e  and somewhat g r e a t e r  dep ths .  Condi t ions  i n  t h e  Leon p r a i r i e  
s o i l s  of F lo r ida  v a r y  s e a s o n a l l y  between too  wet and t o o  d r y  f o r  
c i t r u s ,  even though adequate  f r o s t  p r o t e c t i o n  may be provided by ad ja- 
c e n t  bod ies  of wate r .  

The k inds  of ions p r e s e n t  i n  t h e  s o i l  s o l u t i o n  and absorbed on 
t h e  s o i l  c o l l o i d s  may be t o x i c  and s o  l i m i t  p l a n t  growth, Some may 
a f f e c t  mois tu re  movement and t e n s  ion r e  l a t  ionship  by caus ing  d i s p e r -  
s i o n  and swe l l i ng  of t h e  s o i l  c o l l o i d s .  

S o i l  temperature  is of  consequence because i t  w i l l  a f f e c t  bo th  
t h e  growth v i g o r  of t h e  p l a n t  and t h e  s o i l  mois tu re  t e n s i o n  r e l a t i o n -  
s h i p s ,  Richards and Weaver ( 6 2 )  found t h a t  a s  t h e  temperature  is  low-
e red ,  s o i l s  g e n e r a l l y  r a t a i n  more water  both  a t  1/3 atmosphere and a t  
15 atmospheres t e n s  ion. But the  d i f f e r e n c e  or  approximate a v a i l a b l e  
mois tu re  quanki t y  d id  no t  c o n s i s t e n t l y  i nc rea se  o r  dec rease  w i t h  tem- 
p e r a t u r e  f o r  ~ f l es o i 1s s t u d i e d .  One would expect  mois tu re  conduct iv-  
i t y  t o  be incr -ased  w i t h  temperature  and t o  a f f e c t  mois tu re  e x t r a c t i o n  
t o  some degree.  Temperature g r a d i e n t s  w i l l  a f f e c t  mois ture  supp l i e s .  
A s  no ted  i n  t 9 e  s e c t i o n  on c l i m a t i c  f a c t o r s ,  mois ture  w i l l  move in  t h e  
vapor s t a t e  f r o m  warm s o i l  l a y e r s  and condense i n  c o o l e r  zones (27). 



Clea r ly ,  a v a i l a b l e  mois ture  supply  is no t  e q u a l l y  a v a i l a b l e  t o  
p l a n t s  over t h e  range from f i e l d  c a p a c i t y  t o  permanent w i l t i n g  per- 
cen tage  though some few s c i e n t i s t s  p e r s i s t s  i n  ho ld ing  t o  t h i s  view 
(34,  761. From t e n s i o n  and c o n d u c t i v i t y  cons ide ra t ions  a l r e a d y  d i s -  
cussed and from t h e  volume o f  accumulated evidence (1,  2, 3, 5, 11 
16, 23, 20, 33, 39, 40, 41,  43, 45, 53, 56, 70, 72, 73, 74, 75; 771, 
it is c l e a r  t h a t  t h i s  view is untenable ,  A s  one should expect ,  mois-
t u r e  a v a i l a b i l i t y  and p l a n t  growth decrease  p r o g r e s s i v e l y  a s  t h e  w i l t -  
ing range is  approached, Ava i l ab l e  mois ture  supply is no t  e n t i r e l y  a  
s o i l  p roper ty .  I t  is no t  a r e s e r v o i r  t h a t  holds  J u s t  s o  much and no 
more. And no t  a l l  of i t  i s  e q u a l l y  a v a i l a b l e  t o  t h e  p l a n t  u n t i l  i t  is 
exhausted. Ke l l ey  (43)  d i scussed  reasons  why some workers have been 
misled t o  be l i eve  i n  t h e  equal  a v a i l a b i l i t y  theory.  Foremost among 
t h e  reasons  he gave was t h a t  coa r se  t ex tu red  s o i l s  hold most of t h e i r  
a v a i l a b l e  wate r  a t  t ens ions  below 1  atmosphere, h e r :  f o r  medium t ex -  
t u red  s o i l  t h e  g r e a t e r  p o r t i o n  of t h e  a v a i l a b l e  mois ture  supp ly  is  
exhausted a t  t ens ions  below 4 atmospheres, Hence, p l a n t s  growing on 
such s o i l s  w i l l  be under s t r e s s e s  above 1  t o  4 atmospheres o n l y  about  
10 t o  20 per  c e n t  of t h e  time. The e f f e c t  of t ens ion  on a v a i l a b i l i t y  
can be s t u d i e d  b e t t e r  on f i n e r  t ex tu red  soi l ' s  t h a t  hold a f a i r  por t ion  
of t h e i r  a v a i l a b l e  mois ture  near  t h e  w i l t i n g  percentage.  

Although growth response of p l a n t s  g e n e r a l l y  decreases  a s  t h e  
w i l t i n g  p o i n t  i s  approached, product ion of f r u i t s ,  seeds ,  or  o t h e r  
harves ted  p a r t s  may be increased by high r a t h e r  t han  low mois ture  
s t r e s s .  According t o  Wadleigh and Richards ( 7 9 ) ,  some p l a n t s  make a  
phys io log ica l  growth response t o  low mois ture  s t r e s s  but f a i l  t o  pro- 
v ide  a corresponding economic r e t u r n ,  F r u i t s  of b e t t e r  e a t i n g  o r  
keeping q u a l i t i e s  may o f t e n  be produced a t  h igh rnoiseure s t r e s s  than  
a t  low mois ture  s t r e s s ,  Rubber product ion by guayule is h ighes t  when 
t h e  s o i l  mois ture  s t r e s s  approaches t h e  permanent w i l t i n g  range,  
though v e g e t a t i v e  growth is g r e a t e s t  when t h e  mois ture  s t r e s s  is kept  
low by f r equen t  i r r i g a t i o n s .  

D i f f e r ences  i n  a v a i l a b i l i t y  of mois ture  t o  p l a n t s  w i t h  change 
in  t ens ion  have some i n t e r e s t i n g  a p p l i c a t i o n s  t o  c rop  production.  
Lehane and S t a p l e  (50, 70 )  have compared wheat p r o d u c t i o n  on sandy 
loams and c l a y  loams of about  equal  a v a i l a b l e  mois ture  supply.  Wheat 
growing on coa r se  t e x t u r e d  s o i l  w i l l  grow r a p i d l y  and s t o o l  e a r l y  i n  
i ts  l i f e  c y c l e  t o  exhaust  r a p i d l y  t h e  mois ture  supp ly  held  a t  low ten-  
s i o n ,  l eav ing  l i t t l e  f o r  t h e  maturing processes  of heading and f i l -
l i ng .  tdhsat grown on f i n e r  t ex tu red  s o i l  w i l l  n o t  grow s o  v igo rous ly  
a t  f i r s t ,  but  good mois ture  r e se rves  w i l l  be l e f t  f o r  t h e  maturing 
processes .  Seed product  ion of some o the r  c rops  is favored by mois ture  
supp l i ed  du r ing  the  maturing s t a g e  a t  r e l a t i v e l y  high t ens ion .  The 
type and t h e  q u a l i t y  of p l a n t s  produced a r e  influenced by s o i l  mois- 
t u r e  t e n s i o n  ( l l ) ,  and whether a  low o r  high t ens ion  f a v o r s  seed pro- 
duc t ion  w i l l  depend on t h e  kind of p l a n t  (33) .  

Fac to r s  That Af fec t  Avai lab le  Moisture S torage  Capac i ty  

Severa l  p l a n t ,  c l i m a t i c ,  and s o i l  f a c t o r s  t h a t  a f f e c t  t h e  a v a i l -  
a b l e  mois ture  supp ly  have been discussed.  Among t h e s e  were r o o t i n g  
h a b i t s ,  p l a n t  v igo r ,  s t a g e s  of growth, s o i l  dep th ,  and depth of wet- 
t i n g .  Because of mis leading s ta tements  regard ing  t h e  b e n e f i t s  of 

. . 



organic  matter  and s o i l  aggregation t o  a v a i l a b l e  moisture s torage  
capac i ty ,  t h i s  subJec t  must be given some a t t e n t i o n  here. Some of t h e  
erroneous ideas regarding a v a i l a b l e  moisture capac i ty  a rose  from con- 
f u s  ion of t h e  e a r l y  term "water-hold ing capaci ty"  with "avai l a b l e  
water capacity." The e a r l y  method f o r  determining the  former con-
s i s t e d  i n  s a t u r a t i n g  a  corz and a l l ~ w i n g  i t  t o  d ra in ,  then measuring 
the  moisture re ta ined  by the sampler Since t h e  sample was no more 
than 2 O r  3 inches high the value obtained came c l o s e  t o  the  t o t a l  
pore space and included the  l a rge r  pores t h a t  a r e  genera l ly  a i r - f  illed. 
Jamison (@) showed t h a t ,  except f o r  sandy s o i l s ,  organic matter 
increases  did not increase the capac i ty  of a s o i l  t o  s t o r e  a v a i l a b l e  
water.  Much of the water s to red  in  organic ma te r i a l s  is held in  the  
tens ion  range above wi l t ing .  Also, t h e  amount held per u n i t  volume 
is not s o  g r e a t  a s  weight percentage values tmuld indica te .  Even the  
increase in  a v a i l a b l e  moisture s torage  in sandy s o i l s  is s o  small in 

TABLE I 


Availabe moisture s torage  and a i r  c a p a c i t i e s  of s o i l s  
samples varying widely in  t ex tu re  

So i l  Type Avai lab le  A i r  Capacity
Hoisture  C a p a c i t p  

m l a / l O O  m l .  m1*/100 m l ,  

Lake land sand 
Hiwassee sandy loam 
Commerce s i l t  loam 
Sharkey Clay 
Lloyd c l a y  

* Based on moisture r e l ease  between 1/3 and 1s  atmosphere t ens  ions. 

r e l a t i o n  t o  amount of organic matter  increase a s  t o  be of no practical 
value--at l e a s t  f o r  i ts  e f f e c t  on t h i s  one property.  Any small ben- 
ef i t  rnay be more than o f f s e t  by decreases in  w e t t a b i l i t y .  

IJIater ia 1s t h a t  br ing about s t r u c t u r a l  improvement increase a i r  
capac i ty  but seem t o  have l i t t l e  o r  no bznef ic ia l  e f f e c t  on a v a i l a b l e  
moisture s to rage  capac i ty ,  a s  shown by Jarnison (42) and P e t e r s ,  
Hagan, and aodrnan (591. 

Soi 1s of intermediate  and f i n e  tex ture  have l a r g e r  "avai lab le  
moisture s to rage  capacitiesi1 than coarse textured s o i l s  ( f i g .  1  and 
t a b l e  1 ) .  Dispersed c l a y s  or  c l a y  loams usua l ly  r e l ease  about a s  
much 'lava i l a b l e  moisturets  between t h e  1/3 and 1 s  atmosphere tens  ion 
po in t s  a s  do s i l t  loams, b u t  t h e  l a t t e r  can be expected t o  supply 
moisture t o  p lant  roots  more r e a d i l y  because of b e t t e r  a e r a t i o n  and 
moisture  conduc t iv i ty  a t  low moisture t ens ions ,  A s i l t y  c l a y  loam 



may s t o r e  a  sma l l e r  q u a n t i t y  of a v a i l a b l e  mois ture ,  a s  based on the  
accep ted  t e n s i o n  l i m i t s  of a v a i l a b i l i t y ,  than  w i l l  a s i l t  loam, s i n c e  
t h e  voids  t h a t  would s t o r e  a v a i l a b l e  water  i n  a  s i l t  loam would be 
p a r t l y  f i l l e d  w i th  c l a y  p a r t i c l e s  in  a s i l t y  c l a y  loam. Aggregation 
and s t r u c t u r e  development in  s o i l s  w i l l  i nc rease  t h e  volume of l a r g e  
pores  and improve a e r a t i o n  but w i l l  reduce t h e  volume of pores  t h a t  
s t o r e  mois ture  (42) .  Because of t h e  improved environment, however, 
r o o t s  may extend i n t o  and more complete ly  ramify a l a r g e r  s o i l  volume, 
w i t h  t h e  r e s u l t  t h a t  e f f e c t i v e  s o i l  improvenlent may inc rease  the over-
a l l  a v a i l a b l e  mois ture  supply  f o r  t h e  crop,  Puddling of c l a y  s o i l s  
w i l l  change the  mois ture  t e n s i o n  c h a r a c t e r i s t i c s  (13, 58) and may 
ap  e a r  t o  i nc rease  t h e  a v a i l a b l e  mois ture  s t o r a g e  a s  measured between 
1 3?'and 15 atmospheres t ens ion  (42) .  dut  because of poor a e f a t i o n  i n  
a puddled s o i l ,  t h e  r o o t s  of  most c rop  p l a n t s  f a i l  t o  extend i n t o  and 
withdraw t h e  wate r  from t h e  s o i l  mass even thoush t h e  mois ture  t ens ion  
is low. 

Soi 1  compact ion w i  11 a f f e c t  ava i  l a b l e  mois ture  s t o r a g e  c a p a c i t y ,  
A t  f i e l d  c a p a c i t y  v e r y  loose  s o i l ;  have high a i r  con ten t  but  r e l a*  
t i v e l ~low s t o r a g e *  Moderate compaction w i  11 inc rease  

INCUBATED, NOT DRIED 

NOT INCUBATED 

BULK DENS.~TY 


Fig. 2. 	 Volume Percentage I h i s t u r e  (Pv)  A t  l/3 Atmosphere 
IJfoisture Tension f o r  B r i q u e t t e s  of Commerce S i l t  Loam 
Brought t o  Varying Bulk Dens i t i e s  and Subjected t o  
Various Treatinents Including Incubat  ion and Drying. 

A l l  samples were soaked 12 hours before  s u b j e c t i o n  t o  1/3 
atmosphere f o r  24 hours on a  ceramic p r e s s u r e  p l a t e  

ava i  l a b l e  mois ture  s t o r a g e  c a p a c i t y  a s  we l l  a s  unsa tura ted  conduct iv-
i t y  i n  t h e  a v a i l a b l e  mois ture  range f o r  most s o i l s .  S o i l  d i s tu rbance  
may increase t h e  mois ture  t h a t  a s o i l  will hold between t h e  1 / 3  and 



15 atmosphere po in t s .  The au thor  found t h a t  s o i l  b r i q u e t t e s  allowed 
t o  incubate  a t  low t e n s i o n  and room temperature  f o r  s e v e r a l  weeks and 
then d r i e d  would hold l e s s  water  a t  1/3 atmosphere a f t e r  being wet ted 
than  if undried o r  f r e s h l y  compacted t o  t h e  same bulk dens i ty .  The 
e f f e c t s  of compaction, d i s tu rbance ,  and incubat ion and d ry ing  on t h e  
1/3 atmosphere mois ture  a r e  shown i n  f i g u r e  2. Plowing and t i l l i n g  
t h e  s o i l  may have o the r  b e n e f i t s  than  those  u s u a l l y  given. 

S o i l s  r e a c t  d i f f e r e n t l y  t o  we t t i ng  and t o  dry ing ,  d i f f e r e n t  mois- 
t u r e  conten ts  being held  a t  t he  same t e n s i o n s  f o r  t h e  two processes  
(64,  pp, 73-251). This phenomenon has been r e f e r r e d  t o  a s  h y s t e r e s i s .  
Thus t h e  degree  of v e t t i n g ,  a s  wel l  a s  t h e  we t t i ng  depth, before  dry- 
ing proceeds may a f f e c t  the  mois ture  s t o r e d  a t  f i e l d  capac i ty ,  
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Storage e f f i c i e n c y ,  or  the p ropor t ion  of mois ture  f a l l i n g  on t h e  
s o i l  s u r f a c e  t h a t  w i l l  e n t e r  the s u r f a c e  and be s t o r e d  i n  t h e  s o i l ,  
w i l l  depend no t  o n l y  on f a c t o r s  t h a t  a f f e c t  a v a i l a b l e  mois ture  capac- 
i t y  but  a l s o  on p l a n t  i n t e r c e p t i o n ,  s o i l  s u r f a c e  cover ,  s o i l  s u r f a c e  
s t r u c t u r a l  s t a b i l i t y ,  and presence of r e s t r i c t i n g  l a y e r s  near  t h e  sur-
f ace .  Hoover and h i s  co-workers (38) found t h a t  i n  a  l o b l o l l y  pine  
f o r e s t  o n l y  86 p e r  c e n t  of the  r a i n f a l l  reached t h e  s o i l  s u r f a c e  and, 
of t h i s ,  2 0  p e r  c e n t  flowed down t r e e  t runks .  The p re sen t  au tho r  
b e l i e v e s  t h a t  t h e  d ry  s o i l  bodies he observed under c i t r u s  t r e s s  i n  
sandy s o i l s  of F lo r ida  were p a r t l y  due t o  r a i n f a l l  i n t e r c e p t  ion by the 
t r e e s .  On t h e  o t h e r  hand, grass  sods o r  mulches e n e r a l l y  i nc rease  
e f f i c i e n c y  through decreas ing  runoff .  Kenworthy 7& )  found t h a t  a f t e r  
s e v e r a l  years  i n  sod the  a v a i l a b l e  mois ture  supp ly  i n  t h e  roo t  zone 
averaged b e t t e r  than i n  p l o t s  t h a t  were c l ean -cu l t i va t ed .  He recom-
mended t h e  use of mulches because t h e  g r a s s  would compete wi th  t h e  
t r e e s  f o r  s o i l  mois ture .  Goodman ( 2 6 )  P i l l s b u r y  and Richards (601, 
Duley ( I s ) ,  and Fishbach and Duley (21)  emphasized t h e  importance of  
t h e  s o i l  s u r f a c e  t o  wate r  in take.  Fishbach and Duley found t h a t ,  i f  
a s t r a w  mulch p r o t e c t e d  t h e  s o i l  s u r f a c e  f r o n  s e a l i n g  t h e  c laypans  i n  
s e v e r a l  Nebraska s o i  1s did  no t  a p p r e c i a b l y  r e t a r d  downward movement 
of i r r i g a t i o n  wate r ,  But the  presence of very dense,  compact o r  f r o -  
%en l a y e r s  near  t h e  s u r f a c e  ( 1 7 )  will cause water  l o s s  and e r o s i o n  
from mel t ing  snow o r  heavy r a i n f a l l ,  I t  should be emphasized he re  
t h a t  even though t r ea tmen t s  t h a t  increase  a i r  poros i t y  and s t r u c t u r a l  
s t a b i l i t y  f a i l  t o  b e n e f i t  the a v a i l a b l e  mois ture  s t o r a g e  c a p a c i t y ,  if 
app l i ed  t o  t h e  s o i l  s u r f a c e  l a y e r s  they  inay be expected t o  improve 
wate r  i n t a k e  and inc rease  s t o r a g e  e f f i c i e n c y .  

Publ ished informat ion is c i t e d  t o  show t h a t  a v a i l a b l e  s o i l  mois- 
t u r e  supp ly  depends on p l a n t  and c l i m a t i c  f a c t o r s  a s  we l l  a s  s o i 1 fac-
t o r s .  P l a n t  f a c t o r s  a r e  drought r e s i s t a n c e ,  roo t ing  dep th  and ramifi- 
c a t i o n ,  p l a n t  v igo r ,  and growth s t age .  C l ima t i c  f a c t o r s  a r e  evapora-
t i o n  and t r a n s p i r a t i o n  lo s se s  a s  influenced by a i r  temperzture ,  a i r  
humidity,  fog ,  wind, and s u n l i g h t .  S o i l  f a c t o r s  t h a t  a f f e c t  ava i lab le  
moisture supp ly  a r e  moisture tension relationships and osmotic 



p r e s s u r e  of t h e  s o i l  s o l u t i o n s  ( t h e  two combined g i v i n g  t h e  t o t a l  s o i l  
mo i s tu r e  s t r e s s ) ;  ions  p r e s e n t  i n  t h e  s o i l  s o l u t i o n  and absorbed on 
t h e  c o l l o i d s ;  and s o l  1 mo i s tu r e  c o n d u c t i v i t y  r e l a t i o n s h i p s ,  i nc lud ing  
t h e  e f f e c t  of w e t t i n g  dep th ,  s o i  1 t e : i~pe ra tu r e ,  and t empera tu re  gra-
d i e n t s ,  The a v a i l a b l e  mois tu re  s t o r a g e  c a p a c i t y .  is usua 1  l y  reduced 
by s t r u c t u r a l  changes t h a t  dec r ea se  bulk densf  t y ,  i nc lud ing  t h e  e f f e c t  
of o r g a n i c  m a t t e r  i n c r e a s e s  ( excep t  f o r  sandy  s o i l s ) .  S to rage  capac-  
i t y  of a s o i l  t h a t  has  remained i n  an  und i s tu rbed  s t a t e  f o r  some t ime 
is u s u a l l y  i nc r ea sed  by t i l l a g e  if t h e  s o i l  is r e ~ a c k e d  t o  abou t  t h e  
same bu lk  d e n s i t y .  S o i l  b r i q u e t t e s  incubated  and d r i e d  and t hen  
r ewe t t ed  f a i l e d  t o  r e t a i n  a s  much wa t e r  a t  t h e  1/3 atmosphere t e n s i o n  
a s  d i d  s i m i l a r  samples undr ied  o r  f r e s h l y  compacted t o  t h e  same bulk  
d e n s i t y .  There may be o t h e r  b e n e f i t s  from plowing and t i l l i n g  t h e  
s o i l  t h a n  t h o s e  u s u a l l y  given.  The importance of s o i l  s u r f a c e  condi-  
t ion ,  i nc l ud ing  s t r u c t u r a l  s t a b i l i t y ,  i n  s t o r a g e  e f f i c i e n c y  of  r a i n -  
f a l l  and i r r i g a t i o n  wa te r  is emphasized. 
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