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ROOTING DEPTHS OF PLANTS RELATIVE TO BIOLOGICAL AND ENVIRONMENTAL FACTORS

by

T e r a l e n e  S.  Foxx,  Gai l  D. T i e r n e y ,  and J o e l  M. W i l l i a m s

ABSTRACT

In 1981-1982 an e x t e n s i v e  b i b l i o g r a p h i c  s tu d y  was 
c o m p le te d  t o  document  r o o t i n g  d e p t h s  o f  n a t i v e  p l a n t s  In 
t h e  U n i t ed  S t a t e s .  The d a t a  b a se  p r e s e n t l y  c o n t a i n s  1034 
c i t a t i o n s  w i th  a p p r o x i m a t e l y  12 000 d a t a  e l e m e n t s .  In 
t h i s  p a p e r  t h e  d a t a  were a n a l y z e d  f o r  r o o t i n g  d e p t h s  a s  
r e l a t e d  t o  l i f e  fo rm,  s o i l  t y p e ,  g e o g r a p h i c a l  r e g i o n ,  
r o o t  t y p e ,  f a m i l y ,  r o o t  d e p th  t o  s h o o t  h e i g h t  r a t i o s ,  and 
r o o t  d e p th  t o  r o o t  l a t e r a l  r a t i o s .  Average  r o o t i n g  dep th  
and r o o t i n g  f r e q u e n c i e s  were d e t e r m i n e d  and r e l a t e d  t o  
p r e s e n t  l o w - l e v e l  w a s t e  s i t e  m a i n t e n a n c e .

I .  INTRODUCTION

In r e c e n t  y e a r s ,  t h e  e x t e n t  t o  which v a s c u l a r  p l a n t s  p e r t u r b  o r  s t a b i l ­
i z e  s h a l l o w  l a n d  b u r i a l  (SLB) s i t e s  o r  m i l l  t a i l i n g  s i t e s  has become o f  I n ­
t e r e s t .  To meet  p r o p o se d  E nv i ronm e n ta l  P r o t e c t i o n  Agency ( F e d e r a l  R e g i s t e r  
1981,  p e r f o r m a n c e  s t a n d a r d s  on l o w - l e v e l  w a s t e  (LLW) s i t e s ,  s i t e  p e r s o n n e l  
must  make an e f f o r t  t o  r e d u c e  I n f i l t r a t i o n  o f  w a t e r  t h ro u g h  t h e  t r e n c h  c o v e r  
and I n t r u s i o n  o f  r o o t s  I n t o  w a s t e .  Management o f  such s i t e s  r e q u i r e s  
r e c o g n i t i o n  o f  t h e  complex I n t e r a c t i o n  between  p h y s i c a l ,  c h e m i c a l ,  and 
b i o l o g i c a l  p r o c e s s e s  o c c u r r i n g  a t  t h e  s i t e .

P l a n t  c o v e r  and h y d r o l o g i c a l  I n t e r a c t i o n s ,  however ,  a r e  h i g h l y  v a r i a b l e  
t h r o u g h  t im e ;  a l l  p o s s i b l e  changes  c a n n o t  be measured  In t h e  f i e l d .  T h e r e ­
f o r e ,  m a t h e m a t ic a l  models  such a s  CREAMS (C h e m ic a l ,  R u n o f f ,  and E r o s io n  from 
A g r i c u l t u r a l  Management Sys tem s)  ho ld  p rom ise  In t h e  p r e d i c t i o n  o f  chemica l  
t r a n s p o r t ,  r u n o f f ,  e r o s i o n .  I n f i l t r a t i o n ,  e v a p o r a t i o n ,  t r a n s p i r a t i o n ,  and 
s o i l  m o i s t u r e  In  t r e n c h  c o v e r s  under  a v a r i e t y  o f  c o n d i t i o n s  (K n ise l  1980) .  
In a d d i t i o n ,  models  such as  BIOTRAN ( B i o l o g i c a l  T r a n s p o r t )  can be used  to  
p r e d i c t  growth and u p tak e  o f  r a d i o n u c l i d e s  by p l a n t s  and a l s o  t r a n s p o r t
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t h ro u g h  t h e  food  c h a in  ( G a l l e g o s  e t  a l . 1983,  G a l l e g o s  e t  a l . 1 9 8 0 ) .  Some 
p a r a m e t e r s ,  i n c l u d i n g  r o o t i n g  e c o lo g y  o f  n a t i v e  s p e c i e s ,  have n o t  y e t  been 
f u l l y  d e f i n e d  f o r  e i t h e r  model .  For  t h i s  r e a s o n ,  an e x t e n s i v e  l i t e r a t u r e  
r ev iew  o f  r o o t i n g  d e p t h s  and r o o t i n g  e c o lo g y  o f  v a s c u l a r  p l a n t s  w i th  emphas i s  
on n a t i v e  p l a n t s  was done .  T h i s  i n f o r m a t i o n  was e n t e r e d  i n t o  a d a t a  base  to  
o b t a i n  i n f o r m a t i o n  on r o o t i n g  d e p th s  as  r e l a t e d  t o  f a m i l y ,  s p e c i e s ,  l i f e  
fo rm ,  s o i l s ,  r o o t  t y p e ,  and g e o g r a p h i c a l  and c l i m a t i c  r e g i o n .

A. P l a n t s  and T rench  Cover  Design

In th e  d e s i g n i n g  o f  t r e n c h  c o v e r s  f o r  LLW s i t e s ,  p l a n t s  a r e  i m p o r t a n t  
f o r  two r e a s o n s :

•  t h e  need t o  p r e v e n t  i n t r u s i o n  o f  r o o t s  t h ro u g h  th e  o v e r b u r d e n ,  and
•  t h e  need t o  p r e v e n t  seepage  o r  p e r c o l a t i o n  below t h e  t r e n c h  c o v e r ,  

and s u r f a c e  r u n o f f .

1 .  Root  I n t r u s i o n . I d e a l l y ,  t h e  t r e n c h  c o v e r  d e s ig n  s h o u ld  p r e c l u d e  
t h e  p o s s i b l e  u p t a k e  o f  c o n ta m in a n t s  by p l a n t s  by o p t i m i z i n g  th e  t y p e  and 
de p th  o f  s o i l  and t h e  p l a n t  s p e c i e s  ( o r  community)  used  in  r e v e g e t a t i o n .  I t
has  been e s t a b l i s h e d  t h a t  p l a n t s  can be i n v o l v e d  in  r a d i o n u c l i d e  u p take
(Hakonson e t  a l .  1981,  Romney and Davis  1972,  S h a r i t z  e t  a l .  1975,  B iddo lph  
e t  a l .  1960) and t h e r e f o r e  p r o v i d e  a pathway f o r  r a d i o n u c l i d e s  t o  m i g r a t e  
i n t o  b i o l o g i c a l  pa th w a y s .  I t  has  a l s o  been d e m o n s t r a t e d  t h a t  r a d i o n u c l i d e  
u p t a k e  by v e g e t a t i o n  o c c u r s  on LLW s i t e s  a t  Savannah R i v e r ,  Maxey F l a t s ,  West 
V a l l e y ,  Oak R idge ,  Los Alamos,  and Hanford  (USDOE 1980, J a c o b s  e t  a l .  1980,  
Clancy  e t  a l . 1981,  Hakonson and B o s t i c k  1976 ) .  E x c a v a t i o n  s t u d i e s  a t  Los 
Alamos N a t io n a l  L a b o r a t o r y  have d e m o n s t r a t e d  p l a n t  r o o t s  in  c o n t a c t  w i th  
w a s t e  in  a decommiss ioned LLW s i t e .

The need f o r  i n f o r m a t i o n  on r o o t i n g  e c o lo g y  o f  v e g e t a t i o n  used  in  s t a b ­
i l i z i n g  w a s t e  d i s p o s a l  f a c i l i t i e s  i s  tw o f o ld :

•  t o  s e l e c t  optimum s p e c i e s  f o r  c o n t r o l l i n g  r o o t  i n t r u s i o n  and w a t e r -  
r e l a t e d  p r o b le m s ,  and

•  t o  a c c o u n t  f o r  changes  i n  s p e c i e s  c o m p o s i t i o n  on w a s te  s i t e s  due t o  
n a t u r a l  s u c c e s s i o n .

S t u d i e s  on t r e n c h  cap d e s ig n  f o r  p r e v e n t i o n  o f  r o o t  i n t r u s i o n  (Hakonson 
and White e t  a l .  1982,  C l i n e  e t  a l .  1980) have been f o r  t h e  most  p a r t  l i m i t e d  
t o  r a p i d l y  growing  s p e c i e s  r a t h e r  than  d e e p - r o o t e d  p e r e n n i a l s ,  t r e e s ,  o r  
s h r u b s .  These  l i f e  forms most  o f t e n  i n v ad e  w e l l - e s t a b l i s h e d  w a s te  s i t e s  
(T ie r n e y  and Foxx 1 9 8 2 ) .  Knowledge a b o u t  r o o t i n g  e c o lo g y  as  i n f l u e n c e d  by 
b i o l o g i c a l  o r  e n g i n e e r i n g  d e s ig n  i s  e s s e n t i a l .

2 .  S e e p a g e ,  P e r c o l a t i o n ,  R u n o f f ,  and V e g e t a t i o n . Problems o f  t r e n c h  
cap i n t e g r i t y  a r e  d i r e c t l y  r e l a t e d  t o  s e e p a g e ,  p e r c o l a t i o n ,  and r u n o f f .  I t  
i s  by t h e s e  h y d r o l o g i c  p r o c e s s e s  t h a t  c o n t a m i n a n t s  a r e  t r a n s p o r t e d  from th e



b u r i a l  s i t e  t o  ground w a t e r  o r  s o i l  s u r f a c e s  o u t s i d e  t h e  s i t e .  P l a n t  c o v e r  
and t h e  s o i l  p r o f i l e  d e t e r m i n e  th e  d i s t r i b u t i o n  o f  p r e c i p i t a t i o n ,  amounts  of  
s u r f a c e  r u n o f f ,  i n f i l t r a t i o n  o f  w a t e r  i n t o  t h e  s o i l  p r o f i l e ,  a s  w e l l  as  the  
amounts  o f  w a t e r  l e a v i n g  t h e  s o i l  p r o f i l e  t h ro u g h  e v a p o r a t i o n ,  t r a n s p i r a t i o n ,  
o r  p e r c o l a t i o n .  Water  p e n e t r a t i n g  below t h e  r o o t i n g  zones  o f  t h e  p l a n t s  i s  
most  l i k e l y  t o  p e n e t r a t e  i n t o  w a s t e s .  The amount o f  se epa ge  below t h i s  zone 
i s  d i r e c t l y  a f f e c t e d  by t h e  s o i l  p r o f i l e ,  s o i l  m o i s t u r e ,  w a t e r - h o l d i n g  
c a p a c i t y  of  t h e  s o i l ,  p l a n t  r o o t  d e p t h ,  and e v a p o t r a n s p i r a t i o n .  Thus ,  
knowledge a b o u t  p l a n t  r o o t i n g  d e p th  and e v a p o t r a n s p i r a t i o n  r a t e s  becomes 
e x t r e m e l y  i m p o r t a n t  i n  t r e n c h  cap d e s i g n .  F i g u r e  1 c o n c e p t u a l i z e s  t h e s e  
i n t e r a c t i o n s  (Hakonson and Lane e t  a l .  1982 ) .

B. F a c t o r s  Which A f f e c t  t h e  Roo t ing  Depth o f  P l a n t s

The r o o t i n g  de p th  o f  a s p e c i e s  i s  p r i m a r i l y  governed  by h e r e d i t y ,  b u t  
d e p th  i s  a l s o  a p r o d u c t  o f  t h e  e n v i r o n m e n t  in  which t h e  p l a n t  grows .  Regard­
l e s s  o f  i d e a l  e n v i r o n m e n t a l  c o n d i t i o n s ,  r o o t s  w i l l  p e n e t r a t e  on ly  as  deep as  
t h a t  p l a n t ' s  g e n e t i c  make-up a l l o w s .  S p e c i f i c  e n v i r o n m e n t a l  c o n d i t i o n s  may 
c a u se  t h i s  de p th  t o  va ry  from p l a n t  t o  p l a n t  w i t h i n  a s p e c i e s .  N u t r i e n t s  
a v a i l a b l e  f rom t h e  a e r i a l  p a r t s  and s o i l ,  oxygen s u p p l y ,  s o i l  m o i s t u r e  
c o n t e n t ,  o sm o t ic  p r e s s u r e ,  s o i l  t e m p e r a t u r e ,  p a t h o g e n s ,  s o i l  pore  s i z e ,  and
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s o i l  com pac t ion  may va ry  r o o t  p e n e t r a t i o n  ( R u s s e l l  and R u s s e l l  1973,  Weaver 
and Clements  1 9 3 8 ) .  These s p e c i f i c  f a c t o r s  a r e  f u r t h e r  d i s c u s s e d  in  
a d d i t i o n a l  p a p e r s  on r o o t i n g  e c o lo g y .* * * *

I I .  METHODS

T h i s  l i t e r a t u r e  r ev ie w  was c o n d u c te d  i n  1981-1982 t o  summarize e x i s t i n g  
knowledge on t h e  r o o t i n g  d e p t h s  o f  n a t i v e  and c rop  p l a n t s  t h a t  o c c u r  w i t h i n  
t h e  U n i t ed  S t a t e s .  Most o f  t h e  r e f e r e n c e s  used  in  t h i s  r ev ie w  were l i m i t e d  
t o  s t u d i e s  done w i t h i n  t h e  U n i t ed  S t a t e s  i n  s t a t e s  w e s t  o f  t h e  M i s s i s s i p p i .  
The i n f o r m a t i o n  i s  c u r r e n t l y  s t o r e d  on Los Alamos N a t io n a l  L a b o r a t o r y ' s  NOS 
compute r  unde r  System 2000.  The d a t a  base  c o n t a i n s  c u r r e n t l y  ( June  1983)
1034 d i f f e r e n t  r o o t i n g  c i t a t i o n s  w i th  a p p r o x i m a t e l y  12 000 d a t a  e l e m e n t s .

Each r e f e r e n c e  was examined f o r  r o o t i n g  d e p th  i n f o r m a t i o n  based  upon 
f i e l d  s t u d i e s .  A r t i f i c i a l  p l a n t i n g s  and l y s i m e t e r  s t u d i e s  were e x c lu d e d  
b e c a u s e  o f  u n c e r t a i n t i e s  in  t h e  c o m p a r a b i l i t y  o f  t h e  e x p e r i m e n t a l  v e r s u s  
f i e l d  d a t a .  I n c l u d e d  were o b s e r v a t i o n s ,  w a t e r - t a b l e  d e p th  i n f o r m a t i o n ,  and 
some t r a c e r  s t u d i e s .  F i f t y - s i x  d a t a  e l e m e n t s  were d e f i n e d ;  o n e - h a l f  were 
u s e d .  The major  e l e m e n t s  i n c l u d e

•  f a m i l y ,
•  s p e c i e s ,
•  common name,
•  r o o t  d e p t h ,
•  r o o t  l a t e r a l  e x t e n s i o n ,
•  r o o t  t y p e ,
•  s h o o t  h e i g h t ,
•  l i f e  fo rm,
•  s u b s t r a t e ,
•  g e o g r a p h i c  l o c a t i o n ,  and
•  r e f e r e n c e .

I I I .  DATA ANALYSIS OF ROOT DEPTH RELATIONSHIPS

No known s u m m a r i z a t io n  o f  t h e  l i t e r a t u r e  c o n c e r n i n g  d e p th  o f  r o o t i n g  o f  
v a s c u l a r  p l a n t s  a s  r e l a t e d  t o  b i o l o g i c  and e n v i r o n m e n t a l  f a c t o r s  has  been 
made.  General  o b s e r v a t i o n s  by r e s e a r c h e r s ,  such a s  Weaver (1926 ,  1919,
1915a ,  1915b,  1 9 5 8 ) ,  M einzer  ( 1 9 2 7 ) ,  Cannon ( 1 9 1 1 ) ,  and Cannon (1 9 6 0 ) ,  
i n d i c a t e  t h a t  r o o t s  o f  h e rb a c e o u s  p e r e n n i a l s ,  t r e e s ,  and s h r u b s  can p e n e t r a t e  
t o  g r e a t  d e p th s  i f  w a t e r  i s  a v a i l a b l e  and t h a t  r o o t i n g  dep th  o f  a n n u a l s  w i l l

*Foxx,  T.  S . ,  G. D. T i e r n e y ,  and J .  M. W i l l i a m s .  1983a .  Roo t ing  d e p th s  of  
p l a n t s  on l o w - l e v e l  w a s te  d i s p o s a l  s i t e s .  Los Alamos N a t io n a l  L a b o r a t o r y  ( i n  
p r e s s ) .
**Foxx,  T.  S . ,  G. D. T i e r n e y ,  and J .  M. W i l l i a m s .  1983b.  Roo t ing  dep th  o f  
v a s c u l a r  p l a n t s ,  A Review,  Los Alamos N a t io n a l  L a b o r a t o r y  ( i n  p r e s s ) .



be l i m i t e d  t o  t h e  d e p th  o f  t h e  s e a s o n a l  r a i n  p e n e t r a t i o n .  E s s e n t i a l  t o  the  
d e s i g n  and m a i n t e n a n c e  o f  b i o b a r r i e r s  in  LLW s i t e s  i s  a knowledge o f  t h e  
e x t e n t  o f  r o o t i n g  o r  t h e  a b i l i t y  t o  p r e d i c t  t h e  r o o t  dep th  and l a t e r a l  
e x t e n s i o n  o f  t r e e s ,  s h r u b s ,  g r a s s e s ,  o r  f o r b s  used  t o  r e v e g e t a t e  a s i t e .
T h i s  d a t a  b a se  c o n t a i n s  r e f e r e n c e s  t o  r o o t i n g  d e p t h s  o f  1012 s p e c im e n s ,  s h o o t  
h e i g h t s  f o r  94 s p e c im e n s ,  and r o o t  l a t e r a l  e x t e n s i o n s  f o r  248 s p e c im e n s .  The 
d a t a  b a se  was s e a r c h e d  f o r  r o o t i n g  d e p t h s  a s  r e l a t e d  t o  t h e  f o l l o w i n g :

•  1i f e  fo rm,
•  s o i l  t y p e ,
•  e v a p o r a t i v e  r e g i o n s ,
•  r o o t  t y p e ,
•  f a m i l i e s  -  t axonom ic  r e l a t i o n s h i p s ,
•  r o o t  d e p th  t o  s h o o t  h e i g h t  r a t i o s ,  and
•  r o o t  d e p th  t o  r o o t  l a t e r a l  r a t i o s .

A. L i f e  Form
Average  r o o t i n g  d e p t h s ,  f r e q u e n c y  o f  r o o t i n g ,  and e x t e n t  o f  r o o t i n g  were 

examined f o r  each  o f  t h e  l i f e  fo rm s :  t r e e s ,  s h r u b s ,  s u b s h r u b s ,  and p e r e n ­
n i a l ,  a n n u a l ,  and b i e n n i a l  g r a s s e s  and f o r b s .  In a d d i t i o n ,  where p o s s i b l e ,  
r o o t  d e p th  t o  s h o o t  h e i g h t  r a t i o s  and r o o t  d e p th  t o  r o o t  l a t e r a l  r a t i o s  were 
d e t e r m i n e d  a s  a f a c t o r  i n  p r e d i c t i o n  o f  r o o t i n g  d e p th  o r  r o o t i n g  e x t e n s i o n s .

1 .  T r e e s . T r e e s  a r e  woody s p e c i e s  w i th  one o r  more s tems  c a l l e d  
t r u n k s .  They may be d e c id u o u s  ( l o s i n g  l e a v e s  as  autumn b e g i n s )  o r  e v e r ­
g r e e n s  ( r e t a i n i n g  some l e a v e s  t h r o u g h o u t  t h e  y e a r ) .  The d a t a  base  c o n t a i n s  
r o o t i n g  d e p t h s  f o r  147 t r e e s  (40 e v e r g r e e n  and 107 d e c i d u o u s ) .  The a v e ra g e
r o o t i n g  d e p th  f o r  a l l  t r e e s  i s  334 cm w i th  a r a n g e  o f  10 t o  6096 cm (T ab le
I ) .  S i x  d i f f e r e n t  spec im ens  have been r e p o r t e d  t o  r o o t  d e e p e r  t h a n  1000 cm. 
They were a p p l e  ( Pyrus  malus  L . ) ,  w h i t e  p i n e  ( P inus  s y l v e s t r i s ) ,  p o p l a r  
(Po p u lu s  e u r a m e r i c a n a ) , l o c u s t  (R o b in i a  s p p . ) ,  t a m a r i s k  (Tam ar ix  s p p . ) ,  
p o n d e ro s a  p i n e  ( P in u s  p o nde rosa  L a w s . ) ,  and o n e - s e e d  j u n i p e r  ( J u n i p e r u s  
monosperma Enge lm.)  ( E n g e lm . ) S a r g .  Deep e x t e n s i o n s  o f  r o o t s  were most  o f t e n  
r e p o r t e d  f o r  mine s h a f t s  i n  a r i d  o r  s e m i - a r i d  r e g i o n s  (Cannon 1960) o r  based  
on w a t e r  t a b l e  i n f o r m a t i o n  (Meinzer  1 9 2 7 ) .

The a v e r a g e  r o o t i n g  d e p th  f o r  d e c id u o u s  t r e e s  was 332 cm (Tab le  I )  w i t h  
a r an g e  o f  73 t o  3000 cm, t a m a r i s k  b e in g  t h e  d e e p e s t  r o o t i n g  s p e c i e s .  The 
a v e r a g e  r o o t i n g  d e p th  f o r  e v e r g r e e n  s p e c i e s  was 336 cm, w i th  a r ange  o f  10 t o  
6092 cm (T ab le  I ) .

R o o t in g  f r e q u e n c i e s  were c a l c u l a t e d  f o r  a l l  t r e e s ,  e v e r g r e e n  t r e e s ,  and 
d e c id u o u s  t r e e s  ( F i g .  2 ) .  Median r o o t i n g  d e p th  f o r  e v e r g r e e n  t r e e s  i s  116 
cm; d e c id u o u s  t r e e s  commonly r o o t  d e e p e r ,  w i th  a median a t  189 cm. E ig h ty  
p e r  c e n t  o f  a l l  spec im ens  r e c o r d e d  a s  e v e r g r e e n  r o o t  w i t h i n  t h e  457-cm d e p t h ,  
w h i l e  86% o f  t h e  d e c id u o u s  s p e c i e s  r o o t  w i t h i n  457 cm.



TABLE I

AVERAGE ROOT DEPTH FOR TEN LIFE FORMS

Average Sigma Range
L i f e  Form Data Base (cm) (cm) (cm)

E ve rg re e n  t r e e s 40 336 954 10-6096
Deciduous  t r e e s 107 332 451 73-3000
" A l l "  t r e e s 147 334 611 10-6096
Shrub 87 350 350 15-1737
" A l l "  p l a n t s 1012 190 330 2-6096
P e r e n n i a l  f o r b s 370 170 250 2-3932
" A l l "  p e r e n n i a l s 675 160 200 2-3932
S ubshrubs 36 140 100 51-  640
P e r e n n i a l  g r a s s e s 305 140 90 5 -  823
Annual g r a s s e s 50 52 41 5 -  110

( n a t i v e )
B i e n n i a l  f o r b s 9 107 38 53-  152
Annual f o r b s 81 80 80 4 -  300
VI nes 4 168 78 102-  280
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F i g .  2 .  Cum ula t ive  p e r  c e n t  f r e q u e n c y  o f  r o o t i n g  d e p th  o f  
d e c id u o u s  and e v e r g r e e n  t r e e s .



Root  dep th  t o  s h o o t  h e i g h t  r a t i o s  ( d /h )  were c a l c u l a t e d  f o r  e v e r g r e e n  
t r e e  s p e c i e s  r e c o r d e d  in  t h e  d a t a  ba se  (Tab le  I I ) .  The d /h  r a t i o  was 0 . 5 7 .  
T r e e s  (7)  l e s s  th a n  305 cm t a l l  had a r a t i o  o f  0 . 9 7 ,  w h i l e  t r e e s  g r e a t e r  than  
305 cm t a l l  had a 0 .22  r a t i o .  The t a l l e s t  t r e e ,  P inus  b l a n k s i a n a , (1372 cm 
t a l l )  had a 0 .1 2  r a t i o .  The s h o r t e s t  t r e e  (8 cm) had a 2 .5  r a t i o .  S p r a c k -  
l i n g  and Read (1979) summarized d /h  r a t i o s  f o r  392 d e c id u o u s  t r e e s  i n  e a s t e r n  
N e b ra sk a .  The mean d /h  r a t i o  was 0 . 4 2 ,  bur  oak (Quercus  m e l a n o c a r p a ) hav ing  
t h e  h i g h e s t  r a t i o  of  0 .6 2  and p e a c h l e a f  w i l lo w  ( S a l i x  am y g d a lo id e s  A n d e r s s . )  
h a v in g  t h e  l o w e s t  r a t i o  o f  0 . 2 3 .  The d a t a  base  had on ly  one s h o o t  h e i g h t  
e n t r y  f o r  d e c id u o u s  t r e e s :  a spen  ( Populus  t r e m u l o i d e s ) M ic h x . ,  w i th  a d / h  
r a t i o  o f  0 . 1 2 .

R ad ia l  r o o t  l a t e r a l  s p r e a d  t o  s h o o t  h e i g h t  ( I s / h )  was c a l c u l a t e d  f o r  17 
e v e r g r e e n  t r e e s  (T a b le  I I ) .  The I s / h  r a t i o  f o r  a l l  t h e  e v e r g r e e n s  was 1 . 2 .  
For  t h e  e i g h t  t r e e s  l e s s  th a n  305 cm t a l l  t h e  I s / h  r a t i o  was 1 . 7 ;  t r e e s  
g r e a t e r  th a n  305 cm t a l l  had a r a t i o  o f  0 . 8 7 .  The a v e r a g e  l a t e r a l  e x t e n s i o n  
f o r  t r e e s  l e s s  th a n  305 cm t a l l  was 179 cm, w h i l e  t h e  a v e r a g e  l a t e r a l  e x t e n ­
s i o n  f o r  s p e c i e s  ov e r  305 cm was 599 cm. The t a l l e s t  t r e e  (1372 cm) had a 
I s / h  r a t i o  o f  0 . 6 2 ;  t h e  s h o r t e s t  t r e e  (8 cm) had a I s / h  r a t i o  of  1 . 0 .  
S p r a c k l i n g  and Read (1979)  found a mean I s / h  r a t i o  o f  1 .39  f o r  392 dec id u o u s  
t r e e s .  The h i g h e s t  r a t i o  was 2 .0 9  f o r  32 h o n e y l o c u s t s  and 0 .8 7  f o r  14 p e a c h ­
l e a f  w i l l o w s .

Root  d e p th  t o  r a d i a l  r o o t  l a t e r a l  s p r e a d  ( d / l s )  was c a l c u l a t e d  f o r  18 
e v e r g r e e n  t r e e s  (T a b le  I I ) .  The d / l s  was 0 .6 4  f o r  a l l  e v e r g r e e n s .  R a t i o  f o r  
t h e  n in e  t r e e s  l e s s  t h a n  305 cm was 1 . 0 3 ,  w hereas  r a t i o  f o r  t h e  n i n e  t r e e s

TABLE I I

MEAN RATIOS FOR DEPTH, SHOOT HEIGHT, AND RADIAL 
LATERAL ROOT SPREAD

L i f e  Form No. d /h * d / l s * * I s / h

Deciduous  t r e e s 392 0 .42 0 .3 6 1 .39
E v e r g re e n  t r e e s 17 0 .5 7 0 .6 4 1 .2
Shrubs 15 1 .2 0 .8 5 2 .5
G r a s s e s 10 2 .0 1 .8 2 .7
Forbs 34 1 .7 — 2 .0

136 — 2 .3 —
Subshrubs 12 — 4 . 4 —

*d /h  = dep th  t o  s h o o t  h e i g h t .
* * d / l s  = d e p th  t o  l a t e r a l  s p r e a d .
* * * l s / h  = l a t e r a l  s p r e a d  t o  s h o o t  h e i g h t .



t a l l e r  t h a n  305 cm was 0 . 2 6 .  The a v e r a g e  r o o t i n g  de p th  f o r  t r e e s  l e s s  than  
305 cm was 60 cm and a v e r a g e  h e i g h t  was 101 cm. The a v e r a g e  r o o t i n g  dep th  f o r  
t r e e s  g r e a t e r  t h a n  305 cm was 151 cm and t h e  a v e r a g e  h e i g h t  was 730 cm. The 
t a l l e s t  (1372 cm) e v e r g r e e n  had a d / l s  r a t i o  o f  0 . 2 0 ;  t h e  s h o r t e s t  t r e e  (8 
cm) had a r a t i o  o f  2 . 5 .  S p r a c k l i n g  and Read (1979)  found a d / l s  r a t i o  f o r  
392 d e c id u o u s  t r e e s  was 0 . 3 6 .  They found t h e  d / l s  r a t i o s  changed w i th  t r e e  
a g e .  Mean r a t i o s  f o r  t r e e s  2-5 y e a r s  was 0 .5 5 ;  6-10 y e a r s ,  0 . 3 1 ;  11-25 
y e a r s ,  0 . 3 0 ;  26-49 y e a r s ,  0 . 3 2 ;  and g r e a t e r  t h a n  49 y e a r s ,  0 . 2 6 .

2 .  S h r u b s . Sh rubs  a r e  woody s p e c i e s  w i th  m u l t i p l e  s tems g e n e r a l l y  
growing l e s s  than  488 cm t a l l .  The d a t a  base  c o n t a i n e d  87 d i f f e r e n t  r e f e r ­
e n c e s  t o  s h r u b s  w i th  an a v e r a g e  r o o t  dep th  o f  350 cm (T ab le  I ) .  Root  d e p t h s  
r a n g e d  from 15 t o  1737 cm. D e e p e s t  measurements  have been r e p o r t e d  f o r  r o o t s  
found  i n  t h e  r o o f  o f  mine t u n n e l s  i n  t h e  w e s t e r n  U n i t ed  S t a t e s  (Meinzer  
1927 ) .  The d e e p e s t  r o o t i n g  sh ru b s  a r e  b u f f a l o b e r r y  (S h e p h e r d i a  s p p . ) ,  l i v e  
oak (Quercus  a g r i f o l i a  Nee) ,  d e s e r t  w i l lo w  (C h i o p s i s  l i n e a r i s  (C a v . )  S w e e t ) ,  
and greasewood  [ S a r c o b a t u s  v e r m i c u l a t u s  (Hook) T o r r .  (Meinzer  1 9 2 7 ) ] .
Woodbury r e p o r t e d  r o o t s  of  b ig  s a g e b r u s h  (A r t e m i s i a  t r i d e n t a t a  N u t t . )  t o  
d e p t h s  o f  ove r  900 cm (Cannon 1960) .

Root  de p th  f r e q u e n c i e s  f o r  a l l  s h r u b s  a r e  g iven  in  F i g .  3 .  Median 
r o o t i n g  dep th  i s  195 cm, b u t  ov e r  20% o f  t h e  spec im ens  r e c o r d e d  r o o t e d  to  
d e p th s  g r e a t e r  t h a n  457 cm. Of t h e  spec imens  r e c o r d e d ,  77% r o o t e d  l e s s  than  
457 cm deep .
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F i g .  3 .  Cum ula t ive  p e r  c e n t  f r e q u e n c y  o f  r o o t i n g  d e p th  of  f o r b s .



Mean r o o t  d e p th  t o  s h o o t  h e i g h t  r a t i o s  ( d / h )  were c a l c u l a t e d  f o r  15
s h r u b s .  The d /h  r a t i o  was 1 . 2 .  The l o w e s t  r a t i o  was 0 .09  f o r  F o u q u i e ra
s p l e n d e n s  E n ge lm . ,  and t h e  h i g h e s t  r a t i o ,  3 . 9  f o r  A r t e m i s i a  t r i d e n t a t a  (Tab le  
I I ) .

Mean r a d i a l  l a t e r a l  s p r e a d  t o  h e i g h t  r a t i o s  ( I s / h )  were c a l c u l a t e d  f o r  
15 s h r u b s .  The mean was found t o  be 2 . 5 .  The h i g h e s t  r a t i o  was 3 .3  f o r  
A r t e m i s i a  t r i d e n t a t a , and t h e  l o w e s t ,  0 .29  f o r  F o u q u i e r a  s p l e n d e n s .

The mean r o o t  d e p th  t o  r a d i a l  r o o t  l a t e r a l  r a t i o  ( d / l s )  was 0 . 8 5 .  The 
h i g h e s t  r a t i o  was f o r  Amorpha c a n e s c a n s  P u r s h . ,  t h e  l o w e s t  f o r  Rhus c o p a l l i n a  
L.

The a v e r a g e  l a t e r a l  e x t e n s i o n  f o r  t h e  17 s h r u b s  was 250 cm (Tab le  I I I ) .  
The l o n g e s t  l a t e r a l s  were 1660 cm f o r  Rhus c o p a l l i n a . When t h e  e x t r e m e s  a r e  
removed t h e  a v e r a g e  l a t e r a l  e x t e n s i o n  i s  236 cm. Average r o o t  dep th  i s  171
and a v e r a g e  s h o o t  h e i g h t  i s  149 cm.

3 .  S u b s h r u b s . S ubshrubs  a r e  low-growing  woody s p e c i e s  l e s s  t h a n  30 cm 
t a l l .  There  a r e  36 s u b s h ru b s  r e c o r d e d  in  t h e  d a t a  b a s e .  The a v e r a g e  r o o t i n g  
de p th  (T ab le  I )  i s  140 cm w i th  a r ange  of  51 t o  640 cm. The d e e p e s t  r o o t i n g  
s p e c i e s  a r e  b i g - b e r r i e d  m a n z a n i t a  (A r c t o s t o p h y l o s  g l a u c a  L i n d l . )  i n  an un­
known s u b s t r a t e  and w i l d  r o s e  ( Rosa s u f f u l t a  Greene)  i n  a s i l t y  s o i l .

Roo t ing  f r e q u e n c i e s  a r e  shown in  F i g .  3 .  The l a r g e s t  numbers o f  s p e c i ­
mens r o o t  a t  91 cm and 183 cm. Median r o o t i n g  dep th  i s  116 cm. Only 4% of  
t h e  spec im ens  r o o t  d e e p e r  t h a n  457 cm.

The d a t a  b a se  c o n t a i n e d  i n f o r m a t i o n  on r o o t  d e p th  v e r s u s  l a t e r a l  s p r e a d  
( d / l s )  o f  on ly  12 spec im ens  (T ab le  I I ) .  The mean d / l s  r a t i o  was found to  be

TABLE I I I

AVERAGE ROOT LATERAL EXTENSION FOR SEVEN LIFE FORMS

Average Sigm<
L i f e  Form (cm) (cm)

T r e e s 580 630
Shrubs 250 340
Annual f o r b s 150 190
Annual  g r a s s e s 180 250
P e r e n n i a l  f o r b s 110 210
P e r e n n i a l  g r a s s e s 60 60
S ubsh rubs 26 19



4 . 4 .  The a v e r a g e  r o o t i n g  d e p th  f o r  t h e  12 spec im ens  was 124 cm w i th  an a v e r ­
age  l a t e r a l  s p r e a d  o f  37 cm.

4 .  P e r e n n i a l  F o r b s . P e r e n n i a l  f o r b s  a r e  nongram ino id  ( g r a s s )  h e r b a ­
ceous  s p e c i e s  l i v i n g  more than  2 y e a r s .  The l a r g e s t  number o f  e n t r i e s  (370) 
i n  t h e  d a t a  base  i s  i n  t h e  p e r e n n i a l  f o r b  c a t e g o r y .  Average r o o t i n g  d e p t h s  
a r e  170 cm w i th  a r ange  from 2 to  3920 cm (T ab le  I ) .  A g a in ,  t h e  g r e a t e s t  
d e p t h s  were r e p o r t e d  f o r  p l a n t s  w i th  r o o t s  p e n e t r a t i n g  mine t u n n e l s .  The 
common a l f a l f a  (Medicago s a t i v a  L . )  i s  one o f  t h e  d e e p e s t  r o o t i n g  p e r e n n i a l  
f o r b s .  I t  has been r e p o r t e d  t o  d e p th s  o f  o v e r  3900 cm in  t h e  r o o f  o f  a mine 
t u n n e l  in  Nevada (Meinzer  1 9 2 7 ) .  O th e r  r e s e a r c h e r s  (Meinzer  1927) have 
r e p o r t e d  r o o t s  o f  o l d e r  p l a n t s  t o  d e p t h s  o f  ov e r  1900 cm. In deep p r a i r i e  
s o i l s ,  a l f a l f a  has  been r e p o r t e d  t o  r o o t  d e e p e r  t h a n  600 cm (Weaver 1926) .

Roo t ing  f r e q u e n c i e s  a r e  shown i n  F i g .  4 .  The h i g h e s t  f r e q u e n c y  i s  a t  92 
cm f o r  a l l  p e r e n n i a l  f o r b s  r e c o r d e d .  Median r o o t i n g  dep th  i s  114 cm. Only 
4% o f  a l l  o c c u r r e n c e s  r e c o r d e d  r o o t e d  d e e p e r  t h a n  457 cm.

5 .  B i e n n i a l  F o r b s . T h i s  nongram ino id  l i f e  form l i v e s  f o r  2 y e a r s ;  t h e  
f i r s t  y e a r  i s  u s u a l l y  c o n f i n e d  t o  v e g e t a t i v e  g rowth ;  t h e  s e c o n d ,  t o  r e p r o d u c ­
t i o n .  Only n in e  r e f e r e n c e s  were found f o r  b i e n n i a l  f o r b s .  The a v e r a g e  
r o o t i n g  d e p th  (T a b le  I )  was 107 cm w i th  a r ange  o f  53 t o  152 cm. The common 
sw e e t  c l o v e r  (M e l i l o t u s  s p p . )  was t h e  most  d e e p ly  r o o t i n g  b i e n n i a l  g e n u s .

Roo t ing  f r e q u e n c i e s  a r e  shown f o r  t h i s  group in  F i g .  4 .  The h i g h e s t  
r o o t i n g  f r e q u e n c i e s  o c c u r  from 91 cm t o  152 cm. Median r o o t i n g  d e p th  i s  76 
cm. No spec im ens  r o o t e d  d e e p e r  t h a n  152 cm.

6 .  Annual F o r b s . Annual f o r b s  a r e  nongram ino id  ( g r a s s )  s p e c i e s ,  which 
c o m p le te  t h e  l i f e  c y c l e  in  1 y e a r .  A t o t a l  o f  81 d i f f e r e n t  r o o t i n g  d e p th s  
were r e c o r d e d .  The a v e r a g e  r o o t i n g  de p th  (T ab le  I I )  i s  80 cm w i th  a range  o f  
4 t o  300 cm.

Roo t ing  d e p th  f r e q u e n c i e s  a r e  shown in  F i g .  4 .  The h i g h e s t  r o o t i n g  
f r e q u e n c y  f o r  a l l  spec im ens  was a t  123 cm. Median r o o t i n g  de p th  i s  61 cm.
No spec im ens  r o o t  d e e p e r  than  305 cm.

Mean r o o t  d e p th  t o  s h o o t  h e i g h t  r a t i o s  ( d / h )  were c a l c u l a t e d  f o r  34 f o r b  
s p e c i m e n s .  The d /h  r a t i o  was 1 .7  (T ab le  I I ) .  F i f t y  p e r  c e n t  o f  t h e  spec im ens  
had a r a t i o  o f  > 1 .0 .

Mean r o o t  de p th  t o  r a d i a l  r o o t  l a t e r a l  s p r e a d  ( d / l s )  was c a l c u l a t e d  f o r  
136 f o r b  s p e c im e n s .  The d / l s  r a t i o  was 2 . 3 .  F i f t y  p e r  c e n t  o f  t h e  spec im ens  
had a 1 . 0 - 2 . 0  d / l s  r a t i o .
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F i g .  4 .  C um ula t ive  p e r  c e n t  f r e q u e n c y  o f  r o o t i n g  d e p th  o f  f o r b s .

The mean r a d i a l  r o o t  l a t e r a l  e x t e n s i o n  to  s h o o t  h e i g h t  r a t i o s  ( I s / h )  was 
2 . 0 .  F i f t y  p e r c e n t  o f  t h e  34 spec im ens  had a I s / h  r a t i o  o f  1 . 0 - 2 . 0 .

7 .  P e r e n n i a l  G r a s s e s . P e r e n n i a l  g r a s s e s  a r e  found t o  r o o t  an a v e r a g e  
d e p th  o f  140 cm w i t h  a r a n g e  o f  5 t o  823 cm. The r e f e r e n c e  t o  t h e  d e e p e s t  
r o o t i n g  s p e c i e s ,  a l k a l i  s a c a t o n  [ S p o r o b o lu s  a r i o i d e s  ( T o r r . )  T o r r . ] ,  was 
ba s ed  on known w a t e r - t a b l e  l e v e l s  (823 cm). The b e s t  e x c a v a t i o n  d a t a  were 
based  on i n f o r m a t i o n  by Tomanek and A l b e r t s o n  ( 1 9 5 7 ) .  They found b lu e  grama 
[ B o u te lo u a  g r a c i l i s  (H .B .K .)  G r i f f i t h s ]  and s i d e - o a t s  grama [ B o u te lo u a  
c u r t i p e n d u l a ) (M ichx .)  T o r r . ]  t o  r o o t  t o  d e p t h s  o f  ove r  400 cm.

Roo t ing  d e p th  f r e q u e n c i e s  a r e  shown in  F i g .  5 .  The h i g h e s t  r o o t i n g  
f r e q u e n c i e s  were a t  91 cm. Median r o o t i n g  d e p th  i s  106 cm. Less  than  1% 
r o o t e d  a t  d e p t h s  g r e a t e r  th a n  457 cm.

I I I ) .
The a v e r a g e  l a t e r a l  e x t e n s i o n  f o r  p e r e n n i a l  g r a s s e s  i s  60 cm (T ab le

8 .  Annual G r a s s e s . Roo t ing  d e p th s  o f  a t o t a l  o f  8 n a t i v e  annua l  
g r a s s e s  and 16 d o m e s t i c  c rop  s p e c i e s  were r e c o r d e d .  The a v e r a g e  r o o t i n g  
d e p th  f o r  t h e  n a t i v e  s p e c i e s  i s  52 cm w i th  a r ange  o f  5 t o  110 cm. Three-awn  
(A r i s t i d a  o l i g a n t h a  M ichx .)  and downy c h e s s  (Bromus t e c t o r u m  L .)  a r e  t h e  
d e e p e s t  r o o t i n g  s p e c i e s .  Domest ic  s p e c i e s  r o o t  from 122 t o  223 cm w i th  an 
a v e r a g e  r o o t i n g  de p th  o f  170 cm. Domest ic  s p e c i e s  i n c l u d e  o a t s  [ Avena s a t i v a  
( L . )  T h e u . ] ,  whea t  (T r i t i c u m ) s p p . ,  and b a r l e y  ( Hordeum v u l g a r e  L . ) .
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F i g .  5 .  Cum ula t ive  p e r  c e n t  f r e q u e n c y  o f  r o o t i n g  dep th  o f  g r a s s e s .

Roo t ing  d e p th  f r e q u e n c i e s  a r e  shown f o r  n a t i v e  s p e c i e s  i n  F i g .  5 .  The 
h i g h e s t  f r e q u e n c y  o f  r o o t i n g  d e p th s  i s  a t  30 cm. All  spec im ens  r o o t e d  in  t h e
f i r s t  91 cm. The median r o o t i n g  d e p th  i s  30 cm.

Mean r o o t  dep th  t o  s h o o t  h e i g h t  ( d / h )  measurem ents  were c a l c u l a t e d  f o r  
10 g r a s s  spec im ens  f o r  which d a t a  had been found .  The d /h  r a t i o  was 2 .0  
(T ab le  I I ) .  The h i g h e s t  r a t i o  was f o r  mounta in  muhly.  F i f t y  p e r c e n t  o f  t h e  
spec im ens  had a >1.0 r a t i o .

Mean r o o t  d e p th  t o  r a d i a l  r o o t  l a t e r a l  s p r e a d  ( d / l s )  was c a l c u l a t e d  f o r  
45 g r a s s  sp e c im e n s .  The mean d / l s  r a t i o  was 1 .8  (T ab le  I I ) .  The h i g h e s t  
r a t i o  was f o r  A r i s t i d a  p u r p u re a  N u t t . ;  t h e  l o w e s t  f o r  A g r o s t i s  a l b a  L.

Mean r a d i a l  r o o t  l a t e r a l  e x t e n s i o n  t o  s h o o t  h e i g h t  ( I s / h )  o f  2 . 7  was
c a l c u l a t e d  f o r  10 g r a s s  s p e c im e n s .  The h i g h e s t  I s / h  r a t i o  was 3 . 7 ,  w h i l e  t h e
l o w e s t  was 0 . 1 6 .

9 .  V i n e s . Roo t ing  d e p t h s  were r e c o r d e d  f o r  on ly  f o u r  v i n e s .  The
a v e r a g e  r o o t i n g  d e p th  i s  168 cm w i th  a r ange  o f  102 to  280 cm (Tab le  I ) .  No
r e c o r d e d  v i n e  r o o t  dep th  e x c ee d s  457 cm.

1 0 .  All  V a s c u l a r  P l a n t s . Depth i n f o r m a t i o n  was r e c o r d e d  on 1012 
v a s c u l a r  p l a n t s .  The r o o t i n g  a v e r a g e  f o r  a l l  t h e  l i f e  forms i s  190 cm w i th  a 
r ange  o f  2 t o  6096 cm. The r o o t i n g  f r e q u e n c i e s  ( F i g .  6) show t h a t  t h e
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F i g .  6 . Cum ula t ive  p e r  c e n t  f r e q u e n c y  o f  r o o t i n g  d e p th  f o r  1012 
v a s c u l a r  p l a n t s .

h i g h e s t  p e r c e n t a g e  o f  s p e c i e s  r o o t  t o  91 cm. The median r o o t i n g  dep th  I s  122 
cm. Only 6% o f  a l l  t h e  spec im ens  s t u d i e d  r o o t e d  d e e p e r  th a n  457 cm.

1 1 .  C um u la t iv e  F requency  f o r  D i f f e r e n t  L i f e  Forms In  t h e  Data  B a s e . 
T a b l e  IV summarizes  t h e  a c c u m u l a t i v e  r o o t i n g  d e p th  f r e q u e n c y  o f  n in e  l i f e

TABLE IV

CUMULATIVE ROOTING DEPTH FREQUENCIES (%) 
FOR NINE LIFE FORMS AT SELECTED DEPTHS

L i f e  Form 91 cm 183 cm 274 cm 366 cm 457 '

Annual g r a s s e s 75
B i e n n i a l  f o r b s 65 100
Annual f o r b s 65 88 97 100
P e r e n n i a l  f o r b s 42 71 85 93 97
S ubshrubs 41 85 96 96 96
P e r e n n i a l  g r a s s e s 40 79 94 99 99
E v e rg re e n  t r e e s 33 80 86 86 86
Deciduous  t r e e s 7 52 70 78 80
Shrubs 10 47 60 72 77
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fo rms  f o r  f i v e  s e l e c t e d  d e p t h s :  91,  183, 274,  366,  and 457 cm. The s h a l l o w ­
e s t  r o o t i n g  l i f e  form i s  annua l  g r a s s .  I f  o v e rb u r d e n s  a r e  91 cm d e e p ,  t h e  
r o o t s  o f  t h e s e  spec im ens  w i l l  be c o n f i n e d  t o  t h a t  z o n e .  All  o t h e r  l i f e  forms 
r o o t  d e e p e r  t h a n  91 cm. On a p e r c e n t a g e  b a s i s  s h ru b s  r o o t  t h e  d e e p e s t ,  f o l ­
lowed by d e c id u o u s  and e v e r g r e e n  t r e e s .

B. S o i l  Type

S u b s t r a t e  I n f o r m a t i o n  was r e c o r d e d  f o r  ov e r  600 s p e c i m e n s .  The re  was 
l i t t l e  c o n s i s t e n c y  In s o i l s  d a t a ;  ov e r  300 d i s t i n c t  t y p e s  were r e c o r d e d .  
T h e r e f o r e ,  a l l  s o i l  t y p e s  were c a t e g o r i z e d  as  t o  t e x t u r e :  p e r  c e n t  s a n d ,  
p e r  c e n t  s i l t ,  and p e r  c e n t  c l a y .  Each e n t r y  was p l a c e d  unde r  one o f  t h e  f i v e  
c a t e g o r i e s  (adobe  c l a y ,  loam, c l a y  loam, s a n d ,  and s i l t )  u s in g  a gu id e  f o r  
t e x t u r a l  c l a s s i f i c a t i o n .

1 .  Adobe C l a y . Of t h e  82 spec im ens  found to  r o o t  In c l a y s ,  adobe 
c l a y s ,  o r  h a r d p a n ,  48% r o o t  a t  30 cm o r  l e s s .  C um ula t ive  f r e q u e n c i e s  ( F i g .
7) show 50% r o o t  a t  g r e a t e r  than  below 61 cm. Only 1% r o o t  to  d e p th s  g r e a t e r  
t h a n  457 cm. L a t e r a l  e x t e n s i o n s  o f  78% o f  a l l  t h e  spec im ens  r o o t i n g  In 
adobe c l a y  a r e  91 cm, b u t  7% have r o o t s  e x t e n d i n g  457 cm from t h e  s h o o t  ( F i g .  
7 ) .

2 .  Loam. Of t h e  134 p l a n t s  t h a t  r o o t  In  loams ( F i g .  8 ) ,  44% r o o t  t o  
on ly  91 cm. No specimen r o o t s  below 305 cm. L a t e r a l  e x t e n s i o n s  In loams a r e
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F i g .  7 .  Cum ula t ive  p e r  c e n t  f r e q u e n c y  o f  r o o t i n g  de p th  and l a t e r a l  
e x t e n s i o n  o f  p l a n t s  growing In adobe c l a y .
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F i g .  8 .  C um ula t ive  p e r  c e n t  f r e q u e n c y  o f  r o o t i n g  dep th  and l a t e r a l  
e x t e n s i o n  o f  p l a n t s  growing in  loam.

no more than  274 cm. Over 80% of  a l l  spec im ens  r e c o r d e d  had l a t e r a l  e x t e n ­
s i o n s  o f  91 cm o r  l e s s .

3 .  Clay Loam. Of t h e  65 spec im ens  r o o t i n g  in  c l a y  loams ( F i g .  9 ) ,  48% 
r o o t  t o  122 cm. Only 1% o f  spec im ens  r o o t e d  to  d e p th s  g r e a t e r  th a n  457 cm. 
Average l e n g t h  o f  l a t e r a l s  i s  l e s s  t h a n  91 cm.

4 .  Sand . Of t h e  spec im ens  r o o t i n g  in  s a n d s ,  56% r o o t  d e e p e r  than  91
cm. Average l a t e r a l  e x t e n s i o n s  from t h e  caudex  were t o  ov e r  457 cm 30% of  
t h e  t im e  ( F i g .  1 0 ) .  A t o t a l  o f  58% o f  a l l  spec im ens  have l a t e r a l  e x t e n s i o n  
i n  t h e  f i r s t  91 cm.

5 .  S i l t . Of t h e  150 p l a n t s  r o o t i n g  in  s i l t ,  l o e s s ,  and s i l t  loam ( F i g .
1 1 ) ,  50% r o o t  l e s s  than  152 cm in  d e p t h .  Only 3% r o o t  a t  d e p th s  g r e a t e r  than
457 cm. L a t e r a l  e x t e n s i o n s  can e x t e n d  beyond 457 cm, b u t  60% o f  a l l  s p e c i ­
mens e x t e n d e d  o u t  on ly  91 cm.

There  seems t o  be l i t t l e  s p e c i f i c  i n f o r m a t i o n  as  t o  t h e  r o o t i n g  d e p th  
w i t h i n  v a r i o u s  s o i l  t y p e s .  B i s w e l l  (1935) o b s e rv e d  t h a t  r o o t  p e n e t r a t i o n  was 
g r e a t e s t  i n  l o e s s  and l a t e r a l  s p r e a d  was g r e a t e s t  i n  c l a y s .  T h i s  i s  n o t  
s u b s t a n t i a t e d  by t h e  a n a l y s i s  o f  i n f o r m a t i o n  in  t h i s  d a t a  b a s e .  In t h i s  
s t u d y  ( T a b le s  V and V I ) ,  adobe c l a y s  l i m i t e d  bo th  r o o t  dep th  and l a t e r a l
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F i g .  9 .  Cum ula t ive  pe r  c e n t  f r e q u e n c y  o f  r o o t i n g  de p th  and l a t e r a l  
e x t e n s i o n  o f  p l a n t s  growing In c l a y  loam.
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Fi g .  10 .  Cum ula t ive  p e r  c e n t  f r e q u e n c y  o f  r o o t i n g  d e p th  and l a t e r a l  
e x t e n s i o n  o f  p l a n t s  growing  In s a n d .
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F i g .  11.  Cum ula t ive  p e r  c e n t  f r e q u e n c y  o f  r o o t i n g  dep th  and l a t e r a l  
e x t e n s i o n  o f  p l a n t s  growing  in  s i l t .

TABLE V

CUMULATIVE ROOT DEPTH FREQUENCIES i%)
FOR 

S o i l  Types

FIVE SOIL TYPES AT SELECTED DEPTHS 

Root  Depth
91 cm 183 cm 274 cm 366 cm 457 cm

Adobe c l a y 66 89 99 99 99
Loam 54 95 99 100
Clay loam 48 83 94 99 99
Sand 44 76 90 98 99
S i l t 31 64 80 83 93

g ro w th ,  whereas  s i l t s  a l l o w e d  r o o t s  t o  grow to  g r e a t  d e p t h s  and l e n g t h s  f rom 
t h e  c a u d ex .

P l a n t s  growing  in  adobe c l a y s  were found t o  have th e  most  l i m i t e d  r o o t  
p e n e t r a t i o n ,  and t h e  loams have t h e  h i g h e s t  p e r c e n t a g e  o f  l a t e r a l  r o o t s  w i t h i n  
91 cm o f  t h e  c a u d e x .  Clay s o i l s  have l a r g e r  p e r c e n t a g e s  of  s o i l  p a r t i c l e  
s i z e s  below 0 .0 02  mm o r  2 ym. Root s  have d i f f i c u l t y  p e n e t r a t i n g  s p a c e s  of
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TABLE VI

CUMULATIVE FREQUENCY {%) OF RADIAL ROOT 
LATERAL EXTENSION FROM THE CAUDEX

_______________ Length  from Caudex______
S o i l  Type 91 cm 183 cm 274 cm 366 cm 457

Clay loam 61 100
Loam 81 93 100
Adobe c l a y 78 82 86 93 93
Sand 58 62 62 69 69
S i l t 60 82 88 90 92

0 .1  mm ( R u s s e l l  and R u s s e l l  1973,  Wiersum 1957) ;  t h e r e f o r e ,  c l a y s  impede bo th  
downward and l a t e r a l  growth o f  r o o t s .  C lays  a l s o  have a h igh  w a t e r - h o l d i n g  
c a p a c i t y ,  smal l  po re  s i z e ,  and poor  a e r a t i o n  (Wiersum 1957 ) ,  making i t  
d i f f i c u l t  f o r  r o o t s  t o  s u r v i v e  a t  d e p t h s .  A l though  th e  h i g h e s t  p e r c e n t a g e  of  
r o o t s  a r e  w i t h i n  t h e  uppe r  l a y e r s  o f  c l a y  s o i l s ,  small  p e r c e n t a g e s  a r e  found 
a t  e x t r e m e  d e p t h s  and a t  long d i s t a n c e s  f rom th e  c a u d ex .  Clay s o i l s ,  when 
d r y ,  t e n d  to  c r a c k  and th e  r o o t s  then  can f o l l o w  c r a c k s  e i t h e r  v e r t i c a l l y  o r  
h o r i z o n t a l l y .  T h i s  i s  r e f l e c t e d  in  t h e  d a t a  as  a smal l  p e r c e n t a g e  o f  the  
spec im ens  t h a t  r o o t  d e e p ly  o r  e x t e n d  l a r g e  d i s t a n c e s  f rom t h e  c a u d e x .

Loams have h igh  p e r c e n t a g e s  o f  s a n d ,  s i l t ,  c l a y ,  and o r g a n i c  m a t t e r .
Such s o i l s  a r e  h igh  in  n u t r i e n t s ,  have good a e r a t i o n ,  and a r e  g e n e r a l l y  con­
s i d e r e d  i d e a l  f o r  p l a n t  g row th .  In t h i s  s t u d y  th e  r o o t i n g  d e p th  was w i t h i n  
t h e  f i r s t  274 cm and l a t e r a l  e x t e n s i o n s  from t h e  caudex  were no more than  274 
cm. Weaver and Clements  (1938) found r o o t s  were s h o r t e r  i n  c o n c e n t r a t e d  
n u t r i e n t  s o l u t i o n s .  The s h a l l o w n e s s  o f  r o o t i n g  in  loams compared w i th  sands  
o r  s i l t s  may be a f u n c t i o n  o f  good a e r a t i o n  and a v a i l a b i l i t y  o f  n u t r i e n t s  and 
w a t e r .  In such s o i l s ,  deep r o o t i n g  i s  n o t  n e c e s s a r y  f o r  p l a n t  s u r v i v a l .

Clay loams have a h i g h e r  p e r c e n t a g e  o f  c l a y  and a r e  s t i c k i e r  i n  t e x t u r e .  
They have a h i g h e r  w a t e r - h o l d i n g  c a p a c i t y  than  loam s .  I f  c l a y  c o n t e n t s  a r e  
h i g h ,  a e r a t i o n  may be p o o r .  Roo t ing  in  such s o i l s  may a l s o  be a f f e c t e d  by 
t h e  a g g r e g a t i o n ;  l a r g e  p o r e s  w i l l  r e s u l t  i n  good a e r a t i o n ,  t h u s  l i m i t i n g  r o o t  
p e n e t r a t i o n .  For  t h e  most  p a r t ,  t h e s e  s o i l s  may be n u t r i e n t  p o o r ,  t h u s  r o o t s  
may p e n e t r a t e  d e e p e r .  In t h i s  d a t a  base  t h e  r o o t i n g  d e p th  f r e q u e n c y  was 
g r e a t e s t  w i t h i n  t h e  f i r s t  183 cm. L a t e r a l  e x t e n s i o n s  from th e  caudex  were no 
more t h a n  91 cm.

Based on th e  l i t e r a t u r e  r e v i e w e d ,  t h e  r o o t i n g  d e p th  was more l i m i t e d  i n  
sand  than  in  s i l t ,  b u t  t h e  p e r c e n t a g e  o f  l a t e r a l  e x t e n s i o n s  beyond 457 cm i s  
g r e a t e r  i n  s a n d .  S i l t s  have r o o t s  t h r o u g h o u t  p r o f i l e s  f rom a few c e n t i m e t e r s
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t o  many m e t e r s .  L i k e w i s e ,  l a t e r a l  e x t e n s i o n s  i n  s i l t s  were from a few c e n t i ­
m e t e r s  t o  many m e t e r s .  Sands have ve ry  high  c o n d u c t i v i t y  o f  w a t e r  b u t  poor  
l e v e l s  o f  p l a n t - a v a i l a b l e  w a t e r .  S i l t s ,  on t h e  o t h e r  hand ,  have a m a t r i x  
t h a t  moves w a t e r  downward b u t  a l s o  p r o v i d e s  good w a t e r  a v a i l a b i l i t y  t h r o u g h ­
o u t  t h e  p r o f i l e .  Thus ,  i t  i s  e x p e c t e d  (and found)  t h a t  s i l t s  p r o v i d e  t h e  
b e s t  medium f o r  r o o t  p e n e t r a t i o n .

C. E v a p o r a t i v e  Reg ions

The s t a t e s  can be d i v i d e d  i n t o  s i x  r e g i o n s  a s  r e l a t e d  t o  e v a p o r a t i o n  and 
p r e c i p i t a t i o n  ( F i g s .  12 and 1 3 ) .  P r e c i p i t a t i o n  l e v e l s  i n  v a r i o u s  a r e a s  a r e  
g iven  in  F i g .  12.  Region 1 ( F i g .  13) has  e v a p o r a t i o n  much in  e x c e s s  o f  p r e ­
c i p i t a t i o n  w i th  an annua l  r a i n f a l l  o f  0 t o  25 cm. Region 2 has e v a p o r a t i o n  
c o n s i d e r a b l y  in  e x c e s s  o f  p r e c i p i t a t i o n  w i th  an annua l  r a i n f a l l  o f  25 t o  51 
cm. Region 3 has e v a p o r a t i o n  in  e x c e s s  o f  p r e c i p i t a t i o n  w i t h  r a i n f a l l  a v e r ­
a g in g  51 to  76 cm. Region 6 has  p r e c i p i t a t i o n  g e n e r a l l y  in  e x c e s s  o f  
e v a p o r a t i o n  and an a v e r a g e  annual  r a i n f a l l  o f  127 to  152 cm. Roo t ing  
i n f o r m a t i o n  was r e c o r d e d  f o r  a l l  r e g i o n s  e x c e p t  Region 6.

R o o t in g  f r e q u e n c i e s  a r e  shown f o r  Regions  1,  2 ,  and 3 ( F i g .  1 4 ) .  A l ­
though  75% o f  t h e  spec im ens  r e c o r d e d  r o o t e d  a t  92 cm o r  l e s s  f o r  Region 1, a 
few were r e c o r d e d  a t  r o o t i n g  d e p t h s  g r e a t e r  th a n  457 cm. These were t r e e s  
and s h r u b s  r o o t i n g  t h ro u g h  c r a c k s  in  c l a y  s o i l s  or  i n  f r a c t u r e d  rock  in  mine 
t u n n e l s .  A rough r e l a t i o n s h i p  between  r o o t i n g  d e p th s  and e v a p o r a t i v e  r e g i o n s  
o c c u r s .  Region 1, t h e  d r i e s t ,  had t h e  most  s h a l l o w l y  r o o t i n g  s p e c i e s ,  w i th  
Reg ions  2 and 3 b e in g  s i m i l a r .  S o i l  t y p e  may have an i n f l u e n c e  b e c au s e  o f

10-20 4 0 -5 0

20-30 50-60 OVER 100

30-40 OVER 60

F i g .  12 .  P r e c i p i t a t i o n  r e g i o n s  ( r a n g e s  a r e  in  c e n t i m e t e r s ) ,
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EVAPORATION REGIONS

1. EVAPORATION MUCH IN EXCESS OF PRECIPITATION

2 . EVAPORATION CONSIDERABLY IN EX CESS O F PRECIPITATION

3 . EVAPORATION USUALLY IN EXCESS OF PRECIPITATION

4 . EVAPORATION IN EXCESS OF PRECIPITATION IN WARM MONTHS

5 . PRECIPITATION IN EX C ESS OF EVAPORATION IN COOLER MONTHS

6 . PRECIPITATION GENERALLY IN EXCESS OF EVAPORATION ( 4 2 )

F i g .  13.  Regions  of  e v a p o r a t i o n  in  r e l a t i o n  to  p r e c i p i t a t i o n ,
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F i g .  14.  Cum ula t ive  c u m u l a t i v e  f r e q u e n c y  o f  r o o t i n g  d e p th  o f  p l a n t s  
a s  r e l a t e d  t o  e v a p o r a t i v e  r e g i o n s .

20



s o i l  deve lopm en t  p r o c e s s e s  due t o  i n t e r a c t i o n  o f  c l i m a t i c  v a r i a t i o n  and s o i l
h y d r o l o g i c  p r o p e r t i e s .  Spec imens r e c o r d e d  in  Region 1 were p r i m a r i l y  a s s o c i ­
a t e d  w i th  adobe c l a y  s o i l s ,  which c ause  ve ry  s h a l l o w  r o o t i n g .  S o i l s  in
Regions  2 and 3 were more v a r i e d .

D. Root  Type

Roots  can be c l a s s i f i e d  as  e i t h e r  f i b r o u s  o r  t a p r o o t s .  F i b r o u s  r o o t s  
a r e  g e n e r a l l y  c h a r a c t e r i s t i c  o f  g r a m i n o id s  ( g r a s s e s  and g r a s s - l i k e  p l a n t s )  
and t a p r o o t s  o f  p l a n t s  i n  t h e  s u b c l a s s  D i c o t y l e d o n a e  ( d i c o t s ) .  In a d d i t i o n  
t o  r o o t s ,  s tems  a r e  sometimes  m o d i f i e d  t o  unde rg round  s t r u c t u r e s  f o r  food 
s t o r a g e .  Such s t r u c t u r e s  a r e  e i t h e r  r h i z o m e s ,  corm s ,  or  b u l b s .  These o rg an s  
p roduce  r o o t s  f rom t h e  lower  s u r f a c e  and s h o o t s  from t h e  upper  s u r f a c e .

T a p r o o t s  may be f l e s h y  o r  woody. They a r i s e  d i r e c t l y  from th e  s e e d ,  
t h e n  may b r a n c h ,  fo rm ing  l a t e r a l s .  F i b r o u s  r o o t s  a r e  s e c o n d a r y  r o o t s  t h a t  do 
n o t  a r i s e  d i r e c t l y  f rom th e  s e e d .  In p r o d u c t i o n  o f  f i b r o u s  r o o t s ,  t h e  p r im ­
a r y  r o o t  grows from t h e  seed  and a b s o r b s  n u t r i e n t s  and w a t e r ,  t hen  f i n e  
b r a n c h e s  d e v e lo p  a s  s e c o n d a r y  r o o t s  t h a t  t a k e  ov e r  t h e s e  f u n c t i o n s  as  t h e  
p r im a ry  r o o t  d i e s ;  i n  some p l a n t s  t h e  p r im a ry  r o o t  may remain  f u n c t i o n a l .  
Because  o f  t h e  l a r g e  amount  o f  b r a n c h i n g ,  f i b r o u s  r o o t s  a r e  o f t e n  m a t l i k e  or  
h a i r l i k e  (Cannon 1949,  S u t t o n  1969) .

Roo t ing  f r e q u e n c i e s  were c a l c u l a t e d  f o r  t h e  f i b r o u s  and t a p r o o t s  ( F i g .  
1 5 ) .  A cc u m u la t iv e  f r e q u e n c i e s  show t h a t  41% o f  a l l  spec im ens  w i th  f i b r o u s
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F i g .  15.  Cum ula t ive  p e r  c e n t  f r e q u e n c y  o f  r o o t i n g  d e p th  o f  p l a n t s  
a s  r e l a t e d  t o  r o o t  t y p e s .
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r o o t s  r o o t e d  w i t h i n  t h e  f i r s t  91 cm compared w i th  36% f o r  t a p r o o t s .  A t o t a l  
o f  81% o f  a l l  spec im ens  w i th  f i b r o u s  r o o t s  r o o t e d  w i t h i n  t h e  f i r s t  183 cm a s  
compared w i t h  65% f o r  t a p r o o t s .  In g e n e r a l ,  f i b r o u s  r o o t s  were more s h a l l o w ­
ly  r o o t e d  th a n  t a p r o o t s .  Median r o o t i n g  d e p t h s  were 103 and  128 cm, r e s p e c t ­
i v e l y .  Rhizomes,  corm s ,  and b u l b s  a r e  more s h a l l o w l y  r o o t e d  th a n  a r e  
f i b r o u s - r o o t e d  p l a n t s  o r  p l a n t s  w i th  t a p r o o t s  (T ab le  V I I ) .

IV. SUMMARY AND CONCLUSIONS

There  a r e  11 LLW s i t e s  i n  t h e  U n i ted  S t a t e s ,  6 o f  which a r e  found in  
s e m i a r i d  o r  a r i d  r e g i o n s .  O verburdens  a t  most  o f  t h e s e  s i t e s  a r e  0 . 3  t o  1 m 
d e e p .  The s h a l l o w n e s s  o f  t h e  c o v e r  a l m o s t  a s s u r e s  p e n e t r a t i o n  by th e  r o o t s
o f  a l l  b u t  t h e  s h a l l o w e s t  r o o t i n g  p l a n t s .  I n d e e d ,  i n  ou r  s tu d y  on ly  annual
g r a s s e s  r o o t  e n t i r e l y  w i t h i n  1 m and on ly  h a l f  o f  t h e s e  r o o t  w i t h i n  0 .3  m. 
Median r o o t i n g  d e p t h s  o f  o t h e r  l i f e  forms a r e  up to  1 .95  m w i t h  maximum r o o t ­
ing  d e p t h s  t o  61 m: annual  f o r b s  (median o f  0 .61  m, maximum of  3 . 0  m); 
b i e n n i a l  f o r b s  ( 0 .7 6  m, 1 .5  m); p e r e n n i a l  g r a s s e s  ( 1 .0 6  m, 8 . 2  m); p e r e n n i a l  
f o r b s  ( 1 . 1 4  m, 39 m); s u b s h ru b s  and v i n e s  ( 1 .1 6  m, 6 .4  m); t r e e s  ( 1 .5 8  m, 1 .5  
m); and s h r u b s  ( 1 .9 5  m, 17 m). W ithou t  e f f e c t i v e  b i o b a r r i e r s ,  a p p r o x i m a t e l y  
1 .5  m o f  c o v e r  i s  s u f f i c i e n t  t o  p r e v e n t  r o o t  e n t r y  i n t o  t h e  w a s t e ,  p r o v id e d  
t h e  d e e p - r o o t i n g  p l a n t s  a r e  k e p t  c l e a r e d .

Cover  t y p e  s t r o n g l y  a f f e c t s  r o o t  p e n e t r a t i o n  and hence t h e  amount  o f  
c o v e r  n e e d ed .  Adobe c l a y  a f f o r d s  t h e  s h a l l o w e s t  r o o t i n g  sys tem  (median r o o t  
d e p th  o f  a l l  p l a n t s  i s  0 . 4  m; 99% r o o t  d e p th  t o  2 .7  m on ly  1% a t  g r e a t e r  
d e p t h s ) ;  sandy s o i l  n e x t  (0 .7 5  m, 4 . 5  m); loam n e x t  (0 .8 5  m, 3 . 0  m),  c l a y
loam n e x t  ( 1 .3  m, 4 . 5  m); and f i n a l l y  s i l t  ( 1 .6  m, >4.5 m).  S o i l  e f f e c t s  on
l a t e r a l  r o o t  growth a r e  s i m i l a r  e x c e p t  t h a t  sandy s o i l s  a r e  l e s s  r e s t r i c t i v e  
and more l i k e  s i l t s .  Adobe c l a y  r e t a r d s  r o o t  growth by p h y s i c a l  r e s t r a i n t ,  
b u t  r o o t s  can p e n e t r a t e  t h ro u g h  c r a c k s .  Sand r e t a r d s  r o o t  growth by a c t i n g  
as  a s i e v e  t o  c o n d u c t  w a t e r  away b e f o r e  t h e  p l a n t s  can u t i l i z e  i t .

Root  t y p e  p l a y s  a major  r o l e  i n  a p l a n t ' s  a b i l i t y  t o  p e n e t r a t e  i n t o  a 
s o i l .  B u l b - t y p e  r o o t s  a r e  t h e  l e a s t  p e n e t r a t i n g  ( a v e r a g e  d e p th  o f  0 .12  m);

TABLE VII 

AVERAGE ROOTING DEPTH BY ROOT TYPE

Root  Type Number Average  (cm) Sigma (cm)

F i b r o u s 265 130 88
T a p r o o t 498 245 444
Rhizome 5 80 82
Corm 2 24 5
Bulb 4 12 2
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corm r o o t s  n e x t  (0 .2 4  m); rh izome r o o t s  n e x t  ( 0 . 8 0  m); f i b r o u s  r o o t s  n e x t  
[ 1 . 3  m a v e r a g e ,  1 . 0  m m ed ian ,  and 4 . 0  m maximum (99%)];  and t a p r o o t s  t h e  most  
p e n e t r a t i n g  ( 2 .4  m a v e r a g e ,  1 .3  m m ed ian ,  and >4 .5 m maximum).

P l a n t  h e i g h t  can g i v e  a rough e s t i m a t e  o f  r o o t  p e n e t r a t i o n .  In most  
c a s e s ,  t h e  dep th  t o  h e i g h t  r a t i o  ( d / h )  f o r  t r e e s  was l e s s  than  1 . 1 .  T r e e s  
t h a t  were l e s s  t h a n  305 cm t a l l  had a 0 .22  r a t i o .  Sh rubs  had a d /h  r a t i o  o f
1 . 2 ;  f o r b s  1 . 7 ;  and g r a s s e s ,  2 . 0 .  In some c a s e s  l a t e r a l  s p r e a d  may be im­
p o r t a n t ,  p a r t i c u l a r l y  f o r  s p e c i e s  on w a s te  s i t e  p e r i m e t e r s .  With s u f f i c i e n t  
l a t e r a l  e x t e n s i o n s ,  s p e c i e s  may p e n e t r a t e  w a s t e s  from t h e  w a s t e  p i t  e x t e r i o r .
R a t i o s  i n d i c a t e  t h a t  t h e  l a t e r a l  s p r e a d  o f  t r e e s  w i l l  va ry  w i t h  age o f  t h e
t r e e s .  Younger t r e e s  w i l l  have lower d / l s  r a t i o s  than  w i l l  o l d e r  t r e e s .
Shrubs  have d / l s  r a t i o s  o f  l e s s  t h a n  1, f o r b s  and g r a s s e s  g r e a t e r  than  2.
The h i g h e s t  d / l s  r a t i o s  were found  f o r  s u b s h r u b s .
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