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Root growth and n u t r i e n t  uptake a r e  obv ious ly  r e l a t e d ,  and y e t  n o t  
w e l l  unders tood under f i e l d  c o n d i t i o n s  . An o v e r s i m p l i f i e d  premise i s  
t h a t  p l a n t  r o o t s  must grow t o  t h e  s i t e  i n  t h e  s o i l  where t h e  n u t r i e n t s  
a r e  r e t a i n e d ,  o r  t h a t  t h e  n u t r i e n t  must move t o  t h e  absorbing r o o t  s u r -  
f  a c e  ( o r  bo th ) .  R e l a t i o n s h i p s  developed under w e l l  c o n t r o l l e d  uniform 
l a b o r a t o r y  c o n d i t i o n s  of t e n  do no t  e x t r a p o l a t e  t o  f i e l d  c o n d i t i o n s .  I n  
t h i s  r e s p e c t ,  p r o g r e s s  i s  o f t e n  hindered by t h e  f a c t  t h a t  r o o t  growth 
measurements a r e  d i f f i c u l t  a t  b e s t  and g e n e r a l l y  d e s t r u c t i v e .  
N e v e r t h e l e s s ,  t h e r e  a r e  some f i e l d  s t u d i e s  t h a t  can provide some i n s i g h t s  
on how r o o t  growth and n u t r i e n t  uptake a r e  a f f e c t e d  by s o i l  environment.  
The o b j e c t i v e  of t h i s  paper i s  t o  b r i e f l y  review and d i s c u s s  some obser -  
v a t i o n s  from f i e l d  s t u d i e s  o v e r  t h e  l a s t  10 y e a r s  i n  Minnesota concern ing  
t h e  e f f e c t  of wheel-induced s o i l  compaction on r o o t  growth,  n u t r i e n t  up- 
t a k e ,  and c rop  y i e l d .  These f i e l d  s t u d i e s  a r e  being conducted a t  t h e  
Southwest Experiment S t a t i o n  a t  Lamberton, and t h e  Southern Experiment 
S t a t i o n  a t  Waseca. The s o i l s  a r e  N i c o l l e t  and Webster c l a y  loams, t y p i -  
c a l  of t h e  corn-soybean r e g i o n s  of sou thern  Minnesota and n o r t h e r n  Iowa. 
C u l t u r a l  p r a c t i c e s  on t h e s e  exper iments  a r e  t y p i c a l  of surrounding f a r m s ,  
i n c l u d i n g  t h e  use  of l a r g e  f i e l d  machinery. One obvious  e x c e p t i o n  i s  
t h a t  a l l  wheel t r a f f i c  from a l l  f i e l d  o p e r a t i o n s  i s  c o n t r o l l e d  t o  o c c u r  
o n l y  between t h e  rows and i n  t h e  same p lace  e v e r y  y e a r .  Root growth d a t a  
was ob ta ined  u s i n g  t h e  modif ied monol i th  method (Kelson and Al lmaras ,  
1969) whereby r o o t s  were e x t r a c t e d  from a  volume of s o i l  1.5 m wide (2-30 
i n c h  rows) 90 cm deep and 38 cm f r o n t  t o  back. Root l e n g t h  was determin-  
ed by t h e  method developed by Voorhees e t  a l .  (1980).  

Based on 60 monol i ths  of corn  and soybeans sampled about 60 days 
a f t e r  p l a n t i n g  o v e r  a  3-year p e r i o d  (1973-1975) from exper iments  con- 
ducted a t  Lamberton, about  50% of t h e  t o t a l  r o o t  l e n g t h  and about 80% of 
t h e  t o t a l  r o o t  weight  i s  l o c a t e d  w i t h i n  t h e  s u r f a c e  30 cm of s o i l .  Th i s  
s u r f a c e  30 cm i s  a l s o  most e a s i l y  a l t e r e d  by v a r i o u s  management prac-  
t i c e s .  For example, wheel t r a f f i c  of normal farming o p e r a t i o n s  can 
d e c r e a s e  t o t a l  p o r o s i t y  by 10 t o  15% and i n c r e a s e  p e n e t r a t i o n  r e s i s t a n c e  
by a f a c t o r  of 4 (Voorhees ' e t  al .  , 1978). Root growth is  a f f e c t e d  by 
b o t h  of t h e s e  f a c t o r s .  S ince  most of t h e  a p p l i e d  f e r t i l i z e r  i s  incorpor -  
a t e d  w i t h i n  t h i s  s u r f a c e  30 cm, i t  becomes impor tan t  t o  c o n s i d e r  how 
wheel t r a f f i c  a f f e c t s  r o o t  d i s t r i b u t i o n  and n u t r i e n t  uptake.  

F igures  1 and 2  show t h e  r o o t  l e n g t h  d e n s i t y  (cm of root/cm3 s o i l )  
f o r  soybeans and c o r n ,  r e s p e c t i v e l y .  Within t h e  s u r f a c e  30-cm l a y e r ,  
r o o t  d i s t r i b u t i o n  i s  d e l i n e a t e d  i n t o  t h e  row zone ( a  30-cm wide n o n t r a f -  
f i c k e d  volume of s o i l )  and t h e  23-cm wide i n t e r r o w  zone on e i t h e r  s i d e .  



The l a y e r  of s o i l  a t  t h e  30-to 45-cm d e p t h  i s  a  t r a n s i t i o n  between t h e  
t i l l e d  l a y e r  and t h e  s u b s o i l .  Depending on t h e  y e a r ,  t h i s  t r a n s i t i o n  
l a y e r  i s  g e n e r a l l y  no t  compacted by wheel t r a f f i c  from v e h i c l e s  w i t h  a x l e  
l o a d s  < 5 tons .  The s o i l  deeper  t h a n  45 cm i s  termed "subso i l "  and was 
n o t  compacted i n  t h e s e  p a r t i c u l a r  s t u d i e s .  The average t o t a l  r o o t  
l e n g t h  of soybeans was n o t  a f f e c t e d  by wheel t r a f f i c  compaction (148 
mete r s  p e r  monol i th  vs .  147 m e t e r s ) .  However, t h e  d i s t r i b u t i o n  was. 
I n t e r r o w  wheel reduced t h e  r o o t  l e n g t h  d e n s i t y  from 0.05 t o  0.04 cmlcm3, 
and inc reased  t h e  r o o t  l e n g t h  d e n s i t y  i n  t h e  row from 0.10 t o  0.13. 
There  was no d i f f e r e n c e  below a  dep th  of 30 cm. 

T o t a l  r o o t  l e n g t h  f o r  c o r n  was decreased  from 266 meters  t o  228 
mete r s  by i n t e r r o w  wheel t r a f f i c  ( s e e  f i g .  2 ) .  D i s t r i b u t i o n  of t h e  r o o t  
sys tem was a l s o  a f f e c t e d .  The r o o t  l e n g t h  d e n s i t y  was decreased through- 
o u t  t h e  s u r f a c e  45 cm but  i n c r e a s e d  i n  t h e  s u b s o i l .  

Two apparen t  d i f f e r e n c e s  between c o r n  and beans w i t h  r e s p e c t  t o  
i n t e r r o w  wheel t r a f f i c :  (1)  w i t h  corn ,  t o t a l  r o o t  l e n g t h  was d e c r e a s e d ,  
b u t  t h e  q u a n t i t y  of r o o t s  i n  t h e  s u b s o i l  was i n c r e a s e d  by wheel t r a f f i c  
compaction,  i . e .  , s u r f  a c e  l a y e r  compaction f o r c e d  a  h i g h e r  p r o p o r t i o n  of 
t h e  corn  r o o t  system t o  grow d e e p e r ;  ( 2 )  w i t h  soybeans ,  t h e  t o t a l  l e n g t h  
was unaf fec ted  but  s u r f a c e  compaction caused more of t h e  r o o t s  i n  t h e  
upper  30  cm t o  c o n c e n t r a t e  i n  t h e  row zone. 

Phosphorus c o n c e n t r a t i o n  i n  soybean i n  1975 i s  shown i n  f i g u r e  3 .  
The "low P" p l o t s  had r e c e i v e d  no phosphorus f e r t i l i z e r  f o r  a  number of 
y e a r s  ( s o i l  t e s t  was " low") ,  whereas,  t h e  "high P" p l o t s  r ece ived  132 
k g l h a  of P205 b r o a d c a s t  e v e r y  y e a r  s i n c e  1973. Soybeans were grown i n  
r o t a t i o n  w i t h  c o r n ,  and t h e  c o r n  p l o t s  were f a l l  plowed. The s o l i d  c u r v e  
r e p r e s e n t s  t h e  % P i n  soybean p l a n t s  i n  rows t h a t  had wheel t r a f f i c  on 
b o t h  s i d e s  of t h e  row ( r igh t -hand  s i d e  of f i g .  l ) ,  w h i l e  t h e  broken c u r v e  
r e p r e s e n t s  p l a n t s  f r o n  rows w i t h  no  wheel t r a f f i c  ( l e f t -hand  s i d e  of f i g .  
1 ) .  The h i g h e r  c o n c e n t r a t i o n  of phosphorus i n  p l a n t s  from t h e  wheel- 
t r a c k e d  row may be a s s o c i a t e d  w i t h  a  h i g h e r  r o o t  l e n g t h  d e n s i t y  i n  t h e  
row zone o r  b e t t e r  r o o t - s o i l  c o n t a c t  i n  t h e  s u r f a c e  30 cm of s o i l .  The 
t o t a l  uptake and accumulat ion of phosphorus by soybean expressed a s  k g  
P /ha  a l s o  shows i n t e r r o w  wheel t r a f f i c  compaction t o  be b e n e f i c i a l  ( f i g .  
4 )  

The growing season  p r e c i p i t a t i o n  f o r  1975 was about  60% of average .  
Under r e l a t i v e l y  d r y  c o n d i t i o n s ,  phosphorus up take  shou ld  be p o t e n t i a l l y  
i n c r e a s e d  by h i g h e r  r o o t  c o n c e n t r a t i o n  and h i g h e r  v o l u m e t r i c  w a t e r  con- 
t e n t  a s  a  r e s u l t  of wheel t r a f f i c  compaction. Th is  r e s u l t e d  i n  i n c r e a s e d  
y i e l d  a s  shown i n  Table  1. Under bo th  "low" and "high P" i n t e r r o w  wheel 
t r a f f i c  i n c r e a s e d  soybean y i e l d s  by about  300 kg lha .  This b e n e f i c i a l  
e f f e c t  of i n t e r r o w  wheel t r a f f i c  i s  h i g h l y  dependent on growing s e a s o n  
p r e c i p i t a t i o n .  The change i n  soybean y i e l d  due t o  wheel t r a f f i c  compac- 
t i o n  over  a  10-year p e r i o d  i s  p l o t t e d  a g a i n s t  growing season  p r e c i p i t a -  
t i o n  i n  f i g u r e  5. When May-August p r e c i p i t a t i o n  exceeds 400 mm ( %  16 
i n c h e s ) ,  soybean y i e l d s  may be decreased by 5-10% due t o  i n t e r r o w  wheel 
t r a f f i c  compaction. During r e l a t i v e l y  d r y  y e a r s ,  however, (< 400 mm) 
y i e l d s  were i n c r e a s e d  s u b s t a n t i a l l y ,  presumably because  of t h e  change i n  
s u r f  ace  l a y e r  r o o t i n g  p a t t e r n s  and phosphorus up take .  



Corn response  t o  i n t e r r o w  wheel t r a f f i c  was s i m i l a r  t o  t h a t  of soy- 
beans i n  some r e s p e c t s  and d i s s i m i l a r  i n  o t h e r s .  The percen t  phosphorus 
i n  t h e  whole p l a n t  was h i g h e r  i n  rows having wheel t r a f f i c  on both  s i d e s  
( s i m i l a r  t o  soybeans i n  f i g .  3 ) ,  but  on ly  f o r  t h e  "low P" t r e a t m e n t .  
When phosphorus f e r t i l i z e r  was added, wheel t r a f f i c  had no e f f e c t  on P 
up take  by corn.  T o t a l  accumulat ion of P by t h e  whole corn p l a n t  was 
i n c r e a s e d  by 40% due t o  wheel t r a f f i c  as  a  combined r e s u l t  of i n c r e a s e d  
c o n c e n t r a t i o n  i n  t h e  p l a n t  and inc reased  d r y  m a t t e r ,  but  on ly  f o r  t h e  
"low P" t r e a t m e n t .  

The i n f l u e n c e  of i n t e r r o w  wheel t r a f f i c  and growing season p r e c i p i -  
t a t i o n  on c o r n  y i e l d  was no t  a s  w e l l  de f ined  a s  i t  was f o r  soybeans.  
Long term c o r n  y i e l d s  tended t o  show t h e  o p p o s i t e  r e s p o n s e ,  wi th  y i e l d s  
being decreased by compaction d u r i n g  r e l a t i v e l y  d r y  weather.  The t h r e e  
y e a r s  i n  which t h e  r o o t  d a t a  i n  f i g u r e s  1 and 2  were c o l l e c t e d  can be 
c h a r a c t e r i z e d  a s  being d r i e r  t h a n  average .  Under "dry" c o n d i t i o n s ,  
i n t e r r o w  wheel t r a f f i c  reduced t o t a l  r o o t  l e n g t h  of c o r n  which c o u l d  
l i m i t  t h e  amount of water  t aken  u p  by t h e  p l a n t  and t h u s  reduce y i e l d  i n  
s p i t e  of i n c r e a s e d  P  uptake.  

Two impor tan t  c o n s t r a i n t s  i n  t h e  d i s c u s s i o n  t h u s  f a r  need t o  be 
emphasized. The r o o t  d a t a  shown i n  f i g u r e s  1 and 2  a r e  from r e l a t i v e l y  
d r y  years .  Under w e t t e r  s o i l  c o n d i t  i o n s ,  t h e  compaction p a t t e r n s ,  and 
r o o t  response t o  i t ,  may be q u i t e  d i f f e r e n t .  Secondly,  t h e  d i s c u s s i o n  
t h u s  f a r  has been l i m i t e d  t o  s u r f a c e  s o i l  compaction (< 30 cn deep) .  

The e x t e n t  t o  which a  s o i l  w i l l  compact a t  deeper  d e p t h s  i s  a  
f u n c t i o n  n o t  o n l y  of a p p l i e d  s u r f a c e  p r e s s u r e  bu t  a l s o  t o t a l  l o a d .  
P r a c t i c a l l y ,  t h i s  means t h a t  a x l e  l o a d s  g r e a t e r  t h a n  5 tons  may cause  
compaction d e e p e r  t h a n  normal t i l l a g e  dep ths .  The pr imary source  of such 
a x l e  loads  a r e  t h e  h a r v e s t  and a s s o c i a t e d  t r a n s p o r t  equipment. Such 
equipment i s  n o t  o n l y  heavy, bu t  i s  o f t e n  used when s o i l s  a r e  wet and 
e a s i l y  compacted. A s e r i e s  of f i e l d  s t u d i e s  a r e  c u r r e n t l y  being conduc- 
t ed  a c r o s s  t h e  n o r t h e r n  United S t a t e s  and n o r t h e r n  Europe t o  e v a l u a t e  t h e  
e f f e c t  of heavy a x l e  loads  on p l a n t  growth o v e r  a  range of s o i l  and 
c l i m a t i c  c o n d i t i o n s .  I n  Minnesota ,  exper iments  a r e  being done a t  Waseca 
and Lamberton. The heavy a x l e  load t r e a t m e n t s  were a p p l i e d  i n  t h e  f a l l  
of 1981 o n l y ,  w i t h  a l l  subsequent  t r a f f i c  l i m i t e d  t o  < 5  tons  p e r  a x l e .  
The t r e a t m e n t s  c o n s i s t  of 10 t o n s / a x l e  ( t y p i c a l  unloaded combine w i t h  
6-row corn  head)  and 20 t o n s / a x l e  ( t y p i c a l  f o r  l a r g e r  loaded combines and 
l a r g e  g r a i n  wagons). Whereas, a x l e  loads  < 5 t o n s  t y p i c a l l y  compact o n l y  
i n  t h e  s u r f a c e  30 cm, compaction was measured t o  a  dep th  of 60 cm under  
t h e  20 t o n  a x l e  load  (Voorhees e t  a l . ,  1985). D i r e c t  measurements of 
r o o t  growth a r e  n o t  being made b u t  i n d i r e c t  evidence of r o o t i n g  d e p t h  a r e  
being a s c e r t a i n e d  from p e r i o d i c  s o i l  w a t e r  c o n t e n t  measurements. 

One of t h e  more obvious  r e s u l t s  of t h e  s u b s o i l  compaction i s  a 
w e t t e r  s o i l  p r o f i l e  e a r l y  i n  t h e  season .  Th is  o f t e n  r e s u l t s  i n  near -  
anaerob ic  c o n d i t i o n s  i n  t h e  s u r f a c e  s o i l ,  accompanied by h i g h e r  r a t e s  of 
d e n i t r i f i c a t i o n  (Caskey e t  a l . ,  1985). T h i s ,  coupled w i t h  p o s s i b l e  r o o t -  
i n g  dep th  r e s t r i c t i o n s ,  can r e s u l t  i n  decreased  n i t r o g e n  uptake by c o r n  
as shown i n  f i g u r e  6. About 60 days a f t e r  p l a n t i n g ,  c o r n  growing on 20 
t o n / a x l e  compaction p l o t s  a t  Waseca shows a  d r a s t i c  r e d u c t i o n  i n  n i t r o g e n  
accumulat ion compared t o  c o r n  on t h e  check p l o t .  Corresponding s o i l  



w a t e r  e x t r a c t i o n  d a t a  s u g g e s t s  reduced r o o t  growth a c t i v i t y  i n  t h e  30-60 
cm l a y e r  a t  t h i s  t ime .  F i n a l  g r a i n  y i e l d  w a s  reduced by 27% due t o  
s u b s o i l  compaction. R a i n f a l l  was s l i g h t l y  below average i n  1982. 
Q u a l i t a t i v e l y  s i m i l a r  y i e l d  r e s u l t s  have been ob ta ined  i n  subsequent  
y e a r s .  

Summa ry 

Wheel t r a f f i c  from normal f i e l d  o p e r a t i o n s  can  d r a s t i c a l l y  a f f e c t  
r o o t  growth and n u t r i e n t  uptake.  This may be a  r e s u l t  of reduced r o o t  
growth,  decreased  r o o t i n g  d e p t h ,  o r  s p a t i a l  r e d i s t r i b u t i o n  of t h e  r o o t  
system. Soybeans g e n e r a l l y  have l e s s  t o t a l  r o o t  l e n g t h  t h a n  corn  and 
t h u s  may be more s e n s i t i v e  t o  placement of phosphorus f e r t i l i z e r  r e l a t i v e  
t o  where t h e  r o o t s  a r e  c o n c e n t r a t e d  i n  t h e  s u r f a c e  30 cm of s o i l .  Wheel 
t r a f f i c  can c o n c e n t r a t e  t h e  r o o t s  i n  t h e  row zone (when t h e r e ' s  a  t r a c k  
on bo th  s i d e s )  o r  cause  t h e  r o o t s  t o  c o n c e n t r a t e  on one s i d e  of t h e  p l a n t  
if t h e r e ' s  wheel t r a f f i c  on o n l y  one s i d e  of t h e  row. Thus, t h e  need t o  
c o n s i d e r  r e l a t i v e  p l a c i n g  of banded f e r t i l i z e r  w i t h  r e s p e c t  t o  l o c a t i o n  
of i n t e r r o w  wheel t r a f f i c .  

R i d g e - t i l l  p l a n t i n g  i s  i n c r e a s i n g  i n  t h e  Corn B e l t .  There a p p e a r s  
t o  a l s o  be an  i n c r e a s e  i n  t h e  number of fa rmers  u s i n g  d u a l s  on t h e  t r a c -  
t o r  dur ing  p l a n t i n g ,  and more r e c e n t l y ,  d u a l s  on t h e  combine t o  f a c i l i -  
t a t e  h a r v e s t  d u r i n g  wet wea ther .  Since f r e e z i n g  and thawing a r e  not  v e r y  
e f f e c t i v e  i n  removing wheel t r a f f i c  compaction (Voorhees 1983) ,  we can  
probably  a n t i c i p a t e  some r o o t  growth-nutr ient  up take  problems i n  some 
r OWS . 

Perhaps one of t h e  most important  t h i n g s  t o  r e a l i z e  i s  t h a t  i n  
s p i t e  of a l l  t h e  good t h i n g s  about  c o n s e r v a t i o n  t i l l a g e ,  we do not  l e t  
o u r s e l v e s  be l u l l e d  i n t o  t h i n k i n g  t h a t  compaction w i l l  not  occur  u n d e r  
such  a  system. We need t o  r e a l i z e  t h e  p o t e n t i a l  f o r  s u b s o i l  compaction 
from t h e  heavy a x l e  l o a d s  of h a r v e s t  and t r a n s p o r t  equipment. These 
machines a r e  used on our  f i e l d s  r e g a r d l e s s  of t h e  k i n d  of t i l l a g e  we u s e  
-- o r  d o n ' t  use .  S u b s o i l  compaction can a f f e c t  r o o t i n g  dep th  and a c t i v -  
i t y  because of h i g h  mechanical  r e s i s t a n c e  and by c r e a t i n g  a n a e r o b i c  
c o n d i t i o n s ,  bo th  of which may r e s u l t  i n  decreased  n u t r i e n t  up take  and 
y i e l d  r e d u c t i o n .  
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Table 1. Soybean y i e l d  a s  a f f e c t e d  by i n t e r r o w  wheel t r a f f i c  
compaction a t  two l e v e l s  of phosphorus f e r t i l i t y .  
Lamberton, MN 1975. 

Low P High P 
No wheel Wheel No wheel Wheel 
t r a f f i c  t r a f f i c  t r a f f i c  t r a f f i c  

TOTAL ROOT LENGTH = 148 m TOTAL ROOT LENGTH = 147 rn 

Figure  1. Soybean r o o t  l e n g t h  d e n s i t y  (cm root/cm3 s o i l ) .  
Lamberton, MN, 1973-1975. 



1 7 6  c r n d  

TOTAL ROOT LENGTH=266m TOTAL ROOT LENGTH = 228 m 

F i g u r e  2 .  Corn r o o t  l e n g t h  d e n s i t y  (cm root/cm3 s o i l ) .  
Lamberton, MN, 1973-1975. 

LOW P HIGH P 

---NO WHEEL TRACKS 

-WHEEL TRACKS BOTH SIDES 

JUNE JULY JUNE JULY 

Figure  3 .  Concen t ra t ion  of phosphorus i n  soybean a s  a f f e c t e d  by 
by i n t e r r o w  wheel t r a f f i c  a t  two l e v e l s  of s o i l  P .  
Lamberton, MN, 1975. 



LOW P HIGH P 

--- NO WHEEL 
TRACKS 

- WHEEL TRACKS / 
BOTH SIDES I 

r - -  

JUNE JULY JUNE JULY 

Figure  4. Accumulation of phosphorus i n  soybean a s  a f f e c t e d  by i n t e r r o w  
wheel t r a f f i c  a t  two l e v e l s  of s o i l  P. Lamberton, MN 1975. 

CHANGE IN SOYBEAN YIELD DUE TO 
SURFACE COMPACTION. 1973- 1983 

LAMBERTON, MN. 

-10 l 
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MAY - AUGUST PRECIP., INCHES 

Figure  5. Change i n  soybean y i e l d  due t o  i n t e r r o w  wheel t r a f f i c  a s  a 
f u n c t i o n  of growing season  p r e c i p i t a t i o n .  Lamberton, MN, 
1973-1983. 
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F i g u r e  6 .  Uptake of n i t r o g e n  by corn  a s  a f f e c t e d  by 
s u b s o i l  compaction.  Waseca, MN, 1982. 
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