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Soil And Water Research 
I' On A Claypan Soil 

By V. C. JAMISON, D. D. SMITH, and J. F. THORNTON, Soil and Water  
Conservation Research Division, Agricultural Research Service 

SUMMARY OF RESULTS 

Run08 and Erosion.-Soil and water losses from a sloping clay- 
pan soil1 depend on both its cover and surface conditions. The 
surface condition, including cover density and soil aggregate 
stability, is related to soil fertility. 

In earlier studies conducted a t  relatively low soil fertility levels, 
grasses and sod crops in rotations appeared to be essential to soil 
and water conservation on Mexico silt loam and similar soils. 
However, the increased use of lime and fertilizer and the return 
of heavier crop residues to the soil have reduced the erosion hazard 
on these claypan soils of the Midwest. Although soil losses from 
a sloping claypan soil producing continuous corn with a full- 
fertility program are still higher than those from corn in a rota- 
tion, the hazard is largely confined to the period from seedbed 
preparation to the time of establishing a crop canopy. Even in a 
corn-wheat-meadow-meadow rotation with a good fertility pro- 
gram there are, during the time from seedbed preparation to 
establishing a crop canopy, periods of erosion hazard for corn and 
for wheat. But with the sod-based rotation, both the intensity and 
frequency of the hazard are appreciably less than with continuous 
grain cropping. 

Although runoff is generally low and erosion of no consequence 
from established pasture sods, both are moderately high from 
small grain-lespedeza rotations. Grazing these areas increases 
significantly both runoff and erosion as  compared to using them '\ for hay and grain production. 

Average annual runoff from the small plots during 1941-50 
varied from 6.8 to 11.7 inches for different cropping and fertiliza- 
tion systems. The lowest was for well-fertilized pastures of 
timothy, sweetclover, and lespedeza and the highest for an  unfer- 
tilized corn-oats rotation. 

Pasture production studies in the late 1940's and early 1950's 
indicated that pasture fertility improvement is profitable. Trends 
in the late 1950's and early 1960's, with adequate soil fertilization, 

' The results reported here were conducted on Mexico silt loam soil. 

1 
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Water-yield measurements for the 154-acre mixed-cover water- 
shed a t  McCredie indicated that the expected minimum runoff 
volumes for consecutive 2-year periods were three to four times 
greater than for single years. The watershed area required to 
furnish the 2-year supply would be 433 acres, whereas that  needed 
for a 1-year supply would be 806 acres. Thus, for a 1-year supply 
on this soil, a reservoir storage volume of 1.39 acre-feet and a 
drainage area of 25 acres would be required per irrigated acre. 
For a 2-year supply, the required storage volume would be 3.10 
acre-feet and the drainage area 14 acres. 

Grass Waterzoays.-Bluegrass sod in waterways can withstand 
high velocities of flow without deterioration of the channel if a 
few conditions are met in channel construction. Sharp changes in 
alinement, horizontal or vertical, tend to result in scour damage 
under high flow velocities. However, increases in bed slope from 
1 to 4 or  from 4 to 8 percent did not cause damage to sod by flows 
up to 9 f.p.s. with a duration of 50 minutes. The rate of scour in. 
inches per hour was directly related to the square root of the 
averagev velocity in feet per second and inversely to the grass 
density. 

For 2-year-old sods. Kentucky bluegrass gave better protection 
against scour than did other grasses tested. But for 1- ear-old 
sods, timothy and redtop were superior to bluegrass. Kentucky 
b-ass, 1 year after seeding, did not provide adequate protection 
for velocities of 3 f.p.s. and greater. Bluegrass, 2 years after seed- 
ing, withstood up,to 7 f.p.s. A grass mixture of timothy, redtop, 
and bluegrass is suggested for these soils. 

The hydraulic data for bluegrass a t  maximum growth stage 
(headed out) were used to prepare charts for channel design. The 
factors considered in these charts are  the expected maximum rates 
of discharge, average velocity of flow, and bed slope. These are  
used to determine the appropriate channel width and depth. Sepa- 
rate charts are  presented for use in designing channels with trape- 
zoidal or  parabolic cross sections. 

Subsoiling and Deep Fertilization.-Subsoiling alone had little 
effect on yields of corn, small grains, and soybeans on Mexico 
silt loam. Application of lime or lime and phosphate in the subsoil 
during the subsoiling produced small increases in yields of corn 
and alfalfa and enhanced the depth of rooting of sweetclover. How- 
ever, the yield increases were not enough to recommend the prac- 
tice for practical farm use. 

Reclamation of Severely Eroded Land.-The returns from re- 
claimed areas on the Midwest Claypan Experiment Farm over a 
5-year period justified the costs of filling in gullies and smoothing 
and fertilizing eroded and infertile areas in Mexico silt loam and 
associated soils. 
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INTRODUCTION 
The claypan soils2 of the Midwest prairie region are problem 

sails. A clay subsoil layer beginning a t  a depth of 7 to 18 inches 
restricts air  and water movement and retards the development of 
plant roots. The upper horizons are usually low in natural fertility 
and, unless corrective treatments are made, the profile down to and 
including the claypan is usually acid. Neglect, misuse, and erosion 
Lave further depleted fertility and reduced the productivity of these 
soils. However, many of them respond very well to good manage- - 
ment practices; and, with a fairly deep silt loam surface remain- 
ing, they can be brought to a level of production approaching that  
ofthe best soils. 

The total area of claypan soils of the Midwest (fig. 1 )  has been 
estimated to be about 10 million acres (52 ) . : :  The principal ex- 
tensive areas are in Missouri, Illinois, and Kansas. Secondary, less 
extensive areas are in Nebraska, Oklahoma, and Iowa. The latter 
are fringe areas, where the soils are so nearly like claypan that  
much of the information on claypan management practices applies 
to them also.4 

'The  studies reported here were conducted on Mexico silt loam soil, which 
is considered typical of the sloping Midwest claypan soil. 

:' Italic numbers in parentheses refer to Literature Cited, p. 108. 
' Personal communication from Roy W. Simonson, Director, Soil Classifica- 

tion and Correlation, Soil Conservation Service, U.S. Department of Agri- 
culture. 

\ IOWA 

OKLAHOMA 1 
US-30363 

FIGURE I.-Extent of claypan soils in Midwestern United States. Research 
results a t  Midwest Claypan Experiment Farm may be considered directly 
applicable fo r  dark areas  and generally applicable for  larger outlined ( 2 )  
areas. 
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The term "claypan" usually refers to those soils in which a clay 
subsoil layer has formed during soil development and n f a t u r l t ~  
( 5 8 ) ,  although soils with clay subsoils that  were deposited place 
have sometimes also been called claypan (72). Most of the Midwest 
claypan soils were developed under grass vegetation, although some 
occur under forest cover (8,40).  The largest areas are in the more 
humid prairie region, but some claypan soils are found in drier 
chernozem areas (7, 29, 70). 

Extensive areas of claypan are relatively flat prairie lands. 
Streams and natural drainageways dissect the prairie, forming 
gently rolling slopes, which are occasionally more than 5 percent. 
The sloping claypan soils are subject to erosion unless wisely. 
L- 

m-anaged Soil surveys prior to 1936 showed a loss of about 7 .- 
inches, or  about one-half the original topsoil, from the sloping 
claypan soils of Boone and Callaway Counties, Mo., in about 70 
years.Wuring this period, increasing areas of the sloping claypan 
soils were plowed from pasture or meadow and planted to  small 
grains and intertilled crops without fertilizer and usually without 
regard to slope. Production declined with continued removal of 
nutrients by the crops and through losses from runoff and 
erosion. 

Description of Representative Claypan Profile 
Mexico silt loam is representative of most of the gently rolling, 

more erosive soils of the claypan areas in the Midwest. A typical 
profile is shown in figure 2. 

The surface layer (A,, 0-7 inches) is very dark grayish-brown 
friable silt loam (27). A lighter gray horizon is often incorporated 
with this layer in cultivated soils. The next surface layer (A3, 7-11 
inches) is dark grayish-brown fine silt loam, with fine splotching of 
dark yellowish-brown stains. The structure is weakly developed, 
fine-to-medium granular. 

The upper illuvial claypan layer (BZ1, 11-16 inches) is dark 
grayish-brown silty clay, highly mottled with yellowish red. There 
a re  numerous small iron concretions. The structure is very fine, 
moderately developed, angular, and blocky, with thin clay skins 
on some aggregate faces. The next claypan layer (B22, 16-25 
inches) is dark grayish-brown silty clay, with fine reddish-brown 
mottling and numerous small concretions. It is plastic when wet 
and breaks indistinctly into fine angular fragments, with thin clay 
coatings on the faces. The lower illuvial claypan layer (B3, 25-34 
inches), which is the transition zone, is a massive brown silty clay, 
with large splotches of yellowish-brown and yellowish-red stains. 

The parent material (C layer, 34-50 inches), or deep subsoil, is 
dark grayish-brown silt loam to coarse silty clay loam. There are  
splotches of brown and dark-red concretions. The structure is mas- 
sive. The C layer is loessal in origin and often overlies a layer of 
gumbotil (28). 

'Personal communication from H. E. Grogger, State Soil Scientist, Soil 
Conservation Service, U.S. Department of Agriculture. 
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FIGURE 2.-Typical Mexico silt loam profile. 

The loessal parent materials of the Midwest claypan soils are 
generally considered to be of windblown or eolian origin (14, 20, 
21,31, 32,34, 39, 57, 58, 60, 61, 63). The claypan soils of the north- 
central Missouri prairie have developed in Yarmouth loess over- 
lying glacial till of the Kansas stage (67). 

Physical and Chemical Characteristics of Claypan Soils 

The claypan soils of the Midwest are naturally acid and low in 
some nutrient elements in the upper layers and in the claypan. 
The original loessal material was rich in lime, magnesium- and 
potassium-rich minerals, and phosphates. The percentages of 
potassium and plagioclase feldspar in the silt fraction of these 
soils are directly proportional to soil fertility and indirectly pro- 
portional to  degree of silt weathering (19).  Younger soils near 
loessal sources of deposition are naturally higher in fertility than 
the mature claypan soils. Soil maturity increases in loessal-derived 
soils with windward distance from the major stream source ( 2 6 ) .  
Leaching not only removes the carbonates from the A and B hori- 
zons but reduces the calcium, potassium, and other nutrient 
cations from the primary mineral crystals of the soil surface layer. 

The exchange complex of the secondary minerals of the Midwest 
prairie claypan soils is dominated by hydrogen unless lime is ap- 
plied to correct soil acidity. The surface layers are low in total 
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phosphorus. The deep subsoil loessal layer beneath the claypan is 
usually richer in phosphorus than either the claypan or the layers 
above i t  (15, 16, 33). With an increase in acidity, the phosphates 
remaining in the claypan layer are  transformed to less soluble or 
fixed compounds of iron and aluminum or to strongly adsorbed 
phosphates. In the surface layers this tendency is counteracted 
somewhat by the accumulated organic matter (1, lO).  

The soil surface layer or A horizon is markedly different physi- 
cally and chemically from the claypan or zone of clay accumula- 
tion. The A horizon is high in silt content. This is inherent from 
the loessal parent material for most of the Midwest claypan soils 
(67). Weathering of some of the loess and movement of the very 
fine secondary clay particles formed by the process to the lower 
horizons leave the soil surface as  coarse or a little coarser in tex- 
ture than the parent loess. Some organic matter accumulation in 
the surface may give a degree of aggregation and structural 
stability not present in the parent loess. Because of its high silt 
content, the surface layer is usually high in total and available 
moisture storage capacity (23). Available moisture storage ca- 
pacity of more than 0.25 inch of water per inch of depth has been 
estimated for a surface layer sample of Mexico silt loam. 

Although leaching has reduced the fertility of the soil surface, 
nutrient deficiencies in this layer are  not difficult to  correct. Be- 
cause of its silty nature and relatively low clay content, the ex- 
change capacity of the surface is not extremely high. Moderate 
applications of lime and potash fertilizer will adjust the exchange- 
able calcium and potassium to desirable soil test levels (17). 

The principal clay minerals in the claypan layer are  of the 
montmorillonitic group, which is characterized by an expanding 
crystal lattice. When wet, these clays swell, closing cracks in the 
claypan layer and forming a plastic mass with a very slow rate of 
absorption. Upon drying, the mass will shrink, forming some large 
cracks and numerous small ones. The bulk density of the wet soil 
may not be very high; yet, because of fine particles, the perme- 
ability is low. With drying and shrinking, the bulk density in- 
creases. The density of a hard, dry fragment between cracks may 
be more than 1.6 grams per cubic centimeter, whereas the cor- 
responding dry-weight density of a mass of the wet clay may be 
less than 1.2 grams per cubic centimeter. 

Because of its fine porosity, very little oxygen can diffuse into a 
wet claypan. The pores in this layer will remain nearly full of 
water over a wide range of low suctions for claypan of Putnam, 
Mexico, and similar soils ( 2 3 ) .  

Although the total moisture-holding capacity of the claypan 
layer is high, the available storage capacity is somewhat lower than 
that  for the silt loam surface, because a large part  of the stored 
water is retained in the clay when the wilting point is reached 
(23). 

Climate of Area 
The climate of the claypan prairie area of central and north- 

eastern Missouri is continental (35). There are frequent changes in 
the weather, both from day to day and from season to season. 
Missouri lies in the path of cold air masses moving out of Canada, 

i dry air  from the West, and warm moist currents from the Gulf of 
Mexico. 

The average annual precipitation for 1891-1960 for weather sta- 
tions in the vicinity of McCredie, Mo., was 37.95 inches (table 1 ) .  
In the cool months, part of the precipitation occurs as snow. Most 
of the snow falls in December, January, and February, but some 
may fall as early as  October or as late as April in the central 
prairie area of Missouri. The average annual snowfall north of the 
Missouri River is 18 to 22 inches. It is unusual for snow to remain 
on the ground for more than 1 or 2 weeks. 

The average monthly rainfall is highest during the late spring 
and the summer. The storms during the warm season usually h-axe -- 
greater intensity. Since they often occur during seedbe-d prepara- 
Fonh _before growing crops provide adequate protective cover, 
they. may cause considerable erosion damage. 

Rainfall during the crop-production period varied widely. The 
70-year average (1891-1960) for the July-August period was 6.98 
inches. The typical claypan soil will store 6 to 7 inches of available - 
moisture in the upper 4 feet of soil (27). With adequate moisture 
supply, the average evapotranspiration rate a t  McCredie is about 
0.2 inch per day during the 3 summer months. Thus, if the soil 
storage capacity is filled a t  the beginning of the hot summer season 
and average rainfall is so distributed that runoff losses are small, 
there will be sufficient moisture to supply the needs of most 
crops. However, such a fortunate combination of circumstances 
will occur in only about one growing season out of two. At the 
Midwest Claypan Experiment Farm, moisture has been a limiting 
factor in crop production in about half the summer seasons. 

The average annual temperature for 1941-60 was 54.7" F. (table 
2) .  The average annual night temperature (minimum) was 23.0" 
lower than the average annual day temperature (maximum). The 
wide periodic variations in temperature throughout the year are 
obscured in the tabulated averages. 

The average date of the last freezing temperature (28O-32" F.) 
in the spring is April 18 a t  Mexico, Mo., and of the first freezing 
temperature in the fall is October 18. The average frost-free in- 
terval is 183 days. 

Midwest Claypan Experiment Farm 
The Midwest Claypan Experiment Farm was established near 

McCredie, Mo., in 1937 by the Soil Conservation Service of the 
U.S. Department of Agriculture, in cooperation with the Missouri 
Agricultural Experiment Station, to study those problems common 
to the gently rolling area of Midwest claypan soils (fig. 3) .  The 



TABLE 1.-Average monthly and annwcl precipitation for 1941-60 and 1891-1960 

Year I Jan. Feb. , Mar. A .  May June July I Aug. 1 Sept. 1 Oet. Nov. ' I 
Inches 1 Inches 1 1 1 1 I I I I  Inches Inches Inches Inches Inches Inches Inches Inches Inches 

Average: 
1941-1960 .. . .  . . . . . 1 1.48 1 i:s4 2." 1 3.52 4.11 1 4.57 1 3.52 1 3.08 1 . 4 1  1 :::: 1.93 1 
1891-1960 . . . .  . . . .  . 1.96 2.88 3.70 4.60 4.66 3.52 3.46 4.00 2.35 

' Data for 1891-1940 derived from Mexico and Fulton, Mo., records and for 1941-60 from McCredie records. 

Dec. Annual L? 



BS-30384 

FIGURE 3.-Midwest Claypan Experiment F a r m  a t  McCredie, Mo., a s  i t  appeared when purchased in 1937 
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ent in th
e sedi- 

m
en

t tan
k

 w
ere m

easured fo
r volum

e an
d

 sam
pled separately. 

In
 1943, th

ree bluegrass p
astu

re plots (series I) w
ere established 

to stu
d

y
 th

e effects of fertility
 treatm

en
ts an

d
 legum

e seeding an
d

 
of contour fu

rro
w

s on runoff 
an

d
 production. R

unoff w
as m

eas- 
ured fro

m
 th

e en
tire 2-acre area w

ith
 2-foot H

 flum
es an

d
 w

ater- 
level recorders. 

In
 1955, tw

o
 1-acre contour plots w

ith
 a slope length of 420 feet 

w
ere equipped w

ith flum
es an

d
 sam

p
lers to

m
e

a
su

re
 ru

n
o

ff an
d

 
soil loss. 

P
asture S

tudies 
S

oil T
reatm

ents 

L
ig

h
t applications of 

fertilizer w
ere used d

u
rin

g
 1938-46 an

d
 

h
ig

h
er levels d

u
rin

g
 1947-51 

(tab
le 3

). T
hese tw

o
 levels of fertlli- 

zation 
reflected 

th
e 

recom
m

endations 
being 

m
ade 

to
 

M
issouri 

farm
ers a

t th
e beginning of th

e tw
o

 periods (6
8

). T
h

e g
rass an

d
 

legum
e p

astu
res w

ere established in
 1938 w

ith
 200 p

o
u

n
d

s.p
er 

acre of 
0-20-10 

fertilizer, an
d

 in 
1943 an

d
 1945 th

ey
 rece~

v
ed

 
th

e sam
e am

o
u

n
t an

d
 kind. A

n
 unplow

ed b
lu

eg
rass p

astu
re w

as 
fertilized w

ith
 400 pounds of 0-20-10 

in
 1942 an

d
 w

ith
 200 pounds 

in
 1945. L

im
e w

as applied to
 all plots receiving fertilizer in

 th
e 

1938-46 tests. 
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T
A

B
L

E
 3.-C

ropping 
szjstem

 and soil trea
tm

en
t o

n
 pastures (series 

I) during 1938-46 
and 1947-51 

I 
I 

T
A

B
L

E
 3.-C

ropping 
system

 and soil trea
tm

en
t o

n
 pastures (series 

I) d
u

rin
g

 1938-46 
and 1947'-51-C

ontinued 
I 

Y
ears an

d
 

plot 

I 
I 

S
oil treatm

en
t 

C
ropping system

 

(1938 
. 

T
im

othy, lespedeza.. 
J 1943 
11945 

Soil treatm
ent 

Y
ear I 

A
m

ount per acre 

Y
ears an

d
 

plot / 
C

ropping system
 

(1946 
O

ats (h
ay

), lespedeza 
(1938 

W
heat, lespedeza . 

. 
B

arley, soybeans 
11946 

(hay). 
(1938 

Y
ear 

I 
A

m
ount per acre 

T
im

othy, sw
eet- 

clover, lespedeza. 

B
luestem

 
B

luegrass 
(renovated). 

... 
B

luegrass (check) 
B

luegrass (contour 
furrow

). 

W
heat, K

orean 
lespedeza. 

(1947-48 
J 1949 
\an

d
 

[later 

(1947 
K

entucky bluegrass, il1949 
K

orean lespedeza. 
an

d
 later 

B
rom

egrass (sw
eet- 

(1947 
clover seeded, 
1947-49). 

\::?later 

K
entucky bluegrass 
(sw

eetclover 
seeded, 1947). 

(1947 
41948 
(an

d
 later 

! 

L
im

e, 3 tons; 0-20-10, 
200 Ibs. 

0-20-10,200 
lbs. 

0-20-10. 
200 Ibs. 

K
entucky bluegrass 

R
ye, soybeans 
(grain). 

A
lta fescue (L

adino 
clover seeded, 
spring 1951). 

L
im

e, 2 to
n

s. 
L

im
e, 3 tons; 0-20-10, 

100 Ibs., 
w

ith sm
all grain seeding. 

L
im

e, 2 tons; 0-20-10, 
100 Ibs., 

w
ith sm

all grain seeding. 
L

im
e, 3 tons; 0-20-10, 

200 Ibs. 
0-20-10,200 

lbs. 
0-20-10.200 

lbs. 

1948 

1949 

L
im

e, 2 tons. 
L

im
e, 3 tons; 0-20-10, 

400 
Ibs. 

L
im

e, 2 tons; 0-20-10, 
209 Ibs. 

L
im

e, 3 tons; 0-20-10, 
400 Ibs. 

0-20-10. 
200 Ibs. 

N
one. 

D
o. 

10-20-20,100 
Ibs., on w

heat. 
B

asic: 
L

im
e, 

2 
tons, 

an
d

 
rock 

phosphate, 
466 

Ibs.; 
m

ainte- 
nance: 

0-20-20, 
200 Ibs., 

an
d

 
33-0-0,60 

Ibs., on w
heat. 

10-20-20,200 
lbs. 

B
asic: 

0-20-10, 
830 Ibs. 

(1949); 
m

aintenance: 0-20-20, 
200 Ibs. 

(1951). 
10-20-20, 

200 Ibs. 
B

asic: L
im

e. 2 tons. an
d

 0-20-10. 
760 

Ibs. 
(1949);' m

aintenance: 
0-20-20, 

200 Ibs. 
(1951), an

d
 

33-0-0, 
100 

Ibs. 
(fall 

an
d

 
spring, starting fall 1950). 

10-20-20, 
200 Ibs. 

B
asic: L

im
e, 2 tons, an

d
 0-20-10, 

800 
Ibs. 

(1949); m
aintenance: 

0-20-20, 
200 Ibs. 

(1951), an
d

 
33-0-0,100 

Ibs. (fall an
d

 spring, 
start in^ fall 1948). 

-
 

N
one. 

E
stablished 

1948 
(~

rev
io

u
slv

 
lim

ed). 
B

asic: 
R

ock 
pho&

 
phate, 

450 
Ibs., 

an
d

 
0-0-50, 

200 
Ibs. 

(1948); m
aintenance: 

10-20-20, 
150 Ibs., 

w
ith 

rye, 
an

d
 

0-20-20, 
150 Ibs., 

w
ith 

soybeans (1949 an
d

 1950). 
E

stablished spring 1949. 
B

ask
: 

L
im

e, 2 tons, rock phosphate, 
2,000 

Ibs., 
0-0-50, 

315 
Ibs., 

an
d

 
8-8-8 

starter, 
325 

Ibs.; 
m

aintenance: 0-20-20, 
200 Ibs. 

(1951). 

E
stablished spring 1949. 

B
asic: 

S
urface 1

0
 inches: L

im
e, 6 tons, 

rock 
phosphate, 

2,000 
Ibs., 

0-0-50, 
357 Ibs., an

d
 0-20-20 

starter, 115 Ibs.; subsoil (10-15 
inch 

horizon): 
L

im
e, 

3 
tons; 

m
aintenance: 0-20-20, 

200 Ibs. 
(every 

other 
year). 

I 
I 

I 
P

lo
ts 1-6, 

1938-46; 
plots 7-9, 

1942-48; 
all crops g

razed
 except a

s noted. 
'E

stab
lish

m
en

t 
of 

bluestem
 

n
o

t 
satisfacto

ry
; 

no 
runoff 

an
d

 erosion 
o

r 
g

razin
g

 m
easu

rem
en

ts; 
reestablished in b

ro
m

eg
rass an

d
 sw

eetclover in 1945. 

S
oil treatm

en
ts applied in 1947-51 

w
ere m

ade according to
 soil 

tests 
(1

7
). L

im
e, phosphate, an

d
 potash w

ere b
ro

u
g

h
t up to

 su
f- 

ficiency levels on treated
 plots an

d
 nitrogen w

as applied on so.m
e 

plots 
(tab

le 3
). T

hese applications of 
calcium

, phosphorus, an
d

 
potassium

 corrected th
e differences in

 levels of th
ese n

u
trien

ts th
at 

resulted d
u

rin
g

 1938-46. P
lot 2, fro

m
 w

hich o
ats had been rem

oved 
fo

r h
ay

 w
hen tested in

 1946, required a special corrective treat- 
m

en
t of 108 pounds of potassium

 per acre to
 b

rin
g

 th
e potash level 

up to
 th

at of ad
jacen

t plot 3, w
hich had been used only fo

r g
razin

g
. 

R
em

oval of potassium
 in

 soybean h
ay

 fro
m

 plot 4 also resulted in
 a 

low
er level of potassium

 by 1946. 
1951-52 w

as a period of tran
sitio

n
. T

he d
ro

u
g

h
t y

ears of 1952- 
54 b

ro
u

g
h

t an
 increased em

phasis on irrig
atio

n
, w

h
ich

 resulted in
 

several 
changes 

in
 

th
e p

astu
re 

treatm
en

ts. 
L

adino 
clover 

w
as 

seeded in som
e of 

th
e p

astu
res, b

u
t th

e stan
d

 did n
o

t su
rv

iv
e th

e 
d

ry
 w

eather. P
lo

ts 1-3 w
ere discontinued an

d
 six

 additional 2-acre 
plots w

ere started
 d

u
rin

g
 th

is period fo
r an

 irrig
atio

n
 an

d
 n

itro
g

en
 

fertilization stu
d

y
 on p

astu
res. 

S
oil an

d
 W

ater L
osses 

S
oil- an

d
 w

ater-loss d
ata fo

r 19.40-46, as sum
m

arized by W
h

itt 
(681, are show

n in tab
le 4. T

h
e tw

o
 tim

o
th

y
 p

astu
res averaged less 

th
an

 one-half ton of soil loss p
er acre per y

ear, an
d

 m
uch of th

is 
loss cam

e d
u

rin
g

 th
e early

 y
ears before good establishm

ent. 
T

h
e 

plot w
ith

 sw
eetclover retained an

 an
n

u
al av

erag
e of ab

o
u

t 2 inches 
m

ore w
ater fro

m
 rain

fall th
an

 did th
e o

th
er tim

o
th

y
 plot. T

h
is w

as 
probably d

u
e in p

art to
 soil stru

ctu
ral im

p
ro

v
em

en
t an

d
 in

 p
art to

 
g

reater d
ep

th
 of d

ry
in

g
 of th

e subsoil by th
e clover roots, w

hich 
resulted in increased in

tak
e fro

m
 rain

fall. 
T

he tw
o

 sm
all grain-lespedeza p

astu
res h

ad
 

ab
o

u
t th

e sam
e 

runoff losses, b
u

t th
e soil losses fro

m
 th

e o
ats 

(fo
r h

ay
) 

an
d

 
lespedeza w

ere h
ig

h
er th

an
 those fro

m
 th

e w
heat-lespedeza plors. 

T
his difference w

as due largely to
 v

ariatio
n

s in w
eath

er an
d

 m
ois- 



18 
T

E
C

H
N

IC
A

L
 B

U
L

L
E

T
IN

 13i!l, U
.S

. 
D

E
P

T
. O

F
 A

G
R

IC
U

L
T

U
R

E
 

T
A

B
L

E
 4.-A

verage 
annual runoff an

d soil loss fro
m

 pasture and 
grain-crop plots, 1940-46 and 1945-48 

Y
ears, series, 
an

d
 plot 

C
ropping system

 
1 

R
unoff 1 

S
oil loss 

Inches 
9.50 

10.53 
10.33 

1940-46' 
S

eries I (p
astu

res) : 
1 .............................. 
2 .............................. 
3 .............................. 
4 .............................. 
5 .............................. 

S
eries I1 (h

arv
ested

 

T
o

n
s per 

T
im

othy, lespedeza ................... 
O

ats 
(h

a
y

), lespedeza ............. 
W

heat, lespedeza ....................... 
B

arley, soybeans ( h
ay

) ........... 
T

im
othy, sw

eetclover, 
lespedeza. 

acre 

fo
r h

ay
 an

d
 g

rain
) : 

.................... 
1, 3, 5 
2. 4. 6 .................... 

...................... 
9 .............................. ( B

luegrass (contour fu
rro

w
) ...... / 

8.02 
I 

.............. 
O

ats 
(h

ay
) , iespedera 

( 
9.19 1 

1.78 
W

h
eat, lespedeza ........................ 

9.19 
1.31 

S
eries I (p

astu
res) : 

.............................. 
7 8 .............................. 

' A
verape an

n
u

al n
reci~

itatio
n

 of 
40.34 inches. M

easurem
ents a

re
 av

erag
es 

.............. 
...................... 

B
luegrass (ren

o
v

ated
) 

9.06 
B

luegrass (check) ...................... 1 
(1.40 1 ...................... 

.
-
 -
.
-
 

of 3 plotsP
each 109; 

by 90 feet. 
'A

n
n

u
al 

precipitation 
of 38.27 inches. R

unoff 
m

easured fro
m

 2-acre area. 

tu
re conditions w

hen th
e tw

o
 g

rain
s w

ere seeded. T
h

e o
ats w

ere 
planted in th

e sp
rin

g
 w

hen th
e soil profile m

oisture co
n

ten
t w

as 
relatively high an

d
 in

tak
e rates w

ere low
. In

ten
se rain

s freq
u

en
tly

 
occurred before a good soil cover 

w
as established by 

th
e crop. 

D
u

rin
g

 th
e fall w

h
eat seeding period th

e soil w
as d

rier an
d

 m
o

re 
ab

so
rp

tiv
e and erosive sto

rm
s occurred less frequently. 

T
h

e com
bination of barley an

d
 soybeans w

as th
e m

ost erosive 
p

astu
re system

 studied in 1940-46. T
h

e barley w
as grazed an

d
 th

e 
soybeans w

ere harvested fo
r hay. T

h
is cro

p
p

in
g

 system
 h

ad
 tw

o
 

h
ig

h
 loss periods. T

h
e m

ost serio
u

s w
as in

 th
e sp

rin
g

 w
hen th

e 
barley w

as grazed an
d

 th
e beans w

ere planted. T
h

e o
th

er w
as in

 
th

e fall before th
e new

 barley seeding had established a good soil 
cover. 

S
oil loss u

n
d

er sm
all g

rain
 an

d
 lespedeza h

arv
ested

 fo
r h

ay
 an

d
 

g
rain

 w
as m

easured in an
o

th
er set of plots (series 1

1
). R

esults are 
included in tab

le 4 fo
r com

parison. S
oil loss w

as ap
p

ro
x

im
ately

 
one-third 

less w
h

ere h
ay

 an
d

 g
rain

 w
ere harvested 

th
an

 w
h

ere 
cro

p
s w

ere grazed. T
h

is m
ay 

be attrib
u

ted
 to

 th
e b

etter cover 
w

h
ere th

e crops are left to
 m

atu
re, to

 lack of 
com

paction 
an

d
 

pulverization of th
e soil by tram

w
in

g
 of 

anim
als, an

d
 p

erh
ap

s to
 

larg
er am

o
u

n
ts of 

decayed cro
p

 residue rem
ain

in
g

 on th
e plots 

h
arv

ested
 fo

r h
ay

 an
d

 g
rain

. 
R

unoff fro
m

 th
e th

ree b
lu

eg
rass p

astu
res (tab

le 4
) d

u
rin

g
 1945- 

48 
indicated 

th
at 

th
e 

renovation 
treatm

en
ts 

th
at 

depended 
on 

legum
es to provide n

itro
g

en
 w

ere relatively ineffective in
 reducing 

runoff. W
ith

 contour fu
rro

w
s, 1.4 inches m

ore rain
fall w

ere ab
- 

sorbed each year. 

S
O

IL
 A

N
D

 W
A

T
E

R
 

R
E

S
E

A
R

C
H

 
O

N
 A

 
C

L
A

Y
P

A
N

 
S

O
IL

 
19 

R
unoff an

d
 soil loss w

ere less in th
e d

ro
u

g
h

t y
ears of 1952 an

d
 

1953 th
an

 in
 1947-51 

(tab
le 5

). T
h

e application of 4.41 inches of 
irrig

atio
n

 w
ater to

 plot 8 in
 1953 did n

o
t ap

p
ear to

 increase runoff. 
T

h
e av

erag
e m

onthly an
d

 an
n

u
al erosion index (E

I) values (7
3

) 
fo

r fo
u

r periods a
re

 show
n in

 tab
le 6. T

hese values largely explain 

T
A

B
L

E
 5.-A

verage 
annual ru

n
off and 

soil 
loss fro

m
 pastures 

(series I), 1947-51 
and 1952-53 

1
 

A
verage an

n
u

al precipitation of 
36.69 an

d
 27.43 inches fo

r 1947-51 
an

d
 

1952-53, respectively. 
' A

verage of 1947-50; 
n

o
t m

easured in
 1951. 

' M
easured fro

m
 fu

ll length of slope an
d

 n
o

t com
parable w

ith
 o

th
er runoff 

m
easurem

ents. 

Y
ears an

d
 plot 

1
9

4
 7-51 

3 ............................ 
5 ............................ 
7 ............................ 
8 4 ............................ 

1
9

5
2

-6
3

 
7 ............................ 
8 ............................ 
3 ............................ 

' N
ot m

easured. 
E

stim
ated

 fo
r 1947 an

d
 1951. 

W
ra

ss an
d

 w
eeds in

 1952, seeded A
ug. 20, 1952, an

d
 irrig

ated
 w

ith 4.41 
inches of w

ater betw
een Ju

n
e 10 an

d
 S

ept. 1, 1953. 

T
A

B
L

E
 6.-A

verage 
m

on
th

ly and 
annual 

erosion potentials 
for 

differen
t research

 periods a
t M

cC
redie, M

o. 

C
ropping system

 

W
heat, K

orean lespedeza ................ 
K

entucky bluegrass, K
orean 

lespedeza. 
K

entucky bluegrass ........................ 
.............................. 

.......................................................... do 
R

ye, soybeans (g
rain

) .................... 
K

entukky bluegrass ........................ 
O

rc
h

a
rd

~
a

ss, Ladino an
d

 red
 

clover. 
W

heat, K
orean lespedeza ................ 

( 
A

verage accum
ulative E

I values1 for- 

M
onth 

1 
1

9
4

1
4

6
 / 

1
9

4
7

6
1

 1 
1952-53 1 

1954-59 

R
unoff 

Inches 
5.50 

'4.67 

5
.6

3
 

s7.52 
63.41 

2.16 
2.10 

1.10 

.................................... 
Jan

u
ary

 
I"_ebr~

ary .................................. 1
:

 

S
oil loss 

Tons per 
acre 
1.69 
.12 

(') 
i4i 
.57 

(') 
(') 

.14 

A
verage an

n
u

al ........... ./ 
254 

1 
206 

1 
137 

1 
183 

........................................ 
M

arch 
A

p
ril .......................................... 

M
ay ............................................ 

June .......................................... 
July ............................................ 
A

u
g

u
st ...................................... 

S
eptem

ber ................................ 
...................................... 

O
ctober 

N
ovem

ber .................................. 
D

ecem
ber .................................. 

I 
I 

' E
I value is expression of drosion potential of rain

fall d
u

rin
g

 a tim
e period. 

F
o

r an
y

 given sto
rm

, it is product of to
tal rain

fall en
erg

y
 (in

 foot-pounds X
 

an
d

 m
axim

um
 30-m

inute intensity in inches p
er hour. 

-
 

7 
18 
25 
58 
24 
36 
28 
39 
10 6 
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S
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N
D

 W
A

T
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R
 R

E
S

E
A

R
C
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C

L
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Y
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IL
 

2 1
 

th
e low

er runoff 
and erosion loss d

u
rin

g
 th

e periods follow
ing 

1
9

4
1

4
6

. P
a

rt of 
th

e reduction, how
ever, m

ay be fro
m

 th
e im

- 
proved crop g

ro
w

th
 an

d
 cover resu

ltin
g

 fro
m

 th
e higher fertility

 
treatm

en
ts. T

he rainfall-erosion 
potentials fo

r A
p

ril M
ay, Ju

n
e, 

S
eptem

ber, an
d

 O
ctober of 

1952-53 
averaged only 45 p

ercen
t of 

those fo
r th

e tw
o earlier periods. T

hese m
onths include m

o
st of th

e 
tim

e required fo
r seedbed p

rep
aratio

n
 an

d
 establishm

ent of v
ari- 

ous crops w
hen land is m

ost vulnerable to
 erosion. 

P
roduction M

easurem
ents 

P
roduction 

on th
e p

astu
re areas w

as 
determ

ined by 
g

razin
g

 
w

ith
 1- and 2-year-old H

erefo
rd

 cattle. T
h

e num
ber of cattle g

raz- 
in

g
 each p

astu
re w

as ad
ju

sted
 a

s necessary to
 assu

re m
axim

um
 

utilization of h
erb

ag
e w

ith
o

u
t overgrazing. T

h
e resu

lts for 1940-46 
an

d
 1947-51 are show

n in
 tab

le 7. 
T

h
e variety of 

com
m

odities h
arv

ested
 m

akes d
irect production 

com
parisons difficult. W

h
itt (6

9
) reduced th

e d
ata to

 corn-equiva- 
len

t production in
 bushels, as com

puted 
on th

e net en
erg

y
 basis 

fro
m

 values given in
 a publication by B

row
n an

d
 H

elm
 (6

). In
 gen- 

eral, th
e increased fertilizatio

n
 of 

th
e second period 

(1947-51) 
resulted in

 a h
ig

h
er level of production in

 term
s of corn equivalent 

an
d

 beef g
ain

s p
er an

im
al u

n
it d

ay
; although, fo

r th
e sam

e crop- 
p

in
g

 system
s, th

e carry
in

g
 capacity of th

e p
astu

res 
(an

im
al u

n
it 

d
ay

s) 
w

as not g
reatly

 increased. 
T

h
e relatively 

high yield 
an

d
 

carry
in

g
 capacity fo

r th
e L

adino clover p
astu

re are of in
terest. 

W
h

itt 
(6

9
) m

ade an
 econom

ic analysis of 
th

e 1947-51 
d

ata at 
av

erag
e price levels fo

r th
e periods 1

9
4

0
4

6
 an

d
 1947-51. 

In
 gen- 

eral, p
astu

re fertility
 im

provem
ent appeared 

profitable 
a

t both 
price 

levels. 
H

ow
ever, 

fertility
 

treatm
en

ts 
on 

p
astu

re 
show

ed 
g

reater profit a
t th

e h
ig

h
er price levels. T

h
is is tru

e even if W
h

itt's 
n

et cash retu
rn

s are ad
ju

sted
 to

 a com
m

on consum
er price index 

level (tab
le 8

). 
T

h
e d

ata in
 table 9 show

 th
at production an

d
 carry

in
g

 capacity 
of th

e p
astu

re plots declined d
u

rin
g

 th
e d

ro
u

g
h

t y
ears (1952-53) 

as com
pared w

ith
 1947-51, 

unless g
ro

w
th

 w
as sustained by in- 

creased application of nitrogen. 

G
rain-C

rop Studies 
S

oil T
reatm

ents 
T

h
e first period of stu

d
y

 of runoff an
d

 erosion under g
rain

-cro
p

 
ro

tatio
n

s 
(series 11) 

(1
9

4
0

-4
6

) w
as conducted w

ith
 lig

h
t appli- 

cations of fertilizers (tab
le 1

0
) recom

m
ended to

 farm
ers a

t th
a

t 
tim

e. T
h

e 200 pounds p
er acre of 

0-20-10 
applied a

t th
e tim

e of 
seeding w

as confined to
 th

e sm
all g

rain
 crop. T

he corn-oats an
d

 one 
set of 

th
e corn-soybeans-w

heat an
d

 lespedeza-lespedeza ro
tatio

n
s 

received no lim
e o

r fertilizer. R
otations o

th
er th

an
 those given in

 
tab

le 10 fo
r 1

9
4

0
4

6
 w

ere corn-soybeans (h
ay

) -w
heat, lespedeza- 

lespedeza 
(u

n
fertilized

) ; corn-soybeans 
(h

ay
) -w

heat, 
lespedeza- 

lespedeza ; 
soybeans 

(h
ay

) -barley-m
eadow

 ; 
corn-w

heat-sw
eet- 

clover 
(h

ay
) ; 

corn-w
heat-m

eadow
-m

eadow
; 

an
d

 
corn-w

heat- 
m

eadow
-m

eadow
-m

eadow
-m

eadow
. 

m
M

h
 

2
.
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5
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G
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m
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S
oil treatm

en
ts in th

e second period 
(1947-51) 

w
ere m

ade ac- 
cording to soil tests 

(1
7

). A
s indicated in

 table 10, th
e levels of 

treatm
en

t surpassed those of th
e earlier period. L

im
e, phosphate, 

an
d

 potash w
ere brought u

p
 to a com

puted sufficiency level on plots 
receiving treatm

ents, and th
e use of nitrogen fertilizer w

as begun 
on m

ost of th
e g

rain
 plots. T

hese applications of 
calcium

, phos- 
phorus, and potassium

 w
ere designed to

 correct th
e differences in

 
levels of these n

u
trien

ts th
at had developed in th

e early y
ears of 

study. R
otations other th

an
 those given in table 10 fo

r 1947-51 
w

ere corn-oats, lespedeza; soybeans-oats, sw
eetclover; corn-corn- 

w
heat-m

eadow
 ; 

corn-soybeans 
(42-inch 

row
s) -w

heat-m
eadow

 ; 
corn-w

heat-clover ; corn-w
heat-m

eadow
-m

eadow
 ; an

d
 corn-w

heat- 
m
e
a
d
o
w
-
m
e
a
d
o
w
-
m
e
a
d
o
w
-
m
e
a
d
o
w
.
 

T
he experim

ent w
as revised in

 the fall of 1953 to
 test th

e effect 
of tw

o fertility
 levels on runoff and soil loss fro

m
 corn after corn 

an
d

 fro
m

 corn in a rotation th
at included 2 years of m

eadow
. T

he 
corn-oats rotation w

ithout fertilizer w
as continued. A

lso, th
e effect 

T
A

B
L

E
 &

-N
et 

cash retu
rn

s from
 pastures 

w
ith

 low
 and h

igh
er 

level soil treatm
en

ts (series I) at 2 price levels 
-- 

' N
et returns to land and m

anagem
ent. V

alues adjusted to com
m

on average 
consum

er price index level of 
1947-51 

(U
.S

. D
ept. A

gr. A
gr. S

tatis. 
1957, 

p. 967, table 803). Y
ields used are given in table 7. 

of seedbed preparation fo
r corn after corn by subtillage so as to

 
leave residues on th

e surface w
as com

pared w
ith th

at of plow
ing 

residues under. In
 1958, irrig

ated
 an

d
 adequately fertilized plots 

w
ere added in

 order to
 study th

e effect of adequate soil m
oisture on 

runoff an
d

 erosion an
d

 on crop yields. 
T

he 
rotations, 

w
ith 

fertilizer 
an

d
 

seedbed 
preparation, 

are 
show

n in
 table 11. A

ll treatm
en

ts except th
e corn-oats rotation 

w
ithout fertilizer w

ere duplicated. F
o

r th
e no-fertilizer treatm

en
t, 

corn an
d

 o
ats w

ere alternated on tw
o

 plots so th
at both crops w

ere 
grow

n each year. F
o

r th
e other rotations, each different crop an

d
 

treatm
en

t occurred 
in cycle on tw

o plots each year. T
h

e corn- 
w

heat-m
eadow

-m
eadow

 
entailed 

eight plots, tw
o fo

r each crop. 
A

ll plots w
ere 0.0217 acre, except th

e l-acre plot fo
r th

e fo
u

rth
 

continuous corn rotation (1954) in table 1
1
. 

T
he full-fertility treatm

en
t included lim

e, phosphate, an
d

 potash 
.applications according to

 requirem
ents show

n by soil tests 
(I 7

) 
in

 1954. L
im

e h
as been applied since 1954 a

s needed to
 m

eet test 
requirem

ents. A
m

m
onium

 n
itrate w

as applied a
t 200 pounds p

er 
acre before plow

ing o
r tilling fo

r corn an
d

 again a
s a side dressing 

after th
e corn w

as grow
ing. W

heat received am
m

onium
 n

itrate at 
200 pounds p

er acre before seedbed preparation. T
he first- an

d
 

second-year m
eadow

s received am
m

onium
 n

itrate in
 th

ree applica- 
tions of 

100 pounds per acre about M
arch 1

 and after first an
d

 
second cuttings. 

Soil-treatm
ent 

level and plot 

L
O
W
 

1 .......................... 
2 .......................... 
3 .......................... 
4 .......................... 
5 .......................... 
7 .......................... 
8 .......................... 

H
IG

H
E

R
 

3 .......................... 
6 .......................... 
6 .......................... 
7 .......................... 
8 .......................... 
4
 .......................... 

1 .......................... 
9 .......................... 
9 .......................... 

T
A

B
L

E
 9.-A

verage 
beef 

production 
and 

carryin
g 

capacity 
of 

pastu
res (series I) du

rin
g drou

gh
t period 

(1952-53) 
com

pared 
w

ith
 m

ore favorable period 
(1947-51) 

C
ropping system

 

........ 
T

im
othy, K

orean lespedeza 
O

ats (h
a

y
), K

orean lespedeza .... 
W

heat. K
orean lespedeza ............ 

B
arley. soybeans 

(h
ay) .............. 

T
im

othy, sw
eetclover, K

orean 
lespedeza. 

K
entucky bluegrass, sw

eetclover.. 
K

entucky bluegrass 
(n

o treat- 
m

en
t) . 

W
heat. K

orean lespedeza ............ 
K

entucky bluegrass, K
orean 

lespedeza. 
B

rom
egrass .................................... 

K
entucky bluegrass ..................... 

K
entucky bluegrass 

(no treat- 
m

en
t). 

R
ye, soybeans 

(grain
) 

(1948-50). 
................ 

A
lta fescue 

(
1
9
5
0
5
1
)
 

B
rom

egrass, L
adino clover 

(1950-51). 
B

rom
egrass, L

adino clover 
(1951). 

A
djusted net returns 

per acre1 

L
ow

 
price level 
(1940-46) 

D
ollars 
26.67 
21.42 
24.75 
18.32 
24.88 

11.38 
15.03 

34.21 
32.96 

23.37 
18.83 

24.35 

31.17 
35.96 

56.76 

H
igher 

price level 
(1947-51) 

D
ollars 
47.11 
30.37 
48.41 
24.31 
45.90 

26.15 
24.42 

68.11 
61.54 

46.54 
44.21 

84.91 

61.95 
68.49 

102.86 

P
lot 

3 ................ 
5 ................ 

................ 
1
 

A
1

6
 fescue, 

L
adino c

l~
v

e
r

.~
 

9 ................ B
rom

egrass, 
L

adino c
l~

v
e

r
.~

 

C
ropping 
system

 

6 ................ 
7 ................ 

P
ou

n
ds 

A
n

n
u

al 
per acre 

u
n

it days 
254 

139 
W

heat, K
orean 

lespedeza.' 
K

entucky blue- 
grass, K

orean 

A
n

n
u

al 
u

n
it days 
128 

89 

135 
137 

B
eef production 

1
9
4
7
4
1
 / 

1
9
5
2
6
3
 

per acre 
358 

308 

les~
ed

eza, 
L

adino c
lo

~
e

r
.~

 
B

rom
egrass'...... 

K
entuck: 

blue- 
grass. 

I 
I 

I 
I 

I 
N

itrogen fertilization on w
heat increased from

 6
0
 to 225 pounds of 3

3
-
0
4
 

in_fall of 1952. 

P
asture carrying 

capacity 

1947-51 / 
1962-53 

254 
262 

'G
row

th of L
adino clover reduced in 1952 and killed in 1953 by m

oisture 
deF

ciency. 
N

itrogen fertilization since 1950 (see table 3). 
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TABLE 10.-Soil treatment for several grain rotations (series ZZ), 
1940-46 and 1947-51 

Years and 
plot 

I Soil treatment 

Grain rotation I year  I Amount per acre 

TABLE 10.-Soil treatment for several grain rotations (series ZZ), 
1940-46 and 194-7'-51-Continued 

I I Soil treatment 
Years and 
,' plot 

clover) .' 

Grain rotation 1 Year 1 Amount per acre 

1940-46 
1, 3, 5 ............ 

2, 4, 6 ............ 

9, 14, 19, 24 . 

Corn-wheat- 
meadow.2 

Corn-oats.. ...... 

Corn-soybeans (7- 
inch rows)-wheat- 
meadow. 

Oats (hay)-lespedeza 

Wheat-lespedeza .......... 

Corn-corn-oats- 
wheat (sweet- 

1947-48 

11949 and later 

(1947-48 

11949 
and later 

1938 

1946 

1939 

Soybeans-small 
grain-meadow. 

Lime, 3 tons; 0-20-10, 100 Ibs., 
with small grain seeding. 

Lime, 2 tons; 0-20-10, 100 Ibs., 
with small grain seeding. 

Lime, 3 tons; 0-20-10, 200 Ibs. 
with oat and 200 Ibs. with 
wheat seeding; sweetclover 
under before first corn; stalks 
of first corn remain as  residues. 

Lime, 3 tons; 0-20-10, 200 Ibs., 
with wheat seeding. 

None; cornstalks remain as  resi- 
due. 

Lime, 2 tons; 10-20-20, 250 Ibs. 
on corn, 225 Ibs. on beans, 200 
Ibs. on wheat, 150 Ibs. on rye. 

Basic: Rock phosphate, 1,000 Ibs., 
and 0-0-50, 100 Ibs. 33-0-0 
(plowed under), 311 Ibs., and 
3-12-12 (starter), 300 Ibs., on 
corn; 0-20-20 (starter), 200 
Ibs., on beans; 10-20-20, 200 
lbs., and 33-0-0, 50 Ibs., on 
wheat (1949); 0-20-20, 200 
lbs., and 33-0-0, 75 Ibs., on 
wheat (1950-51); 0-20-20, 150 
Ibs., and 33-0-0, 100 Ibs., on 
rye (1950-51). 

Lime, 2 tons; 10-20-20, 400 Ibs. 
on corn and 200 Ibs. on wheat. 

Basic: Rock phosphate, 1,000 
Ibs., and 0-0-50, 100 Ibs. 
33-0-0 (plowed under), 300 
Ibs. and 3-12-12 (starter), 300 
Ibs., on corn; 10-20-20, 200 
Ibs., and 33-0-0, 50 Ibs., on 
wheat (1949); 0-20-20, 200 
Ibs., and 33-0-0, 150 Ibs., on 
wheat (1950); 0-20-20, 200 
Ibs., and 33-0-0, 200 Ibs., on 
wheat (1951). 

Lime, 2 tons; 10-20-20, 400 Ibs. 
on beans, 200 Ibs. on barley 
(1947) and rye (1948). 

Baeic: Rock phosphate, 1,000 Ibs., 
and 04-50, 100 Ibs. 0-20-20 
(starter), 200 Ibs., on beans; 
10-20-20,200 Ibs., and 33-0-0, 
50 lbs., on rye (1949); 0-20-20, 
200 Ibs., and 33-0-0,75 Ibs., on 
rye (1950) and wheat (1951). 

Corn-oats (sweet- 
clover3). 

Lime, 2 tons; 10-20-20, 200 lbs. 
on corn and 200 Ibs. on oats. 
Basic: Rock phosphate, 1,000 
lbs., and 0-0-50, 100 lbs. 
33-0-0 (plowed under), 200 
lbs., and 3-12-12 (starter), 
300 lbs., on corn; 10-20-20, 
200 Ibs., on oats (1949); 
0-20-20, 200 lbs., and 33-0-0, 
150 lbs., on oats (1950); 
0-20-20, 200 lbs., and 33-0-0, 
200 Ibs., on oats (1951). 

None. 

All crops for  grain and hay except residues remaining a s  noted. 
? Meadow consisted of mixture of timothy, redtop, red clover, alsike clover, 

and Korean lespedeza. 
Plowed under before corn. 

,I'ABLE 11.-Treatments in study started in 1954 and modified by 
irrigation test in 1958 

Seedbed 
preparation 

Year started and 
grain rotation 

1954 (treatments) 
.................................................... Corn-oats 

Continuous corn ........................................ 
Do ........................................................................ 
Do .......................................................... 
Do .......................................................... 

Corn-wheat-meadow-meadow ................................ 
Do ................................................. :.. ...... 

Fertility 
treatment 

1958 (irrigation) 
Continuous corn, irrigated ...................... 
Continuous corn, not irrigated .............................. 

.................. None 
.................... Full 

.............. do 
Star ter  .............. 

.................... Full 
.............. do 

Star ter  .............. 

- 

. Plow (for  corn) 
Subtill. 
Plow. 

DO. 
Do. . Plow (for  corn) 
DO. 

Full .................... 
............. do I 1 Plow. 

Subtill. ( Plow. 
( Subtill. 
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an
d

 earlier periods w
as so

m
ew

h
at low

er on th
e fertilized ro

tatio
n

s 
th

an
 on th

e unfertilized corn-oats system
. 

A
v

erag
e an

n
u

al runoff fro
m

 th
e g

rain
 ro

tatio
n

s in
 1952-53 w

as 
generally low

er th
an

 in
 eith

er of th
e previous periods. T

h
e low

er 
losses m

ay be attrib
u

ted
 largely to

 less severe rain
sto

rm
s d

u
rin

g
 

th
is period (tab

le 6
). O

th
er ro

tatio
n

s not included in
 tab

le 1
5

 fo
r 

1952-53 
w

ere corn-w
heat-m

eadow
-m

eadow
 an

d
 corn-grass-grass- 

g
rass. 

T
h

e effect of different m
an

ag
em

en
t practices on runoff an

d
 soil 

loss d
u

rin
g

 grain-crop g
ro

w
in

g
 seasons fo

r 1947-53 
is show

n in
 

tab
le 16. L

osses decreased fo
r those g

rain
 ro

tatio
n

s th
at w

ere ferti- 
lized 

an
d

 
th

at 
provided 

soil-conditioning 
effects 

fro
m

 
eith

er 
m

eadow
 o

r crop residues retu
rn

ed
 to

 th
e soil. L

osses w
ere low

est 
fro

m
 corn follow

ing m
eadow

, though 
sw

eetclover tu
rn

ed
 

u
n

d
er 

before corn also provided good protection by its soil-conditioning 
-effects. L

osses fro
m

 soybeans are a little g
reater th

an
 those fro

m
 

co
rn

 
u

n
d

er 
good 

m
anagem

ent. 
R

unoff fro
m

 
o

ats 
is 

so
m

ew
h

at 
h

ig
h

er th
an

 fro
m

 w
h

eat, probably because of th
e sp

rin
g

 seeding 
date. W

h
eat developed an

 effective cover by th
e tim

e of o
at seeding. 

T
A

B
L

E
 16.-E

ffect 
of different m

an
ag

em
en

t practices on av
erag

e 
runoff an

d
 soil loss d

u
rin

g
 g

rain
-cro

p
 grow

ing seasons (series 
II) ,I 947-53 

rotation: 
T

o
rn

sta
lk

s an
d

 soybean straw
 left on plots. 

T
A

B
L

E
 15.-A

verage 
an

n
u

al 
runoff 

an
d

 
soil 

loss 
fro

m
 

g
rain

 
ro

tatio
n

s 
(series 

ZZ), 
1941-46, 

1947-51, 
an

d
 1952-53 

S
oil loss 

T
on

s per acre 
2.13 

.78 
.50 
.94 

1.87 
.53 
.24 
.83 
.54 
.44 

Soil and W
ater L

osses (1954-61) 

R
esults fo

r 1954-61 
after th

e cro
p

p
in

g
 system

s an
d

 fertility
 

treatm
en

ts h
ad

 been revised are show
n in

 tables 17-19. 
A

verage 
an

n
u

al precipitation d
u

rin
g

 th
is period w

as 32.87 inches as com
- 

pared w
ith

 37.95 inches fo
r 1891-1960, b

u
t d

u
rin

g
 th

e corn-grow
- 

in
g

 season (A
p

r. 20-O
ct. 

2
) it w

as 0.6 inch m
ore th

an
 d

u
rin

g
 th

e 
70-year period. R

unoff 
an

d
 erosion d

ata fo
r 1954-59 

h
av

e been 
previously published (6

6
). 

A
 heavy cover of shredded cornstalks fro

m
 adequately fertilized 

corn provided erosion protection nearly equal to
 th

at of m
eadow

 
cover 

d
u

rin
g

 th
e fall, 

w
in

ter, 
an

d
 

early 
sp

rin
g

. 
T

h
e 

g
reatest 

erosion-reducing 
effect of 

adequately 
fertilized 

m
ead

o
w

 in
 th

e 
rotation is w

hen sm
all g

rain
 o

r m
eadow

 is on th
e lan

d
..S

o
~

l condi- 
tioning due to

 adequate fertility
 an

d
 m

eadow
 in

 a ro
tat~

o
n

 reduces 

G
row

ing period an
d

 rain
fall fo

r corn an
d

 soybeans, A
p

r. 27-O
ct. 

9 an
d

 
19.44 in

ch
es; fo

r o
ats an

d
 w

h
eat, O

ct. 10-July 
7 an

d
 23.85 

inches. 
?A

ll plots 
fertilized 

an
d

 
lim

ed 
acco

rd
in

g
 to

 
soil 

tests, 
ex

cep
t corn-oats 

R
unoff 
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soil and water losses also during the corn-production period. How- 
ever, soil conditioning may not provide adequate protection on 
cornland for high-intensity rains if they occurdrom seedbed prepa- 
ration to the establishment of a crop cover. 

The results of several storms with a total precipitation ,of 4.23 
inches in 10 hours during June 29-30, 1957, are shown in figure 8. 
Soil and water losses from the corn in the meadow rotation during 
these 2 days were more than twice the annual 1954-61 average for 
the corn-growing season. Soil conditioning, whether residual from 
meadow or from shredded cornstalks plowed under, reduced losses 
to some extent during this storm period. Leaving the cornstalks on 
the surface by subtillage instead of plowing for seedbed prepara- 
tion also reduced soil and water losses. 

The period from seedbed preparation to the establishment of a 
crop cover of wheat is the other interval in the rotation cycle 
when soil losses may be high. This is usually during October. When 
several storms occurred during October 2-10, 1959, with a total of 
5.75 inches of rain, wheatland with the starter-fertility treatment 
lost 1.08 tons per acre, or about 90 percent of the total loss for the 
year. The corresponding loss for the full-fertility treatment was 
0.48 ton per acre, which was the annual loss for this treatment in 
1959. More rapid growth and establishment of the newly seeded 
crop with full fertility account for the difference between 
treatments. 

TABLE 18.-Efect of soil-fertilitg treatments on average runoff 
and soil loss from corn (series 11), 1954-61 

Years and cropping Fertility 
practice 

1959-61 
Continuous corn (contour) do .......... 4.69 
Continuous corn (up-and-down slope) do .......... 5.70 

1954-61 
Corn-oats' .................................................. 
Continuous corn (plowed) ...................... 

Do ......................................................... 
Continuous corn (subtill) .................................. 

.................................. Rotation (4  years) ' 
.................................... Rotation (4  years) 

1959-61 
Fallow ............................................................................... 4.04 

None .......... 
Starter  ........ 

............ Full 
do .......... 

Starter  ........ 
............ Full 

1958-61 
Continuous corn (plowed, no irrigation) 
Continuous corn (plowed, irrigated) 
Continuous corn (subtill, no irrigation).. 
Continuous corn (subtill, irrigated) 

Soil loss 

Inches 
4.24 
2.44 
1.51 
1.13 
1.02 
.80 

Tons wer acre 

.......... do .......... 
.............. do .......... 

.......... .......... do 
.......... ................ do 

' Corn and stalk period Apr. 20-Mar. 17. 
Corn-wheat-meadow-meadow rotation; corn period Apr. 20-Oct. 2. 
' One acre 420- by 103.7-foot plots, 420-foot slope length; all other 90- by 

10%-foot plots, farmed up-and-down slope. 

1.52 
1.95 
1.21 
1.59 

. . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . 
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I k ( S 0 l ~  LOSS 

A  0 O I A  
CORN I WHEAT 1 MEADOW I 

A 0 
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A  0 1  0 
PLOW 1 SUBTILL 

ROTATION: CORN OATS i CORN-WHEAT-MEADOW-MEADOW i CONTINUOUS CORN 

FERTILITY TREATMENT: * NONE A  STARTER 0 FULL 
BN-30376 

FIGURE 8.-Runoff and soil loss from different crops and cropping systems during several severe storms, June 29-30, 1967. 



34 TECHNICAL BULLETIN l:<i!l. U.S. DEPT. O F  AGRICULTURE 

Effect of Improved Fertility on Yields (1940-53) 

Grain and hay yields were adjusted to a uniform moisture basis 
and converted to corn equivalent values (6, 68) for comparison 
(table 2 0 ) .  The net returns, adjusted to the average consumer 
index for 1947-51 (64),  are shown in table 21. The rotations with 
low soil treatments showed little advantage over the no-treatment 
corn-oats rotation, even a t  the higher price level (1947-51). The 
rotations receiving the higher level treatments during 1947-51 
showed the higher profit for fertilized rotations including corn. 
The corn-oats rotation without treatment had dropped to a lower 
level of production than in the previous period as  a result of 
continued depletion of soil nutrients. 

TABLE 20.-Average annual production f rom grain rotations 
(series 11), 1940-46 and 1947-51 

Years and I Yield 1 eE%- 
plot Grain rotation per acre 1 lent per 

Total ..... 

2 ,4 ,  6 . . . . . . . . . . . . . . .  

1940-46 
1, 3, 5 . .  . . . . . . . . . . . . . . . .  

Total 

Bushels 
............ Oats (hay), Korean Oats hay 

lespedeza. hay 1 '1;; 1 fi:! 

Average 

29, 33, 37 ......... 

Average 

25, 26 . . . . . . . . . . . . . . .  

Wheat, Korean 
lespedeza. 

Corn-corn-oats-wheat 
(sweetclover). 

.................................................. 

/Wheat.. . . . . . . . . . . . . . .  
1Lespedeza hay 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

(Corn .................... 
Jdo ........................ 
)Oats . . . . . . . . . . . . . . . . . . . .  
(Wheat . . . . . . . . . . . . . . . .  

corn-oats . . . . . . . . . . . . . . . .  '"." I I:: l{Oats . . . . . . . . . . . . . . . . .  1 21.9 

................................................. 

{Corn ................... 
Wheat.. . . . . . . . . . . . . .  
Hay 2 .................. 

-- -- 
Average 19.4 

16.5 
.71 

34.7 
30.3 
32.7 
16.7 

30.3 
-- 

19.0 
13.8 

32.8 

34.7 
30.3 
15.4 
19.2 

32.6 
15.0 

1.26 

Average . . (  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 . .  . . . . . . . . . . . . .  . . . . I  . . . . . . . . . . . . . . . .  1 49.7 

24.9 

32.6 
17.3 
21.8 

1947-51 
7, 12, 17, 22 . .  . . .  
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TABLE 20.-Average annual production f rom grain rotations 7 

(series ZI), 1940-46 and 1947-51-Continued 
I I I I 

Corn (rye)-soybeans- 
wheat-meadow.3 

years and 
plot 

(Corn .................... 
.... . . . . . . .  )Soybeans 

)Wheat . . . . . . . . . . . . . . . .  

(Hay . . . . . . . . . . . . . . . . . . .  

.......... ........................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Average I . .  1 . .  . . . . . . 1  51.4 I- 
29, 33, 37 ............ 

Grain rotation 

---- 
(Corn .................... 91.3 91.3 

Corn-wheat-meadow .... Wheat ................ 22.8 
H a y  . . . . . . . . . . . . . .  '"."I 1 40.0 

90.5 
27.0 
28.8 
2.54 

11, 16, 21 ............ 

Bushels 
90.5 
31.1 
33.1 
44.0 

Comparisons of the net returns for pastures and for  grain crops 
a t  these fertility and price levels (tables 8 and 2 1 )  suggest that  
pasture for grazing beef may be a more profitable land use than 
growing corn and small grain crops in rotations on sloping Claypan 
soils. Whitt (68) concluded in 1952 that  a movement toward a 
dominantly pasture type of farming on the sloping claypan soils 
of Missouri seemed warranted. 

Table 22 compares the average crop yields for the drought period 
(1952-53) with the yields for 1947-51. Except for the corn-oats 
rotation without soil treatment, corn yields were below normal 
during 1952-53. Hay fields were also below normal, but small grain 
ylelds were normal or better. Precipitation was adequate during 
the fall, winter, and spring but below normal during the summer. 
Thus, jn spite of the low annual precipitation for 1952-53, moisture 
conditions were favorable for small grain production during the 
cooler months, whereas summer droughts reduced product~on of 
corn and meadow. 

Crop 

Average 

...................... 5, 6 

Average 

............... 25, 26 . .  

Average 

Effect of Adequate Fertility on Corn Yields 
The effect of the fertility treatments and cropping systems on 

Corn yields for 1955-61 is shown in figure 9. The 1954 data were 
omitted from these averages because of crop failure due to drought. 
The average yields with full-fertility treatment were es~entlally 

Soybeans-small 
grain-meadow. 

Yield 
per acre 1 

(Soybeans ............ 25.2 29.0 
Rye 4 .................. 30.2 27.5 

lHay . . . . . . . . . . . . . . .  2.09 1 36.2 

' Yield of hay in tons, grain in bushels. 
' Predominantly red clover and timothy. 
' Rye winter cover turned under a green manure before soybeans. 
' Yield is rye equivalent; in barley 1 year, wheat 1 year, and rye 3 years. I 

......................... .-... 

Corn-oats (sweet- 
clover). 

-- 

Corn-oats (no soil 
treatment). 

. . . . .  . :  

Cqrn 
equiva- 
lent per 

acre 

............................................................... 

.................... /Corn 
.................... \Oats 

--- 
.............................................................................................. 

.................... Corn ( ................... Oats 
-- 

94.7 
31.8 

20.3 
6.1 

30.9 

94.7 
14.9 

54.8 
-- 

20.3 
2.9 --- 

...................................................................................... 1- 11.6 
E 
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W 
00 TABLE 23.--Comparison of estimated net returns from continuous corn with returns from rotation system for 

average- and full-f ertility program on mediumsize northeast Missouri farm 

Dollars Dollars Dollars Dollars ...................................... Dollcvrs 
Unit pricez I 1.00 1 1.00 / 1.60 / 14.00 14.00 
Gross return .................................... 106.00 109.00 72.00 49.56 50.40 

lnual per acre costs: 
Laborz ................................................ 12.00 
Tractora ............................................ 7.00 ...................................... Machinerya 12.00 
Seed? ................................................. 1.50 

........................................ FertilizerS 26.60 
Lime and phosphate3 ...................... 4.00 

Fertili ty program and item 

AVERAGE FERTILITY 
Annual per acre returns: 

Yields' .............................................. 

Unit  price' ...................................... 
Gross return .................................... 

Annual per acre costs: 
Labor' ................................................ 
Tractor3 ............................................ 
Machinery3 ...................................... 
Seed? ................................................. 
Fertilizer" ........................................ 
Lime and  phosphate3 ...................... 

Total costs ................................ 

Net annual per acre returns: '  
Each crop ........................................ 
Average for  cropping system ........ 

Difference" ............................................... 
FULL FERTILITY 

Annual per acre returns: 
Yields"... ............................................ 

Total costs ................................ 1 63.10 1 59.30 1 43.85 1 54.36 1 51.35 a 
3 

Continuous 
corn 

Bushels 
70 

Dollars 
1.00 

70.00 

10.00 
6.00 

10.50 
1.50 
8.00 
4.00 

40.00 
--- 

30.00 
30.00 

1 21.25 

Bushels 
106 

Rotation 

I I ! I I 

Based on estimates for  Average Fertility Program (Mo. Agr. Expt. Sta. F a r m  Business Planning Guide, B. F. 6103, Jan. ff 1961). 

2d-year 
meadow 

Tons 
2 

Dollars 
14.00 
28.00 

16.00 
3.00 
8.00 

................................ 
3.00 
2.00 

32.00 

-4.00 

Tons 
3.60 

Net annual per acre returns :' 
Each crop ........................................ 
Average f o r  cropping system ........ 

Difference6 ................................................ 

' Labor requirements needed on medium-sized Missouri fa rm and paid a t  $1 per hour. o 
Based on costs shown in Mo. Agr. Expt. Sta. F a r m  Business Planning Guide, B. F. 6103, Jan. 1961. z 

9 ' Net return to  management and capital investment. Land costs fo r  continuous corn and  rotation systems a r e  considered the  
same. 

Difference between average annual returns fo r  continuous corn and rotation cropping. F 
'Based on plot treatments and yields fo r  full-fertility program. 2 * 

1: 
V) s' 
r 

1st  year 
meadow 

Tons 
2 

Dollars 
14.00 
28.00 

16.00 
3.00 
8.00 
3.00 
3.00 
2.00 

35.00 

-7.00 
................................................................................................ 

................................................................................................................................ 

Tons 
3.54 

Corn 

Bushels 
70 

Dollars 
1.00 

70.00 

10.00 
6.00 

10.50 
1.50 
8.00 
4.00 

40.00 

30.00 
8.75 

Bushels 
109 

Wheat 

Bushels 
30 

Dollars 
1.60 

48.00 

6.00 
4.00 

10.00 
3.50 
5.50 
3.00 

32.00 

16.00 

Bushels 
45 

42.90 
42.90 
24.87 

49.70 
18.03 

28.15 -4.79 
................................................................................................ ............................................................................................................................... 

i 
m 

- .95 ia 
w 
g 
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g
rain

 for his p
articu

lar livestock p
ro

g
ram

. E
x

tra fo
rag

e of 
im

- 
proved quality fro

m
 th

e rem
ain

d
er of th

e land should in
crease th

e 
retu

rn
s fro

m
 livestock an

d
 reduce th

e h
azard

 of h
ig

h
 erosion losses. 

B
ecause of th

e in
creasin

g
 in

terest in g
ro

w
in

g
 corn y

ear after 
y

ear on th
e sam

e land, th
e resu

lts fro
m

 th
e runoff plots fo

r th
e 

1955-62 
period w

ere used as a basis to com
pare th

e cost retu
rn

s 
fro

m
 continuous corn an

d
 th

e corn-w
heat-m

eadow
-m

eadow
 

ro
ta- 

tio
n

 fo
r a m

edium
 size n

o
rth

east M
issouri farm

.6 T
h

e sam
e com

- 
p

ariso
n

 w
as m

ade using 
estim

ated
 av

erag
e yields an

d
 fertility

 
levels.' 

T
hese com

putations do n
o

t include th
e cost of th

e increased 
erosion h

azard
 n

o
r of control m

easu
res th

at m
ay be req

u
ired

 w
ith

 
th

e continuous corn. T
h

e p
rices of 

fertilizer an
d

 produce w
ere 

based on those paid in
 cen

tral M
issouri in

 th
e fall of 

1961. T
h

e 
resu

lts are show
n in tab

le 23. 
F

o
r th

e full-fertility p
ro

g
ram

, estim
ates fro

m
 runoff plots indi- 

cate an
 an

n
u

al difference of $24.87 in
 retu

rn
s p

er acre, fav
o

rin
g

 
th

e continuous corn. T
h

e difference com
puted fro

m
 estim

ated
 re- 

tu
rn

s fo
r av

erag
e fertilizatio

n
 levels of a n

o
rth

east M
issouri farm

 
w

as $21.25 p
er acre, fav

o
rin

g
 continuous corn. H

ow
ever, it m

u
st 

be rem
em

bered th
at these com

parisons are based on production 
costs an

d
 prices in 1961. S

h
ifts in

 production costs o
r p

rices of 
produce w

ill ch
an

g
e th

is relatio
n

sh
ip

 as w
ould altern

ate use of th
e 

m
eadow

, such as for g
razin

g
 of beef anim

als. F
ull an

aly
sis of 

re- 
tu

rn
s fo

r altern
ate sy

stem
s fo

r individual farm
s is beyond 

th
e 

scope of th
is publication. 

C
o
n
to

u
r T

illage S
tu

d
ies 

A
nnual an

d
 S

ev
ere S

torm
 L

osses 

A
 stu

d
y

 of th
e effect of co

n
to

u
rin

g
 on runoff an

d
 soil loss fro

m
 

continuous corn w
as started

 in
 

1955. T
w

o 1-acre co
n

to
u

r plots 
h

av
in

g
 a slope length of 420 feet w

ere equipped to
 m

easu
re ru

n
o

ff 
an

d
 soil loss. C

orn w
as g

ro
w

n
 each y

ear w
ith

 th
e sam

e full-fertility 
treatm

en
t as th

at used on 90-foot runoff plots farm
ed

 up-and-dow
n 

slope. B
ecause of 

difference in
 slope length, th

e resu
lts are not 

directly com
parable w

ith
 those of th

e sm
aller plots. In

 1959, one 
of th

e long plots w
as changed to

 up-and-dow
n slope farm

in
g

. T
he 

runoff an
d

 soil loss fo
r th

e 420-foot contour plots com
pared w

ith
 

th
e 90-foot plots are sh

o
w

n
 in

 tab
le 24. 

A
ccording to

 S
m

ith
 an

d
 W

ischm
eier (5

5
), th

e com
bined contour- 

slope length facto
r fo

r estim
atin

g
 soil loss fro

m
 contour plots of 

420-foot 
slope 

length 
an

d
 

fro
m

 
sm

all 
up-and-dow

n 
slope 

plots 
w

ould be ap
p

ro
x

im
ately

 1.25. Its application to
 th

e d
ata of th

e full 
6-year period w

ould 
resu

lt in
 an

 estim
ate som

ew
hat low

er th
an

 
th

e av
erag

e m
easured am

o
u

n
t. T

h
ree years' d

ata fo
r th

e long plots, 

' T
h

e
 au

th
o

rs a
re

 in
d

eb
ted

 to
 R

o
n

ald
 B

ird
, E

conom
ic R

esearch
 S

erv
ice, U

.S. 
D

ep
artm

en
t of 

A
g

ricu
ltu

re, fo
r assistan

ce in m
ak

in
g

 th
e

 co
m

p
u

tatio
n

s. 
a M

ISSO
U

R
I A

G
R

IC
U

L
T

U
R

A
L

 
E

X
P

E
R

IM
E

N
T

 
S

T
A

T
IO

N
. 

FA
R

M
 

B
U

S
IN

E
S

S
 

P
L

A
N

N
IN

G
 

G
U

ID
E

. B
alan

ced
 F

a
rm

in
g

 6103, 4
1

 p
p

. 
1364. 

T
A

B
L

E
 24.-E

fSect 
of contouring com

pared w
ith

 up-and-dow
n slope 

farm
in

g
 on runoff an

d
 soil loss fro

m
 adeqz~

utely fertilized con- 
ti~

,~
o

u
s

 
corn (series IZ) 

~
o

s
s

e
s

, years, a
n

d
 

S
lope 

ro
w

 d
irectio

n
 

I 
len

g
th

1
 

( 
R

unoff 

1959-61 :=
 

U
p

-an
d

-d
o

w
n

 slo
p

e .............. I 
ER 

/ 
5.70 

1 
8.94 

C
o

n
to

u
r 

4.69 
6.34 

.................................. 

A
N

N
U

A
L

 

1955-61 :' 
U

p
-an

d
-d

o
w

n
 slo

p
e .............. 

C
o

n
to

u
r .................................. 

C
O

R
N

-PR
O

D
U

C
T

IO
N

 
P

E
R

IO
D

 
1 

I 
I 

F
eet 
90 

420 

' S
h

o
rt p

lo
ts w

ith
 3

-p
ercen

t slo
p

e; lo
n

g
 p

lo
ts av

erag
e 3

-p
ercen

t slo
p

e a
n

d
 

low
er h

alf of 
p

lo
ts ab

o
u

t 4
-p

ercen
t slope. 

' L
ong p

lo
ts started

 on co
n

to
u

r in
 1

9
5

5
; hence, an

n
u

al av
erag

es sh
o

w
n

 a
re

 
fo

r indicated 7
-y

ear period. A
v

erag
e co

rn
-p

ro
d

u
ctio

n
 

period fo
r 6 y

ears w
as 

fro
m

 A
p

r. 9 to
 O

ct. 2. 
:' O

nly 3 y
ears' d

a
ta

 av
ailab

le fo
r lo

n
g

 plot w
ith

 ro
w

s u
p

-an
d

-d
o

w
n

 slo
p

e; 
hence, av

erag
es qhow

n a
re

 fo
r in

d
icated

 3
-y

ear period. A
v

erag
e co

rn
-p

ro
d

u
c- 

tion period fo
r th

ese p
lo

ts fo
r 3 y

ears w
as fro

m
 A

p
r. 27 to

 O
ct. 3. 

1955-61 :' 
U

p-and-dow
n 

slo
p

e .............. 
C

o
n

ty
r .................................. 

1959-61 : 
.............. 

U
p

an
d

-d
o

w
n

 
slo

p
e 

C
o

n
to

u
r .................................. 

since one of them
 h

as been farm
ed

 up-and-dow
n slope, are n

o
t su

f- 
ficient to

 test th
e reliability of 

th
e contour facto

r of 
ab

o
u

t 0.50 
(5.5). 

T
he relatively high av

erag
e soil loss fro

m
 th

e contour plots fo
r 

1955-61 resulted largely fro
m

 4.23 inches of 
rain

 o
ccu

rrin
g

 in 10 
hours on Ju

n
e 29 an

d
 30, 1957. S

oil loss fro
m

 th
e 420-foot contour 

plots d
u

rin
g

 these sto
rm

s w
as 10.45 tons p

er acre. W
ith

o
u

t th
ese 

storm
s, th

e 7-year av
erag

e an
n

u
al loss w

ould have been only 0.73 
ton per acre. T

h
e ratio

 of soil loss fro
m

 th
e long contour plots to

 
th

at of 
th

e sm
all plots 

(w
ith

 th
e sam

e crop an
d

 treatm
en

t b
u

t 
farm

ed up-and-dow
n slope) h

as varied fro
m

 0.36 in
 1959 to

 2.34 
In 1957. T

he ratio
 of th

e averages ,for th
e 7-year period w

as 1.81. 
A

lth
~

u
g

h
 gro

w
in

g
 corn on th

e contour m
ay conserve w

ater an
d

 
Save soil d

u
rin

g
 m

ost 
seasons, 

th
e h

azard
 

fro
m

 
h

ig
h

-in
ten

sity
 

S
torm

s th
at som

etim
es occurs d

u
rin

g
 th

e critical period fo
r corn 

P
rofluction m

ay be increased by th
e practice. S

om
e m

ethod of re- 
d

u
cln

r slope-length hazard, such as terracin
g

 o
r strip-cropping, is 

needed to cultivate rolling land safely (5
3

). 
F

rom
 

observations m
ade a

t M
cC

redie, 
M

a., an
d

 on a lim
ited 

of contoured fields th
ro

u
g

h
o

u
t M

issouri, th
e effect of con- 

touring 
ten

d
s 

to
 

b
reak

 
dow

n 
w

hen 
critical 

slope 
lengths 

are 
F

xceeded (5
2

). T
h

e critical length depends m
ostly on steepness an

d
 

Irregularity of 
slope. T

h
e ap

p
ro

x
im

ate lim
its fro

m
 observations 

are as follow
s : 

Inches 
1.76 
3.45 

T
o

n
s p

er a
c

re
 

1.54 
4.80 

90 
420 

420 
420 

1.12 
1.61 

3.91 
1.73 

1.49 
4.54 

8.56 
6.21 
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Slope (percent) Length ( f e e t )  

0-1 ................................................................ 400 
3-5 ................................................................ 300 
6-8 ................................................................ 200 
Over 8 ............................................................ Not to exceed 90. 

The erosion hazard due to breakingover in contour rows may be 
reduced by constructing grass waterways a t  intervals where 
natural depressions occur on the slope. 

Effect of Contouring on Yield 

Smith (44) found that  the effectiveness of contour farming on 
corn, soybeans, and oats on Missouri soils increased with increases 
in percent slope and soil permeability. 

The average yield of contour-farmed corn in 40 tests during 
1943-45 was 63.2 bushels per acre, or 7 bushels more than from the 
yield of comparable up-and-down slope fields. He concluded that 
one of the main factors in the increased corn yield with contouring 
was the greater stand. Erosion in the planter tracts on the up-and- 
down slope fields caused a loss of corn plants, especially on the 
steeper slopes. " 

The water-trapping effect of the contours on the more permeable 
soils would be expected to conserve moisture. On less permeable 
soils, such as  Mexico silt loam, water accumulating in the furrows 
from some storms breaks over the furrow a t  low points and results 
in loss as runoff. Retention of water in the furrows of the flatter 
fields of Putnam soil during wet periods resulted in an  average 
decrease of about 3 percent in corn yields during the test period. 

Soybeans planted on the contour averaged 21.3 bushels per 
acre in 43 tests during 1942-45 (44). This was a n  increase of 
nearly 2 bushels per acre over the up-and-down slope yield. The 
yield increases were significant in 28 out of 43 tests. In two tests 
on flatter, less permeable soils, the yields were significantly 
depressed. 

During 1955-61, the average corn yield from the contour- 
farmed plots 420 feet long a t  the Midwest Claypan Experiment 
Farm has not differed significantly from that  of the 90-foot-long 
plots farmed up-and-down slope (table 25). In the 3 years since 
one of the long-slope plots has been farmed up-and-down hill, the 
average yield difference was only 0.4 bushel per acre. 

In most years when no severe storms occur during the early 
part  of the corn-growing season, some yield benefit may be ex- 
pected through increased moisture retention. During periods of 
moderate rainfall, corn rows running across the slope t rap  runoff 
and increase moisture storage. In 1956, 16 more bushels of corn 
per acre were produced on the contour plot, primarily because of an 
inch of increased moisture absorption during the critical growth 
period for corn. In 1957, when the severe storms of June 29 and 30 
caused breakingover of the contour rows and a higher soil and 

ason 
Runoff Yield Runoff Yield 

- ! B w h e k  1 B%shek 

T A ~ L E  25.-Comparison of rzm0.g and corn yields from short plots 
farmed up-and-down slope and from full-slope length contour 
plots (series 11) ,1955-61 

Farmed slope1 up-and-down 

per acre 
60 

123 
81 

Contour farmed' 

1955 ............................... 
1956 ............................... 
1957 ............................... 
1958 ............................... 
1959 ............................... 
1960 ............................... 
1961 ............................... 

Inches 
0.32 
1.52 
2.14 
1.99 
.60 
.08 

1.26 
. 

Average ............. / 1.13 1 104 - 1  1.61 1 103 

Inches 
0.32 

.64 
2.24 
2.88 

.19 

.08 
4.90 

Plots 90 by 10% feet, average 3-percent slope. 
? One-acre plots, 420 feet long, average 3-percent slope and lower half of 

plots about 4-percent slope. 

per acre 
68 

139 
80 

129 
88 

113 
106 

water loss, the yields were equal. But in the very wet summer of 
1958, the excess moisture trapped in the contour rows was probably 
responsible for the 19-bushel-per-acre lower yield on the contour 
plot. 

TERRACING 

Construction and Maintenance of Conventional Terraces 

As terracing offered a means for reducing the lengths of the long 
slopes common on claypan soils, studies were started a t  the Mid- 
west Claypan Experiment Farm in 1945 to develop terrace systems 
adapted specifically for these soils. Studies included plow method 
of construction, upslope plowing, channel grades, parallel-terrace 
construction, time study of farming operations, and runoff rate and 
amount. 

Study of the plow method of terrace construction showed that  an  
undesirable secondary channel developed below the ridge by the 
cpnventional method of plowing around a 15-foot-wide island .five 
times with six replowings. This small secondary channel was ellml- 
nated by increasing the replowing on the upper side and reducing 
the replowing on the lower side. The return trips for the two .extra 
replowings on the upper side were used to plow par t  of. the inter- 
terrace area. Figure 10 shows the resulting cross section by the 
two methods of plowing. The channel capacities were ample to 
carry runoff from a 13-inch rain that  occurred shortly after con- 
struction, 
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10.-C

ross 
sections of th

ree terraces constructed by equal 
(N

o
. 1

) and 
unequal 

(N
os. 2 an

d
 3

) rel~
lo

w
in

g
 above an

d
 below

 ridge. 

S
L

O
P

E
 

T
h

e tw
o-w

ay plow
 by w

hich all fu
rro

w
 slices can be tu

rn
ed

 the 
sam

e direction w
as selected fo

r plow
ing th

e terraces a
t th

e M
idw

est 
C

laypan E
x

p
erim

en
t F

arm
 after successful use a

t th
e U

.S
. 

S
oil 

C
onservation 

E
x

p
erim

en
t S

tatio
n

, B
ethany, M

o. 
B

y 
tu

rn
in

g
 all 

fu
rro

w
s up slope, soil deposited in th

e channel w
as m

oved back 
u

p
 slope and th

e need 
fo

r periodic terrace rebuilding to
 restore 

channel capacity w
as elim

inated. O
ne upslope plow

ing w
ill essen- 

tially m
ove one fu

rro
w

 slice fro
m

 th
e bottom

 to
 th

e to
p

 of 
each 

terrace interval. 
F

o
r recom

m
ended 

terrace 
spacings, 

m
ore 

soil 
w

ill be tran
sferred

 up slope by th
is process on th

e steeper slopes 
since th

e in
terv

als are sh
o

rter. E
rosion to th

e channels, how
ever, is 

g
reater. T

h
e calculated upslope tran

sfer of soil by one plow
ing for 

th
e terrace spacings used on different land slopes is show

n in
 table 

26. 
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C
hannel G

rades 
T

errace channel g
rad

es v
ary

in
g

 fro
m

 0.2 to 0.8 percent w
ere 

studied on tw
o M

exico 
silt loam

 
fields a

t th
e M

idw
est C

laypan 
E

x
p

erim
en

t F
arm

 d
u

rin
g

 1946-52. 
T

h
e vertical 

in
terv

al varied 
fro

m
 2 to 3 feet depending on land slope. T

errace length varied 
fro

m
 700 to 1,000 feet. F

o
r a 780-foot channel in w

h
eat during 

1948, a g
rad

e of 0.2 percent im
pounded sufficient w

ater to
 dam

age 
th

e crop g
ro

w
in

g
 in th

e channel. S
om

e unthreshed w
h

eat w
as left 
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alculated 
upslope m

o
vem

en
t of 

soil 
b

y one upslope 
plow

ing fo
r d

zfferen
t land slopes a

n
d

 terrace spacings 
I 

L
and slope (p

ercen
t) 1 

T
errace sp

acin
g

 
I 

S
oil m

oved u
p

 

F
eet 

130 
/ 

85 

T
on

s per acre 
10.7 

1
 A

ssum
ing no tum

bleback of soil w
ith

 fu
rro

w
s 14 inches w

ide an
d

 7 inches 
deep 

an
d

 
w

ith 
bulk 

d
en

sity
 

of 
soil 

before 
plow

ing 
1.5 

g
ra

m
s 

p
er 

cubic 
centim

eter. 

in the channel a
t h

arv
esttim

e because th
e m

achinery w
ould m

ire if 
pulled through th

e w
et channel. 

G
rades of 0.3, 0.5, an

d
 0.7 percent w

ere m
ore satisfactory. W

ith
 

w
heat and a young m

eadow
 seeding as th

e crop, th
ere w

ere no silt 
deposits in th

e g
rass of th

e outlet channel in
 1948, even w

ith
 th

e 
~

.T
-~

e
rc

e
n

t 
channel grade. U

ndei- corn an
d

 soybeans, no deposits 
w

ere observed in
 th

e g
rass of th

e outlet fo
r g

rad
es u

p
 to

 0.5 per- 
cent, although a sm

all am
o

u
n

t of deposition w
as observed fo

r th
e 

0.7-percent grade. 
In

 1950, no siltin
g

 w
as observed fo

r an
y

 of 
the fo

u
r g

rad
es under observation. E

ven w
ith

 th
e low

 runoff in
 

1952, th
ere w

as som
e dam

age to
 m

eadow
 crops in

 th
e channels 

having th
e flatter g

rad
es; how

ever, th
at w

as th
e first y

ear since 
construction of these terraces th

at no difficulty in farm
in

g
 opera- 

tions 
w

as 
experienced 

in 
th

e 
flatter 

channels 
because 

of 
w

et 
conditions. 

H
arvesting of 

h
ay

 w
as ham

pered by w
ater im

pounded 
in

 th
e 

0:2-percent channels in 1951. N
o erosion in th

e steeper g
rad

es o
r 

silting in th
e outlets w

as observed, even fo
r th

e 0.7-percent grade. 
P

rofile elevations w
ere taken on one of th

e fields after tw
o sm

all 
g

ram
 and th

ree m
eadow

 crops had been produced since construc- 
tion of terraces. D

u
rin

g
 th

is period, channel obstructions th
at de- 

veloped fro
m

 farm
 operations resulted in

 ponding areas covering 
82 P

ercent of th
e 0.2-percent and 8 percent of th

e 0.3-percent g
rad

e 
channels. N

o pondage developed in
 th

e 0.5- an
d

 0.7-percent g
rad

e 
channels. T

h
e velocity of w

ater in
 these steep

er channels w
as su

f- 
to sm

ooth o
u

t silt fan
s o

r p
rev

en
t them

 fro
m

 developing. 
C

onsequently, these channels drained w
ell an

d
 dried in

 sufficient 
'Irne 

to allow
 norm

al farm
in

g
 operations to

 proceed w
ithout dif- 

ficulty. S
ilting an

d
 ponding of w

ater in
 th

e flatter channels caused 
to crops an

d
 m

irin
g

 of farm
 m

achines. 
readings in th

e channels of 
th

e terraces in
 th

e o
th

er 
fie!d C

onfirm
ed these observations. T

h
e 0.2-percent g

rad
e show

ed 
evidence of ponding in

 34 percent of 
th

e channel. F
o

r channel 
grades 

0.3 an
d

 0.4 percent, pondage w
as 8

 an
d

 7 percent, re- 
spectively. 

N
one 

w
as observed 

fo
r steeper 

grades. 
D

u
rin

g
 th

e 
period since th

e construction of th
e terraces, th

is field w
as 
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farmed to a rotation of corn-wheat-meadow-meadow-meadow. 
Scour occurred on the 0.7- and 0.8-percent grades only during the 
first year before corn planting. 

These observations indicate that  for Mexico silt loam and similar 
claypan soils, terrace channel grades should not be less than 0.3 
percent. However, the channels were not subjected to the higher 
rates of runoff that  occur once in 5 or more years, and scour obser- 
vations under such conditions were not obtained. I t  is probable, 
therefore., that  terrace channel grades should not exceed 0.4 per- 
cent, except for short terraces draining small areas or for upper 
ends of long terraces. 

Parallel Terracing 
Elimination of Point Rows 

The first parallel terraces on Midwest claypan soils were con- 
structed a t  the Midwest Claypan Experiment Farm in 1951. By 
1953, three of the four terraced fields were reconstructed into 
parallel systems. This was motivated by dissatisfaction with the 
time required for farming operations and the inability to follow 
the sharp curves with modern crop-harvesting equipment. 

In conversion of these terraces, the third one from the top of the 
slope was selected as the key terrace to which the two above and 
the one below on the slope were made parallel. The short-radius 
curves of the key terrace were eliminated by establishing a long- 
radius curve across the line of the original terrace. This required 
cutting the channel up to 12 inches deeper than normal for short 
distances. Little work above normal construction time was required 
for the upper two terraces. The fourth terrace on one field required 
a cut of about 22 inches deeper than normal for a short distance. 
A land leveler was used to smooth the field after reconstruction. 

The total cost of conversion and bulldozer smoothing between 
terraces was about $16 per acre. The original cost of the terracing 
in 1947 was estimated a t  $14 per acre. 

The reductions in point-row area by terrace improvement of 
the three fields are shown in table 27. The point-row areas of field 
6 conventional terraces are  included, since these were used in 
subsequent comparative time studies. Except for some areas re- 
maining a t  upper edges of the fields, point rows were eliminated 
by the reconstruction. The area remaining as  point rows or as 
full-length rows crossing terrace ridges was 7 percent of the total 
a s  compared with 30 percent before improvement of the three 
fields. 

Somewhat larger areasof  subsoil were exposed in shaping the 
ridges above the deep cuts to  make them suitable for farming 
operations than in the conventional terrace channels. These areas 
required extra lime and fertilizer to bring them to soil-test fertility 
levels. Of the earlier treatments tried, lime, manure, and phosphate 
applications seemed to be the most satisfactory. Yields from the 
exposed clay areas, even with the treatments used, were no more 
than half those of the normal surface soil between terraces immedl- 
ately after construction. In the  second rotation, the yields were 
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TABLE 27.-Point-row area reduction from reconstructing con- 
ventional into parallel terraces on Mexico silt loam at Midwest 
Claypan Experzment Farm 

I I Conventional terraces ( Parallel terraces 

Field and 
terrace Total Point-row Total Point-row 1 area 1 area 1 area 1 area 

Field 2:  Acres Acres Percent Acres !cres Percent ........................... 2 1 2.25 1 0.78 1 I 2.39 1 >.31 / 13 
3 3.12 1.41 2.26 .34 15 ............................ 

Average ........ 1 2.05 1 .61 1 30 1 1.90 1 .14 1 7 

Field 3: 
2 ............................ 
3 ............................ 
4 ............................ 
5 ............................ 

Field 4: 
1 ............................ 
2 ............................ 
3 ............................ 
4 ............................ 

........ Average 1 2.25 1 .45 1 20 1 1 ................................................ 1 

1.90 
1.88 
1.80 
1,.56 

1.57 
1.89 
2.42 
2.13 

Field 6:  
............................ 2 

3 ............................ 
2 ............................ 

' Irregular point-row area at  upper edge of field. 
' Uniform-width area extending part distance across field. Rows on these 

two areas have not been planted as point rows, but as full-length rows by 
crossing terrace ridge. 

about 85 percent of those on the normal surface soil that  received 
lower rates of treatment. 

.20 

.53 

.46 

.56 

.20 

.83 

.40 

.77 

p~ 

2.38 
2.38 
2.12 

Saving in Production Time 

Smith (51) developed the following equation relating produc- 
tion rate of farming operations to area, row length and wldth, time 
for and number of turns, and speed of travel on conventional and 
Parallel terraces : 

11 
28 
26 
36 

13 
44 
17 
36 

.49 

.50 

.42 

R =  W N L  
(8.25NL/S) + 43,560t ( N - 1 )  

where R = production rate in acres per hour 
W = row or cut width of implement in feet 
L= average row length in feet 
N = total number of rows or cut widths per terrace interval 
S = speed in miles per hours 
t = time per complete turn in hours 

1.87 
1.98 
1.98 
2.01 

1.15 
1.93 
1.84 
1.63 

21 
21 
20 

.15 
0 
0 
0 

.38 
0 
0 
.24 

~ 

8 
0 
0 
0 

30 
0 
0 

15 

................................................ 

................................................ 

................................................ 
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T
h

e speed o
r rate of trav

el w
as not p

red
eterm

in
ed

 fo
r th

e dif- 
feren

t operations. T
h

e o
p

erato
r's only in

stru
ctio

n
s w

ere to
 keep a 

record of startin
g

 an
d

 sto
p

p
in

g
 tim

e an
d

 to
 exclude an

y
 ab

n
o

rm
al 

stoppage, such as th
at caused by m

echanical failu
re of th

e im
ple- 

m
en

t o
r tracto

r. T
h

e sam
e o

p
erato

r covered both conventional an
d

 
parallel terrace areas in

 1954. T
h

is w
as n

o
t possible d

u
rin

g
 1955. 

A
lso, in

 1955, th
e tracto

r w
as equipped w

ith
 a speedom

eter. T
he 

effective speed fo
r each operation 

d
u

rin
g

 both y
ears w

as calcu- 
lated by equation (3

). A
ll values a

re
 tabulated in tab

le 30. 
T

h
e tendency to

 reduce tracto
r speed on sh

o
rt ro

w
s had been 

observed fo
r several y

ears. T
u

rn
in

g
 w

as usually a
t low

 speeds. 
If th

e distance of trav
el w

as sh
o

rt, th
e o

p
erato

r freq
u

en
tly

 did n
o

t 
open th

e th
ro

ttle, as w
hen h

e had a long row
 to

 plow
 o

r cultivate. 
T

h
is w

as evident d
u

rin
g

 1954 w
hen th

e sam
e o

p
erato

r w
orked on 

both areas, b
u

t w
ith

 a tracto
r n

o
t equipped w

ith
 a speedom

eter. 
T

h
e n

arro
w

 ratio
 fo

r 1955 d
ata m

ay have been because th
e o

p
erato

r 
attem

p
ted

 to m
ain

tain
 th

e rated
 tracto

r speed reg
ard

less of 
row

 
length in an

 effort to
 speed operations. 

T
A

B
L

E
 30.-A

verage 
speed of 

operation per h
o

u
r calculated fro

m
 

,m
easured production 

ra
tes and 

operating 
speed 

equation 
(3) 

fo
r corn o

n
 conventional and parallel 

terraces and soybeans o
n

 
parallel ter.race.9, 1

9
5

4
 and 1955 

1 
C

o
rn

, 1954 
1 

C
orn, 1955 

1 
so, 

beans, 
O

p
eratio

n
 

C
onven- 

C
onven- 

1955, 
1 

tio
n

al 
P

arallel / 
tio

n
al I P

arallel 1 
p

arallel 
I terraces I 

terraces / 
terraces 1 

terraces 1 
terraces 

-
-
-
-
 

M
iles 

M
iles 

M
iles 

M
iles 

M
iles 

P
low

ing, 
tw

o 
16-inch / ...................................... 

1 
3

.
3

9
 

1
4

.0
6

 
1

2
.

5
4

 
row

s. 

~
u

ltija
tin

g
 (lst), 

1 
1.65 

1 
3.53 

1 
2.49 

1 
2.75 

1 
4.15 

2-row
. 

D
isking, 10-ft. tan

d
em

 

H
arro

w
in

g
, 2-section 

P
lan

tin
g

, 2-row
 ............ 

C
u

ltiv
atin

g
, ro

tary
 

hoe. 2-row
. 

.............. 
A

v
erag

e 
................... 

........................................ 

2.50 
4.80 

C
u

ltiv
atin

g
 

(3
d

), 
2-row

. 
H

u
sk

in
g

, 
1

-ro
w

 
S

h
red

d
in

g
 stalk

s, 
2-row

. 

R
atio

 of 
................. 

................... 
(cO

n
v

en
tiO

n
al)l 

S
 (p

arallel) 
I 

1 j 
I 

I 
I 

' R
atio

 fo
r both y

ears is 0.86. 

................................................................................ 
2.70 
6.30 

2.83 

.................................................. 
2.71 

production-tim
e records w

ere obtained fo
r a field of 

parallel 
terraces planted to

 soybeans d
u

rin
g

 1955. T
hese d

ata are show
n 

in table 31. 
T

he rate fo
r C

onventional terraces w
as calculated, using equation 

(2
) and assu

m
in

g
 speeds fo

r conventional terrace operation a
s 

0.86 of those for th
e parallel terrace field. T

heoretically th
is ratio

 
should increase to

 u
n

ity
 as th

e o
p

eratin
g

 speed decreases to
 th

e 
.,rage 

speed d
u

rin
g

 tu
rn

in
g

. T
h

e p
lo

ttin
g

 of th
e ratio

s fo
r indi- 

vidual o
p

eratio
n

s ag
ain

st speed su
g

g
ests th

is tren
d

. T
h

ere w
ere 

how
ever, sufficient d

ata fo
r estab

lish
in

g
 a tru

e tren
d

 line, so
 

a sim
ple av

erag
e w

as used. T
h

e len
g

th
 of row

, also assum
ed, w

as 53 
percent of th

e length w
ith

 parallel terraces, th
e sam

e as determ
ined 

f
o
r
 th

e conventional terrace field in
 corn. 

2.23 

2.91 

3.16 

*
-
-
 T
he rate fo

r parallel terraces w
as m

easu
red

, based on an
 av

erag
e 

fo
r five terraces w

lth
 a to

tal area of 9.7 acres an
d

 an
 av

erag
e ro

w
 

length of 690 feet. 
T

hese d
ata su

p
p

o
rt th

e hypothesis th
at o

p
eratin

g
 tim

e can
 be 

reduced 
m

aterially by im
provem

ent of 
terrace alinem

ent. W
ith

 
d

ata on cost of layout an
d

 construction, an
 estim

ate could be m
ad

e 
of th

e num
ber of y

ears of o
p

eratio
n

 required to
 pay fo

r th
e addi- 

tional original costs fo
r th

e parallel terraces. 

3.45 
3.45 

2.57 
......................................................... 

4.75 

3.66 
4.11 

~
-
 

~
 

-
 

T
hese studies indicated an

 av
erag

e increase in
 row

 len
g

th
 an

d
 

decrease 
in 

point-row
 

area by 
terrace 

im
provem

ent. 
T

h
e 

ro
w

 
lengths w

ere nearly doubled an
d

 th
e point-row

 areas decreased by 
70 percent fo

r fields w
ith

 parallel terraces over those w
ith

 conven- 
tional terraces. A

verage rate of 
trav

el of 
farm

in
g

 equipm
ent on 

th
e parallel terraces w

as 16 percent faster th
an

 th
at on th

e conven- 
tional terraces. T

h
e sav

in
g

 in production tim
e fo

r corn an
d

 soy- 
beans averaged ab

o
u

t 24 percent. S
ince th

e parallel terrace over- 
com

es m
any 

of 
th

e objectionable 
featu

res of 
th

e 
conventional 

terrace, parallel terraces should increase in
 acceptance an

d
 use by 

farm
ers. 

3.01 
3.82 
5.00 
2.53 

T
A

B
L

E
 31.-P

roduction 
tim

e and 
saving 

toith parallel 
com

pared 
q~?"h conventional terraces for 

production 
o

f soybeans, 1
9

5
5

 
I 

I 

4.39 
3.87 

P
roduction tim

e p
er acre 

w
ith- 

....................................... 
.................... 
.................... 

O
p

eratio
n

 

P
low

ing, tw
o

 16-inch ro
w

s ........ 
D

isking, 10-ft. tan
d

em
 ................ 

.... 
H

arro
w

in
g

, %
section 

(10 
ft.) 

P
lanting, tw

o
 40-inch row

s ........ 
........................ 

C
ultivating, 2-row

 

C
onventional 
terraces 

(calcu
lated

) 

H
o

u
rs 

1.79 
1 

.42 
\ 

.35 
.29 
.72 
.49 

P
arallel 

terraces 
(m

easu
red

) 

H
o

u
rs 

1.23 
.32 
.27 
.22 
.57 
.37 

S
av

in
g

 in 
tim

e w
ith

 
p

arallel 
terraces 

P
ercent 

3
1

 
24 
23 
24 
2

1
 

24 

T
o

tal o
r av

erag
e .............. 1 

4.06 
1 

2-98 
27 
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53 

T
errace R

unoff and C
hannel C

apacity 

M
easurem

ents of m
axim

um
 runoff fro

m
 terraces are essential 

to predict peak channel flow
 an

d
 design of terrace system

s. R
unoff 

recording equipm
ent h

as been in operation a
t th

e outlets of 
the 

fo
u

r terraces in field 6 since 1950. T
hese are conventional terraces, 

w
ith an

 average g
rad

e of 0.33 percent. T
he drainage areas of each 

of th
e upper tw

o (N
os. 2 and 3) an

d
 each of th

e low
er tw

o
 (N

os. q 
an

d
 5

) terraces are 2.375 an
d

 2.125 acres, respectively. T
he upper 

(N
o. 1

) terrace on th
is slope is not equipped to

 m
easure runoff. 

T
hese terraces are on a land slope of about 3 percent. T

he channel 
lengths v

ary
 fro

m
 984 to

 1,075 feet and th
e vertical intervals are 

about 2y2 feet. T
he channels are 4 to 5 feet w

ide, w
ith

 about 10:l 
fro

n
t ridge slope an

d
 about 1

4
:l slope above th

e channel. 
A

nnual m
axim

um
 runoff rate fo

r each terrace d
u

rin
g

 1951-64 is 
given in table 32. T

h
e highest rates d

u
rin

g
 th

e period w
ere re- 

corded d
u

rin
g

 th
e severe storm

s on Ju
n

e 29-30, 
1957, an

d
 th

e low
- 

est during th
e d

ry
 y

ear of 1954. 

T
A
B
L
E
 32,~

n
n

u
di 

m
axim

u
m

 
ru

n
of 

from
 terraces in

 field 
6, 

1951 -64 

I 
I 

I 
M

axim
um

 runoff rate per hour 
Y

ear 1 
C

over 
1 

D
ate 

I 
for terrace- 

1953 .... 
W

heat .................. 
M

ay 22 
C

orn ...................... 
M

ay 22 
1954 .... 

W
heat stubble .... 

O
ct. 14 

............ 
C

ornstalks 
O

ct. 14 

1951 1.. 

1952 .... 

1955....l{ 
Jan. 4-6 

1956 .... 
Soybeans ............. 

July 3-4 
.............. 

1957 .................. do 
June 29-30 

...................... 
C

orn 
June 14 

............ 
{ C

ornstalks 
C

orn ...................... 
C

ornstalks ............ 

M
ar. 17 

June 23-24 
M

ar. 31 
lN nv

 
17 

l
i
1
0
0
.
.
.
 

. 

1959 5, 
1960 3.: 
1961 .... 
1962 .... 
1963 .... 
1964 

T
he total 

dim
ensions 

of 
th

e fo
u

r terrace 
channels 

an
d

 th
e 

dim
ensions used fo

r th
e m

axim
um

 runoff fro
m

 th
e intense storm

s 
of ju

n
e 29 and 30,1957, are show

n in table 33. S
torm

s of th
is m

ag- 
nitude can be expected to occur som

ew
hat less frequently th

an
 

in 10 years. T
hese terraces w

ere originally designed to have 

a 
channel cross-section area of 

16 square feet. E
ach of 

these terraces W
as in row

 C
rops every y

ear d
u

rin
g

 1955-60 and on 
alternate years d

u
rin

g
 1950-54. 

U
pslope plow

ing in each of 
th

e 
,ow

-crop years h
as increased the terrace berm

 heights and channel 
to an

 average of 22.5 square feet by 1957 (table 3
3

). T
he 

flow 
from

 this storm
 did not utilize half th

e actual cross-section 
of any of th

e channels. H
ad th

e channels been m
aintained at 

only the design capacity, th
e greatest flow

 m
easurem

ent a
t an

y
 

,tation w
ould have utilized only about 61 percent of th

e available 

Inches 
0.43 

.43 
.05 

.............................. 

.03 
.41 

.............................. 
.76 

3.12 
.51 
.23 
.62 

............... 
.96 
.20 
.08 
.22 

T
A

B
L

E
 33.-C

hannel 
and flow

 m
easu

rem
en

ts of 
terraces carryin

g 
m

n
og from

 4.23 in
ch

es of rain
, June 29 and 30, 1

9
5
7
 

.............. do .............. 
...................... 

{ C
orn 

C
ornstalks ............ 

C
orn ...................... 

C
ornstalks ............ 

C
orn ...................... 

.................. do .............. 

Inches 
0.51 

.............................. 
............................... 

.41 
.05 

................................ 
.01 
.14 

.74 
3.02 

.33 
-26 

............................. 
.43 
9

9
 

.15 
.03 
.20 

O
ct. 10 

June 3
0

J
u

ly
 

M
ar. 27 

June 3
0

J
u

ly
 

M
ar. 20-21 

M
ay 16 

M
ay 26-28 

station 
distance 

E
leva- 

(feet) * I 
tion / 

v.%% 
1 D

epth / 
A

res I 
v%

!h I D
epth I 

A
rea 

C
hannel m

easurem
ents 

T
errace and 

T
errace 2: I 

F
eet 

1.050 ........ 844.77 

F
low

 m
easurem

ents 2. 

Inches 
0.37 

.85 
.26 

............................. 
........................... 

.26 
.02 

.............................. 
........................ 

.14 
.79 

3.20 
2 

.35 
.37 

.35 

Inches 
0.45 

.99 
.40 

.48 
.03 

.15 
1.14 
2.81 

.48 
.37 
.60 

.............. 

1,050 
.. 

, 

1,000.. 
.
.
.
 

..... 
750.. .... 
500.. 
250 

.
.

.
 

T
errace 5: 

1,050 ..
.
.
.
.
 

1,000 
. 

.
,
,
,
 

... 
750. 
500 .

.
 
,
,
 

250 
.

,
 

1 1 
1.14 

.17 
.05 

.07 
.26 

.24 

1,000 
750 
500 
250 

T
errace 3: 

1,050 
1,000 

750 
500 
250 

T
errace 4: 

F
eet 

F
eet 

845.15 
846.17 
847.10 
847.87 

842.56 
842.90 
843.75 
844.45 
845.45 

Square 
feet 

F
eet 

F
eet 

0.95 
.73 
.48 
.42 
.I? 

.93 
.69 
.4 5 
.50 
.17 

Square 
feet 

' T
erraces 3 an

d
 4 subsoiled an

d
 lim

e applied a
t 4 tons per acre placed at 

-
 

I 
I 

I 
I 

I 
I 

I 
9- to 16-~n

ch
 depth in 1948. 

F
rom

 upper end of 
terrace. 

1,050 station
 is flum

e entrance; 
elevation, 

E
stim

ated
; p

lu
g w

as out of float w
ell. 

that of flum
e discharge. 

' M
inim

um
 tillage (w

heel-track p
lan

tin
g) on terraces 3 an

d
 4

; conventional 
'M

axim
um

 discharge in cubic feet per second w
as 7.5, 7.2, 6.9, and 6 for 

tillage on terraces 2 an
d

 5. 
terraces 2, 3, 4, and 5, respectively. 
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b
6

 

30- to 48-inch layers show
ed a tren

d
 of 

decreasing thickness and 
m

oisture content. V
olum

e and m
oisture changes below

 5 feet under 
corn w

ere sm
all. 

T
h

ere w
as a general tren

d
 of decrease in

 soil volum
e and m

ois- 
tu

re content under alfalfa d
u

rin
g

 th
e experim

ent 
(fig

. 1
6

). S
oil 

shrinkage an
d

 rem
oval 

of 
m

oisture 
continued w

ith 
periods 

of 

-
2
0
 

1
-
2
0
 

0
 

5
0
0
 

1
,
0
0
0
 

1,500 
2
.
0
0
0
 

2
,
5
0
0
 

D
A

Y
S

 * 
*T

IM
E

 
S

IN
C

E
 A

P
R

IL
 

1
9

5
9

 
0
 

1 -
2
0
 

5
0
0
 

1
,
0
0
0
 

1
,
5
0
0
 

2
,
0
0
0
 

2
,
5
0
0
 

D
A

Y
S

* 

* T
IM

E
 

S
IN

C
E

 A
P

R
IL

 
1

9
5

9
 

F
IG

U
R

E
 

16.-C
hanges 

in
 lay

er thickness o
r volum

e 
(V

m
) an

d
 soil m

oisture 
content (P

v
) fo

r different soil lay
ers u

n
d

er alfalfa since A
p

ril 1959. 
F

IG
U

R
E

 15.-C
hanges 

in
 lay

er thickness o
r volum

e 
(V

m
) an

d
 soil m

o
istu

re 
content 

(P
v

) 
fo

r different 
soil 

lay
ers 

u
n

d
er 

corn 
since 

installation 
of 

an
ch

o
rs in

 1960. 
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T
he connecting flum

e w
as set on a slope, an

d
 it w

as com
puted to 

give th
e norm

al flow
 velocity a

t th
e entrance to

 th
e test channel 

for th
e m

axim
um

 rate of flow
. 

G
round surface elevation an

d
 w

ater surface elevation fo
r de- 

term
ining th

e area and velocity of flow
 w

ere m
easured w

ith poin. 
gages supported on w

ooden beam
s across th

e test channel a
t threc 

locations spaced 10 feet ap
art. P

iano w
ire stretched across tht 

channel above the beam
s w

as th
e reference line fo

r th
e readings. 

E
levation of th

e w
ire w

as determ
ined by use of a

n
 engineer's level 

fo
r calculation of the w

ater surface slope. G
round surface readings 

before and after each test form
ed th

e basis fo
r com

puting the 
scour occurring during each test. T

hese readings, as w
ell as tht 

w
ater surface readings, w

ere taken every one-half foot across tht 
channel. F

ig
u

re 23 show
s th

e beam
s and w

alkw
ays, w

ith observers 
tak

in
g

 w
ater surface readings d

u
rin

g
 a test. 

T
he tests w

ere perform
ed in steps of 

increasing rate of 
flow

, 
w

ith a steady rate fo
r each step. T

h
e duration of flow

 fo
r each test 

w
as 50 m

inutes. S
ix tests w

ere m
ade on each channel a

t flow
s 

approxim
ating 5, 10, 20, 30, 45, an

d
 60 c.f.s. T

hree sets of w
ater 

su
rface readings w

ere taken a
t each of 

th
e th

ree stations on 
i 

given channel after flow
 through th

e flum
e becam

e uniform
. Thc 

observers rotated positions so th
at each of 

th
e th

ree m
en m

adc 
w

ater surface readings a
t each station d

u
rin

g
 th

e test. 

T
A

B
L

E
 43.-V

egetation 
d

ata 
fo

r 
bluegrass 

sod 
channels, 

a8 
determ

ined by point quadrate ap
p

aratu
s 

I 
I 

I 
I 

I 

' A
m

ount of total ; other vegetation
 is an

n
u

al grass. 

C
hannel 
N

o. 

R
esults 

I / 

T
h

e tests show
ed th

at bluegrass sod could w
ithstand very high 

velocities of flow
 w

ithout deterioration of th
e channel if a few

 con- 
ditions w

ere m
et in construction of th

e channels. A
bout 10 acre-feet 

of w
ater passed through each channel in 134 days. T

he average 
velocity of flow

 varied fro
m

 2 to
 1

5
 f.p.s. 

O
n th

e 20-percent slope 
channel, th

e steepest slope, th
e average velocity varied fro

m
 7 to 

1
5

 f.p.s. 
F

ig
u

re 24 show
s th

e g
rass of 

th
e upper section of 

the 

C
hannel 

slope 

7 
S

O
IL

 A
N

D
 W

A
T

E
R

 R
E

S
E

A
R

C
H

 O
N

 A
 C

L
A

Y
P

A
N

 S
O

IL
 

8
3
 

'
-

 
20-percent slope channel before and after th

e six
 tests. T

h
e d

ata 
from

 six
 slope channels in K

entucky bluegrass sod are sum
m

arized 
in table 44. 

E
xcavation fo

r th
e 20-percent slope channel w

as 6 feet into th
e 

subsoil a
t th

e low
er end. A

n undrained seep caused a saturated soil 
condition in th

e low
er 5 feet of th

e channel an
d

 killed th
e bluegrass 

sod. A
lthough other grasses w

ere grow
ing on this area, they eroded 

during th
e first test, allow

ing th
e channel to cu

t back to
 a point 

m
idw

ay of th
e second reach, w

here a m
ole had tunneled across 

the channel th
e night before th

e test. T
hus, tw

o points of w
eakness, 

w
hich should be avoided fo

r m
axim

um
 hydraulic traffic on blue- 

grass sod, w
ere present w

hen the tests started. 

Strikes per 240 needles at 
indicated feet above 

ground surface 

0.4 1 0.4-0.2 
0.2-0 

F
IG

U
 

bll 
SIC IR

E
 23.-O

bservers 
t,aking su

rface read
in

gs d
u

rin
g flow

 of 60 c.f.s. over 
legrass sod on successive 50-foot sections of I-, 4-, and 8-percent channel 
bpes. 

F
I
G
U
R
E
 24.-B

luegrass 
sod in channel w

ith 20-percent slop
e before (left) and 

after (righ
t) six

 tests in
 w

hich flow
 velocity varied from

 7 to 15 f.p
.s. 

B
luegrass ' 

1 
Strikes 

T
otal 

strikes 
per 

needle 
(density) 



1
)4

 
Y

L
L

H
N
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A

L
 H

U
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N
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E
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E
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R
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C

L
A

Y
P

A
N

 
S

O
IL

 
8

5
 

r
7

 
T

h
e b

lu
eg

rass sod of th
e 20-percent slope channel w

as of av
er- 

ag
e density an

d
 ab

o
u

t 6 inches long a
t th

e tim
e of th

e test. 
A

n
 appreciable ch

an
g

e of alinem
ent, eith

er horizontal o
r v

erti- 
c

a
l th

at requ'red 
th

e sod to
 resist th

e ch
an

g
e of 

direction of th
e 

w
ater velocity resulted in

 dam
age. T

h
e ex

ten
t of d

am
ag

e increased 
w

ith
 th

e degree of ab
ru

p
t changes in

 alin
em

en
t an

d
 th

e m
ag

n
itu

d
e 

of velocity. H
ow

ever, increases in
 bed slope fro

m
 1

 to
 4 an

d
 fro

m
 4 

to
 8 p

ercen
t did not cause an

y
 dam

age to
 sod by flow

s up to
 9 f.p.s. 

w
ith

 a d
u

ratio
n

 of 50 m
inutes. Scour 

V
ery

 little scour occurred in an
y

 of th
e bluegrass sod channels 

d
u

rin
g

 th
e six

 tests. T
h

e first evidence of 
scour w

as noted w
h

ere 
th

ere w
ere discontinuities in

 th
e sod cover. 

T
h

e flow
ing w

ater 
first rem

oved th
e dead o

rg
an

ic m
atter, leaving a fibrous m

at of 
dead roots. A

s th
e velocity increased, th

ese dead roots w
ere re- 

m
oved, follow

ed by a layer of su
rface soil. T

h
is left som

e live ro
o

ts 
visible a

t th
e u

p
stream

 sid
e of th

e sod clum
ps. In

 general, th
e holes 

did n
o

t exceed 1
 inch in

 depth, an
d

 no com
plete sod clum

ps w
ere 

T
A

B
L

E
 44.-D

ata 
fo

r test flow
s on bluegrass sod channels,l 

O
ct. 

7-16. 1942 

H
ydraulic 
radius 

E
nergy 

gradient 

-- 

C
ross- 

section 
area of 
w

ater 

C
hannel 
an

d
 

test N
o. 

A
verage 

velocity 
M

anning's 
n

 
W

ater 
tem

pera- 
tu

re 
-

.
 

w
ashed out. 
T

h
e density of 

g
rass in six

 channels is given in
 tab

le 43. T
h

e 
av

erag
e velocity of flow

 in
 feet per second an

d
 rate of scour in

 su
r- 

face inches p
er h

o
u

r th
ro

u
g

h
o

u
t th

e w
etted p

erim
eter fo

r each of 
th

e six
 channels are listed in

 tab
le 45. T

h
e scour values a

t first 
ap

p
ear som

ew
hat erratic. S

om
e of th

e v
ariatio

n
 w

as undoubtedly 
due to

 experim
ental erro

r. R
eading of th

e g
ro

u
n

d
 su

rface w
as dif- 

ficult, p
articu

larly
 after th

e soil w
as satu

rated
 w

ith
 w

ater. T
h

e 
rate of scour tended to

 increase m
ore rap

id
ly

 d
u

rin
g

 th
e first o

r 
low

er velocity tests th
an

 d
u

rin
g

 th
e h

ig
h

er velocities. T
h

is m
ay

 be 
attrib

u
ted

 to
 th

e early
 loss of easily m

oved loose soil an
d

 vegetal 

Square 
feet 

2.833 
3.707 
5.517 
6.706 
8.886 

10.964 

F
eet 

0.517 
.624 
.782 
.872 

1.007 
1.126 

F
eet per 
foot 

0.0147 
0.0518 

.0141 
.0450 

.0130 
.0379 

.0124 
.0358 

particles n
ear th

e soil surface. 

T
A

B
L

E
 45.-Flozu 

velocity an
d

 sco
u

r of 
bluegrass sod channels,l 

based on 6
 tests 

1 
T

est N
o. 

C
hannel N

o. and 
bed slope 

_
_

_
_

_
-
-
 _

 
6A

, 1
 percent: 

... 
.

.
 

S
cour 

.
.

.
.

 

3, 20 percent: 
V

elocity 
I 

6.9 
S

cour 

6B
, 4 percent: 

1 
I 

V
elocity 

3.6 
1 

4.7 1 
6.0 

1
, 12 percent: 

V
elocity 

S
cour 

1 g-' 
! 

4 
2, 16 percent: 

V
elocity 

I 
I 

' 2-foot bottom
 w

id
th

s an
d

 2 on 1
 side slopes. 

' V
elocity in

 feet p
er second; scour in su

rface inches of 
soil rem

oved p
er 

h
o

u
r of flow

. 

6.6 
.045 

S
cour 

6C
, 8 percent: 

V
elocity 

-
-
-
-
 

'2
-fo

o
t 

bottom
 w

id
th

s an
d

 2 on 1
 side slopes. 

.015 
1 

.018 
.037 

9.4 1
2

0
 

7.6 
.018 

S
cour 

S
cour 

1 
6:i21 1 

1 l
4

 
0

3
 

8.6 
.026 

10.8 
.037 

5.1 
1

6
.6

 1 
8.4 

9.5 
.056 

1 
.011 

.043 
/ 

.066 

11.4 
.024 

12.0 
.074 

13.2 
0

4
6

 
14.3 

.029 

12.5 
-053 

13.6 
.042 
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T
he relationship betw

een scour as th
e dependent variable an

d
 

average velocity of flow
 and density of g

rass as tw
o independent 

variables w
as tested 

by 
statistical 

m
ethods. 

T
he coefficient 

of 
m

ultiple correlation, assum
ing linear relationships, w

as first tried. 
T

he value of 
th

e coefficient w
as 0.56, w

hich m
ay be considered 

highly significant. O
ther determ

inations w
ere m

ade in an
 effort to

 
obtain a m

ore satisfactory estim
ating equation and a higher degree 

of 
correlation. 

N
ot 

all 
possibilities 

w
ere 

tried, 
b

u
t 

of 
those 

tested 
th

e follow
ing 

em
pirical 

relationship 
appeared 

th
e m

ost 
satisfactory : 

in w
hich Sc =

 rate of scour in surface inches per hour 
V

 =
average 

velocity of flow
 in feet per second 

G
 =

density 
of g

rass in average num
ber of 

strikes per 
quadrate needle 

T
he coefficient of 

m
ultiple correlation determ

ined fo
r this esti- 

m
ating 

equation 
w

as 
0.58. 

w
hich 

m
ay 

be 
considered 

highly 
significant. 

G
rass A

ge 
T

h
ree grasses and a g

rass m
ixture a

t 1, 2, and 3 years of age in
 

channels 7, 8, and 9 (table 4
2

) w
ere tested in M

ay. T
he tim

othy 
an

d
 redtop m

ixture offered about th
e sam

e retardance an
d

 pro- 
tection fro

m
 scour rega .dless of 

age. 
F

o
r 

1-year-old 
sods they 

w
ere superior to

 bluegrass. O
nly a lim

ited am
ount of 

scour oc- 
curred a

t a velocity as high as 8 f.p.s. K
entucky bluegrass a

t 1
 year 

old did not provide adequate protection fo
r velocities of 3 f.p.s. an

d
 

greater. A
fter th

e second year, it reached its m
axim

um
 retardance 

an
d

 protection from
 scour. It w

ithstood up to
 7 f.p.s. F

o
r 2-year- 

old sods, K
entucky bluegrass gave better protection against scour 

th
an

 did other grasses tested. A
 g

rass m
ixture of tim

othy, redtop, 
an

d
 bluegrass is suggested fo

r these soils. W
eed grasses invalidated 

th
e test d

ata on the C
anada bluegrass and brom

egrass channels. 

L
im

iting V
elocities for B

luegrass 
S

election of 
th

e m
axim

um
 average velocity of 

flow
 in channel 

design involves consideration of 
num

erous factors. G
ood-quality 

bluegrass sod w
ithstood very high flow

 velocities w
ithout dam

age 
under nearly ideal channel conditions. T

he top grow
th had to

 be 
thick an

d
 long enough to provide a

n
 insulating m

at d
u

rin
g

 flow
. 

F
o

r g
rass 2 to 4 inches tall, a denser stand w

as required to
 prevent 

scour th
an

 fo
r g

rass 6 to 12 inches tall. T
he scour w

as not alw
ays 

in proportion to
 th

e velocity. It occurred as soon as w
ater forced 

an
 opening in the m

at, even though th
e velocity w

as relatively 
low

. L
oose soil and organic m

atter w
ere rem

oved first. A
fter this, 

th
e scour w

as generally 
sm

all until 
flow

 
velocities 

becam
e 

ex- 
trem

ely high. 

C
hannel 

irregularities, 
such 

as hum
ps 

o
r 

depressions, 
w

ere 
responsible fo

r initiating scour. C
rayfish o

r gopher holes had sim
i- 

lar effects. A
 sudden decrease in channel bed slope increased scour 

a
t and ju

st beyond th
e point of decrease. 

W
eather hazards, such as extrem

ely high tem
perature an

d
 long 

periods of 
either drought or excessive rainfall, m

ay appreciably 
reduce th

e density of bluegrass. T
his is especially tru

e on claypan 
soils 

in 
th

e 
southern 

C
orn 

B
elt. 

F
arth

er 
n

o
rth

 
an

d
 

on 
soils 

of 
higher 

fertility 
th

an
 

claypan, 
th

e 
w

eather 
factor 

is 
less 

im
portant. 
T

he tests do not indicate a definite lim
iting velocity below

 1
5

 
f.p.s. fo

r high-quality bluegrass. 
U

ncertainty of m
aintenance, th

e 
possibility of poor channel alinem

ent, dam
age fro

m
 rodents, cattle, 

and farm
 im

plem
ents, an

d
 the hazards of w

eather m
ake necessary 

th
e recom

m
endation of m

uch low
er velocities th

an
 th

e m
axim

um
 

attained in
 th

e tests. A
lso, dam

age caused by low
-velocity 

runoff 
over a prolonged period m

ay set th
e stage fo

r severe dam
age from

 
a high intensity storm

 com
ing before th

e sod reestablishes itself. 
T

he accuracy w
ith w

hich rate of runoff fo
r a given frequency 

m
ay be determ

ined is a factor in selecting th
e m

axim
um

 design 
velocity. It w

ould seem
 logical to

 use a different m
axim

um
 velocity 

fo
r a 10-year th

an
 fo

r a 50-year frequency runoff. 
B

luegrass w
ith a density below

 tw
o

 strikes per quadrate needle 
provided little protection against scour. D

ensities above tw
o strikes 

per needle afforded good protection fo
r relatively high velocities. 

T
he 

bluegrass 
densities 

th
at 

should 
give 

adequate 
protection 

against scour fo
r velocities 

ranging fro
m

 
1
 to

 8 f.p.s. 
are 

a
g

 
follow

s : 
M

axim
u

m
 design

 
M

axim
u

m
 grass 

velocity (feet 
den

sity (strikes per 
per secon

d) 
qu

adrate n
eedle) 

........................................................................ 
1
 

1.0 
........................................................................ 

2 
1.5 

3 ........................................................................ 
2.0 

4 ........................................................................ 3.0 
5 ........................................................................ 4.0 
6 ........................................................................ 

5.5 
........................................................................ 

8 
8.0 

A
 m

axim
um

 design velocity of 4 f.p.s. ap
p

ears satisfactory fo
r 

the M
idw

est claypan, 5 f.p.s. fo
r S

helby, an
d

 6 f.p.s. fo
r M

arshall 
soils th

at have 6 inches o
r m

ore of topsoil an
d

 have a high fertility 
level. V

ery good bluegrass sod outlet channels th
at could w

ithstand 
considerably higher velocities can generally be developed on such 
soils. H

ow
ever, experience has show

n th
at th

e quality of sod m
ay 

deteriorate 
d

u
rin

g
 periods of 

extrem
ely high 

tem
perature 

and 
drought o

r on flat slopes d
u

rin
g

 prolonged periods of excessive 
rainfall. 

T
he effect of tem

perature on th
e quality of 

sod w
as show

n by 
variation in g

rass counts on each side of th
e test channels. N

ine 
of th

e channels pointed southeast. T
he northeast banks w

ith th
eir 

southw
est exposure to

 th
e hot afternoon sun had an

 average g
rass 
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density of 3.7 strikes per needle compared with 5 on the opposite 
banks with the northeast exposure. This relationship was con- 
sistent on all nine of the channel sections. The most dense grass 
was on V-shaped channels. I t  averaged six strikes per needle. 
The side slopes were 6 horizontal to 1 vertical. 

On trapezoidal channels, grass counts on the bottom averaged 
two strikes per needle compared with nearly four on the sides. 
The count on the bottom of the 4-percent channel slope was 33 
percent greater than on the l-percent channel slope. These dif- 
ferences on the trapezoidal channels appear to be the result of 
poor drainage during prolonged periods of excessive rainfall. 

Where the weather hazards are less and the soil fertility and 
internal drainage more favorable for the growth of bluegrass than 
on the Midwest claypan, design velocities of 5 or 6 f.p.s. appear 
safe for a 25-year frequency runoff. 

Hydraulic Factors 

Calculation of Manning's n from the test data showed that  n 
was not a constant. I t  was a maximum for low flow when the grass 
stood erect and a minimum when the grass was incorporated into 
the flow and the hydraulic radius increased. The value of n was 
affected by velocity, slope, hydraulic radius, grass density, and 
stage of growth. In figure 25, headed bluegrass is shown erect 
and in two stages of submergence. 

Expotential equations were determined by the method of least 
squares for n and V using data from table 44. The resulting 
equations are as follows: 

in which n = retardance factor in the Manning formula 
V = average velocity in feet per second 
R =hydraulic radius in feet 
S =energy gradient, also bed slope and water surface 

slope for uniform flow of constant depth in feet per 
foot 

G=density of grass in average number of strikes per 
quadrate needle 

The index of multiple curvilinear correlation for the n equation 
was 0.89 and for the V equation 0.99. 

The tests for the data shown in table 44 were conducted in the 
late fall when bluegrass had attained a lush but pliable fall growth. 
Other tests of bluegrass channels, including channels 4, A, B, and 
C and 5, A, B, and C (table 42), were performed earlier in t,he 
year when bluegrass was headed. In the final analysis, all the 
bluegrass data were plotted in the n-VR relationship as developed 

F~~~~~ 25.-Bluegrass in channel with 4-percent bed slope a t  varying flow 
velocities: Top, V  = 0.32 f.p.s. and V R  = 0.74; center, V  = 0.69 f.p.s. and 
V R  = 0.23; bottom, V  = 1.28 f.p.s. and V R  = 0.45. 
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by 
P

alm
er 

(3
7

) and R
ee and P

alm
er 

(3
8

). B
y th

is approach, 
channel slope an

d
 shape facto

rs as variables are elim
inated. 

T
he d

ata fo
r tests a

t low
 velocity on headed bluegrass show

ed 
th

at bending of th
e g

rass began w
hen th

e product of 
the velocity 

an
d

 hydraulic 
radius 

equaled 
0.1, 

regardless 
of 

th
e m

agnitude 
of th

e slope factor. F
o

r th
e fall g

ro
w

th
 stage, th

e critical product 
w

as about 0.06. 
T

w
o distinct curves w

ere indicated fo
r th

e tw
o grow

th stages 
of 

bluegrass. T
hey are show

n in figure 26. 
B

luegrass does not 
retard

 th
e flow

 of w
ater as m

uch in th
e fall as it does in th

e late 
sp

rin
g

 w
hen th

e stiff seed stem
s are present. T

here is little differ- 
ence in

 retardance fo
r the tw

o g
ro

w
th

 stages a
t low

 flow
 depths. 

A
t interm

ediate flow
 depths, th

e seedstalks rem
ain partially erect, 

but as V
R

 values increase, th
e seed stem

s bend into th
e flow

 com
- 

pletely an
d

 retardance values fo
r th

e tw
o grow

th stages gradually 
com

e together. 

C
hannel D

esign 
T

he first step in channel design is to
 determ

ine th
e discharge 

fro
m

 th
e drainage area. T

his m
ay be com

puted by one of several 
m

ethods, o
r m

ay be taken fro
m

 previously prepared tables. W
ith 

th
e 

discharge 
(Q

) 
know

n 
an

d
 

th
e 

desired 
m

axim
um

 
average 

velocity of flow
 (V

) selected, th
e channel cross-section area (A

) 
m

ay be determ
ined by the equation 

Q
=

A
V

 
F

o
r th

e trapezoidal channels w
ith 4 on 1

 side slopes, the area is 
A

=
W

D
+

4
D

2
 

in w
hich W

 is the bottom
 w

idth an
d

 D
 th

e center depth. W
 an

d
 

D
 m

ust 
be selected to satisfy

 th
e value 

of 
A

 
in th

e equation 
A

 =
 Q

/V
, 

an
d

 m
ust also satisfy

 th
e value of 

R
 read fro

m
 th

e 
curves of figure 26. T

hen 
A

 
W

D
 + 4D

2 
R

=
-- P

 -
 W

 +
 8

.2
5

0
 

w
here P

 is th
e w

etted perim
eter of th

e channel. 
T

h
is task

 is laborious because a direct solution is not possible. 
T

o sim
plify th

e procedure, th
e nom

ogram
 

(fig. 27) fo
r a trap

e- 
zoidal channel w

as prepared using th
e n-V

R
 curve of figure 26 fo

r 
headed bluegrass. T

his equation in term
s of 

V
R

 m
ay be w

ritten
 

v
=

 
1.268 ( V

R
) O."O." 

n
0

.6
 

an
d

 

R
=

 
0.788"." 

V
R

) O.' 
S

0
.3

 

w
here S

 is th
e channel bed slope (steady flow

 assum
ed). 

T
he nom

ogram
 

(fig. 28) fo
r a parabolic channel w

as sim
ilarly 

prepared. 

T
he nom

ogram
 in

 figure 28 is fo
r a parabolic channel. It is used 

in
 th

e sam
e w

ay as th
e ch

art fo
r th

e trapezoidal channel in figure 
27. S

uch ch
arts can be utilized 

in preparing tables of 
physical 

m
easurem

ents fo
r building channels 

(4
6

), such as table 46. T
his 

table w
as prepared fo

r th
e claypan p

rairie soils of M
issouri, using 

4 f.p.s. 
a

s th
e average m

axim
um

 velocity of 
flow

. T
he drainage 

area and discharge d
ata used in th

e table w
ere fro

m
 a rate-of- 

runoff curve prepared by th
e U

.S. 
S

oil C
onservation S

ervice. 
T

he first step
 in

 th
e use of 

th
e ch

art is to
 select th

e desired 
m

axim
um

 average velocity of flow
. (S

ee fig. 27, broken lines super- 
im

posed on ch
art.) 

T
he velocity scale on th

e left applies to th
e 

vertical scale of th
e low

er right-hand discharge curves as w
ell as 

to
 th

e upper left-hand slope curves. F
ro

m
 th

e selected velocity 
point, proceed diagonally and then horizontally fro

m
 th

e vertical 
velocity scale to

 th
e appropriate discharge curve, an

d
 then m

ove 
vertically to

 th
e channel w

idth-depth curves. L
ikew

ise, fro
m

 th
e 

sam
e velocity point on th

e horizontal velocity scale, proceed verti- 
cally to

 th
e ap

p
ro

p
riate slope curve, and th

en
 m

ove horizontally 
until th

is line an
d

 th
e vertical 

line fro
m

 th
e 

discharge curve 
intersect. T

h
e closest curve to

 th
is intersection am

ong th
e channel 

w
idth curves originating a

t the left is determ
ined. P

roceed fro
m

 
th

ere horizontally to
 an

 intersection w
ith a w

idth curve of 
th

e 
sam

e value am
ong th

e curves originating a
t th

e right. T
he channel 

depth is obtained by th
e intersection of 

a vertical line fro
m

 th
is 

point w
ith th

e channel depth scale. F
o

r exam
ple, if th

e selected 
velocity is 5 f.p.s., th

e slope is 4 percent, an
d

 th
e required discharge 

is 100 c.f.s. 
T

hen, th
e channel w

idth w
ould be 36 feet an

d
 th

e 
channel depth about 0.6 foot. 

F
o

r th
e sm

aller acreages an
d

 particularly th
e flatter slopes, th

e 
expected quantity of flow

 w
as not sufficient to

 support a 4-f.p.s. 
average velocity. F

o
r these conditions, w

hich are to
 th

e left of th
e 

heavy line in
 table 46, a m

axim
um

 channel w
idth of 

6 feet w
as 

selected an
d

 th
e depth w

as determ
ined fo

r th
e m

axim
um

 average 
velocity th

at th
e quantity of flow

 w
ould support. In

 practice, use 
of a constant-w

idth channel is often desirable. In
 m

ost cases, th
e 

m
axim

um
 w

idth selected w
ill be at th

e point of m
axim

um
 slope. 

T
h

is w
idth m

ay then be continued up th
e slope w

here th
e drainage 

area generally decreases sufficiently to
 balance th

e decrease in 
capacity due to

 th
e decrease in slope. 

T
im

othy, R
edtop, and O

ther G
rasses of C

orn B
elt 

M
ixtures of 

tim
othy 

and 
redtop, 

w
hen 

tested 
in

 late 
M

ay, 
yielded n-V

R
 curves practically identical to

 those fo
r headed blue- 

grass, as show
n in figure 26. T

hus, th
e design ch

arts of figures 27 
an

d
 28 m

ay be used fo
r these grasses a

t th
is stage of 

grow
th. 

R
etardance 

w
ill 

probably 
be 

a 
little 

g
reater a

t th
e m

axim
um

 
grow

th stages of these grasses in late Ju
n

e an
d

 early July, w
hen 

they are headed, th
an

 it is fo
r headed bluegrass. R

etardance fo
r 

A
lta 

fescue 
should 

be 
sim

ilar to
 th

at 
fo

r 
the 

tim
othy-redtop 

m
ixture. 



VALUES OF ( V R )  
BN-30390 

FIGURE 2b.-Relationship between n and VR for  Kentucky bluegrass in trapezoidal channels with slopes from 1 to 20 percent, 
May 1943 and 1944 and October and November 1942, 1943, and 1944. 

CROSS-SECTION AREA (sq. f t.) 
BN-30362 

FIGURE 27.-Design chart  fo r  headed Kentucky bluegrass trapezoidal channel with 4 on 1 side slopes, McCredie, Mo. (See 
p. 91 on how to use chart.) w 



CROSS-SECTION AREA (sq. ft.) 

BN-30381 FIGURE 28.-Design chart for headed Kentucky bluegrass parabolic channel with 4 on 1 side slopes, McCredie, Mo. (See 
p. 91 on how to use chart.) 

' Velocities to right of heavy line are 4 f.p.8. for indicated cross-section area. Channel cross-sectional areas do not apply to channel dimensions shown y 
to left of heavy line. U 

2 Channel width and depth in feet and velocity in feet per second. 
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E
ffect of 

Subsoil Shattering, L
im

ing, and F
ertilizing 

T
reatm

ents 

T
h

e effect on crop yields of 
subsoil sh

atterin
g

, both w
ith

 an
d

 
w

ith
o

u
t lim

e an
d

 fertilizer m
ixed in

to
 th

e subsoil by th
e process, 

w
as tested

 w
ith

 corn, oats, an
d

 w
in

ter b
arley

 on th
ree replicates 

startin
g

 in
 th

e fall of 1942 (series I11 plots) 
(56, 7

5
). 

T
h

e sh
atterin

g
 treatm

en
t consisted of double plow

ing w
hen th

e 
subsoil w

as v
ery

 d
ry

 
(48, 56, 7

5
). T

h
e first plow

ing w
as to

 a 
d

ep
th

 of 1
0

 inches w
ith

 a 16-inch w
heel plow

. T
h

e second plow
ing 

w
as to

 a
n

 additional depth of 8 inches (to
tal of 

1
8

 inches) by a 
w

alk
in

g
 plow

 o
p

eratin
g

 in
 th

e fu
rro

w
 left by th

e first plow
. S

ub- 
soil treatm

en
t consisted 

of 
2 to

n
s of 

lim
e an

d
 

200 
pounds 

of 
8-20-10 

fertilizer p
er acre scattered

 in
 th

e fu
rro

w
 after th

e first 
plow

ing. T
h

is w
as m

ixed w
ith

 th
e loosened subsoil to

 som
e ex

ten
t 

by slippage of th
e fu

rro
w

 w
heel of th

e tracto
r w

hile plow
ing th

e 
n

ex
t fu

rro
w

. A
ll plots received a su

rface plow
-layer treatm

en
t of 

lim
e a

t 3 to
n

s p
er acre. 

A
dditional treatm

en
ts w

ere applied in th
e fall of 

1947. F
o

u
r 

to
n

s of 
lim

e an
d

 one ton of 
rock p

h
o

sp
h

ate w
ere m

ixed by th
e 

sam
e m

ethod in
to

 th
e subsoil of th

e plots to
 w

hich lim
e an

d
 fer- 

tilizer h
ad

 previously been applied. In
 addition to

 th
is, lim

e w
as 

ag
ain

 applied to
 th

e su
rface soil of all plots a

t 3 to
n

s per acre. 

E
ffect of T

reatm
ents on

 L
im

e R
eq

u
irem

en
t 

S
oil sam

ples w
ere tak

en
 in 1947 before ap

p
ly

in
g

 th
e new

 treat- 
m

ents. 
L

im
e-requirem

ent 
d

eterm
in

atio
n

s indicated th
at only 75 

percent of 
th

e o
rig

in
al 2 to

n
s of 

lim
e h

ad
 been effective in neu- 

tralizin
g

 
soil acid

ity
 d

u
rin

g
 th

e 6-year 
period 

(tab
le 4

7
). T

he 
lim

e req
u

irem
en

t of 
th

e u
p

p
er 1

8
 inches of 

these plots w
as still 

ab
o

u
t 9 to

n
s per acre. T

h
u

s, th
e 7 to

n
s of lim

e applied p
er acre in

 
th

e fall of 1947 fell sh
o

rt of m
eetin

g
 th

is to
tal req

u
irem

en
t fo

r th
e 

su
rface 1

8
 inches indicated by th

e test procedures. 

T
A

B
L

E
 47.-A

verage 
lim

e req
u

irem
en

ts of 
soils in

 series ZZZ plots 
in

 1
9

4
7

 

Soil layer (in
ch

es) 

T
otal .............................. ! 

20,900 
I 

17,900 

0-6 
.............................................. 

6-12 
............................................ 
.......................................... 

12-18 

E
ffect on

 G
rain-C

rop Y
ield

s 

Subsoil 
untreated 

A
verage corn yields fo

r 1943-47 
w

ere 
increased significantly 

(5
9

) by th
e deep sh

atterin
g

 an
d

 fertilizatio
n

 of th
e subsoil 

(tab
le 

4
8

). A
lthough th

e increase fo
r sh

atterin
g

 alone w
as significant a

t 
th

e 6-percent probability level, th
is w

as not enough to
 recom

m
end 

th
e practice fo

r practical farm
 use. 

T
h

e av
erag

e oat-yield increases due to
 th

e treatm
en

ts w
ere n

o
t 

significant. S
h

atterin
g

 alone significantly 
decreased th

e av
erag

e 
yield of w

in
ter barley. T

h
e decrease m

ay
 h

av
e been due to

 m
ixing 

som
e in

fertile aubsoil w
ith

 th
e plow

 layer. T
h

e effect w
as p

artly
 

overcom
e by m

ix
in

g
 lim

e an
d

 fertilizer in
 th

e sh
attered

 subsoil. 
T

he av
erag

e yields of corn, soybeans, an
d

 w
h

eat fo
r th

e 6-year 
period 

after 
re-treatm

en
t 

in 
1947 

w
ere 

depressed 
by 

subsoil 
sh

atterin
g

 w
ith

o
u

t 
deep 

fertilization. 
T

h
e yields are show

n 
in

 
table 

48. 
T

h
e decrease w

as 
significant 

fo
r w

heat. 
M

ixing 
lim

e 
an

d
 rock phosphate in

to
 th

e subsoil significantly increased yields 
over those w

ith
 subsoil sh

atterin
g

 alone. H
ow

ever, th
e increase 

ju
st overcam

e th
e d

etrim
en

tal effects of th
e sh

atterin
g

 treatm
en

t 
alone. 

D
u

rin
g

 th
is second 

period 
of 

stu
d

y
 h

ig
h

 
soil treatm

en
ts 

w
ere applied to

 th
e plow

 depth of all plots. T
h

is ap
p

eared
 to

 offset 
an

y
 ad

v
an

tag
e of 

th
e deep treatm

en
ts obtained d

u
rin

g
 th

e first 
period of 

stu
d

y
 w

hen inadequate treatm
en

ts w
ere applied to

 th
e 

su
rface layer. 

Subsoil 
treated 

Pounds per acre 
4,600 
7,500 
8,800 

R
esid

u
al E

ffects 

Pounds per acre 
4,200 
5,500 
8,200 

T
h

e deep-treated plots of series I11 (fall, 1947) w
ere seeded to

 
alfalfa 

in 
1955 after th

e second 
treatm

en
t 

period 
to

 test th
e 

residual effects of th
e treatm

en
t on h

ay
 yields. T

h
e su

rface soil of 
all plots received 

0-20-20 
fertilizer a

t 270 
pounds p

er acre on 
A

p
ril 1

, 1955, before seeding of 
th

e alfalfa. T
h

e av
erag

e yields 
per cu

ttin
g

, show
n in

 table 49, are fo
r tw

o
 cu

ttin
g

s in
 1955 an

d
 

fo
u

r cu
ttin

g
s each in

 1956 an
d

 1957. T
he subsoil treatm

en
ts w

ith
 

lim
e an

d
 phosphate had show

n little benefit on corn, soybeans, an
d

 
w

h
eat 

in 
th

e previous 
6 y

ears; how
ever, 

sm
all 

b
u

t 
significant 

increases in yield of deep-rooted legum
es w

ere obtained fo
r fro

m
 

7 to
 10 y

ears after th
e deep treatm

en
t. T

h
is is in ag

reem
en

t w
ith

 
th

e effect found on g
ro

w
th

 of sw
eetclover (48, 56, 7

5
). 

T
reatm

ent of 
T

erraced A
reas 

T
w

o field-terrace in
terv

als in
 field 6 

(T
3

 an
d

 T
4

) w
ere deep 

treated
 by sh

atterin
g

 subsoil an
d

 m
ixing lim

e a
t 4 to

n
s per acre 

in th
e 9- to

 16-inch d
ep

th
 in A

u
g

u
st 1949. T

w
o terrace in

terv
als 

(T
2

 an
d

 T
5

) served as u
n

treated
 checks. A

 2-year 
ro

tatio
n

 of 
corn-sm

all g
rain

 an
d

 sw
eetclover w

as g
ro

w
n

 th
ro

u
g

h
 1953, w

ith
 

each crop o
ccu

rrin
g

 on a check an
d

 a treated
 area each year. C

orn 
w

as g
ro

w
n

 on all th
e terrace areas in 1954 an

d
 1955. O

f th
e sm

all 
g

rain
s, w

heat. w
as g

ro
w

n
 in 1950 an

d
 1953 an

d
 o

ats in 1951 an
d

 
1

9
5

2
; soybeans w

ere planted in 1956 an
d

 1957. 
A

verage yields of corn, sm
all g

rain
s, an

d
 soybeans w

ere slightly 
h

ig
h

er 
w

ith
 th

e deep treatm
en

t 
(tab

le 5
0

). F
o

r soybeans, th
e 
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TABLE 48.-Effect of subsoil shattering and deep fertilization on average yields of various crops (series 111) 
for 5 ?jears ( 1  943-47) after treatment alnd 6 years ( 1  948-53) after re-treatment1 e 

i? 
2- 

+++&- Egg: 
't 

Treatment and years 

-- 

1943-47 
No treatment .......................................... 
Increase for  shattering ........................ 
Increase for  shattering plus deep 

fertilization. 
Increase for  deep fertilization over 

shattering. 

1948-53 
No treatment .......................................... 
Increase for  shattering ........................ 
Increase for  shattering plus deep 

fertilization. 
Increase for  deep fertilization over 
shattering. 

' Probability level: Values between 5 and 1 (italicized) significant (59) .  

Oats Corn 

Yield 

Bushels 
per acre 

29.6 + 1.2 + 1.8 

+ .6 

m 

Winter barley 2 z 

Yield 

Bushels 
per acre 

26.9 + 3.4 + 5.8 

+ 2.4 

Probability 
level 

Percent 
........................... 

50 
35 

75 

Yield 

Bushels 
per acre 

23.1 
- 4.1 
- 1.1 

+ 3.0 

Probability 
level 

Percent 
........................... 

6 
2 

15 

C, + 
Probability r 

level 6" 
r 
P 
m 

Percent 2 
........................... z 

4 e W 

45 a 
4 

9 d 
? 
u 
m 

Corn Soybeans 
w 

Wheat .e 
0 -- 

100.7 
- 7.0 + 1.8 

+ 8.8 

30.4 
- .4 + 1.7 

+ 2.1 

30.5 
- 3.5 + .7 

+ 4.2 

........................... 
8 

60 

3 

........................... 
65 

8 

4 

v ........................... 
2 % 

60 E 
6" 

1 t' 

2 
m 



TABLE 51.-Effect o f  subsoil treatment on run08 from terraced field 6 
I I I 

Crop or cover Period 
Peak runoff 

Corn ............................................... 
Cornstalks ...................................... 
Oats, sweetclover .......................... 
Sweetclover .................................... 

Rainfall 
Check 

Inches 

Total runoff 

Corn ............................................... 
...................................... Cornstalks 

Oats, sweetclover .......................... 
.................................... Sweetclover 

Treated 

Inches 

Check 

1951 
May 1-Oct. 11 
Oct. 12-Apr. 17 
Apr. 1 8 J u l y  21 
July 22-Apr. 30 

................................................ Corn 
Cornstalks, wheat ........................ 
Wheat, sweetclover ...................... 

.................................... Sweetclover 

'1  955 
Cornstalks (1954 crop) .............. Jan. 1-Apr. 20 

........................ Corn (af ter  corn) Apr. 21-Oct. 2 
Cornstalks ..................................... Oct. 3-Dec. 31 
Wheat stubble (1954 crop) ........ Jan.  1-May 4 

.................... Corn (af ter  wheat) May 2-Oct. 2 
Cornstalks ...................................... Oct. 2-Dec. 31 

Treated 

1952 
Apr. 30-Oct. 7 
Oct. 8-Apr. 8 
Apr. 9-July 1 
July 2-Apr. 29 

Corn .............................................. 
............................................ Wheat 

................................ Wheat stubble 

Annual average ............................ 1 "951-55 

Inches 
23.17 
16.29 
11.15 
29.55 

14.16 
12.18 
7.44 

22.48 

1953 
Apr. 23-Oct. 6 
Oct. 7-Mar. 18 
Mar. 19-July 3 
July 4-Apr. 22 

1954 
Apr. 21-Sept. 30 
Oct. 1 J u n e  28 
June 29-Apr. 20 

I I I I I 

' All terraces planted to corn in 1955. 
Annual average obtained by dividing sum of rainfall and runoff by 10. Data fo r  each year represent 2 terrace years. 

17.23 
7.13 

11.91 
17.85 

I 
+++c.+ w w w w w  
enenenvl lp  
W N + O W  I 

per hour 
0.99 

.43 

.05 

.45 

CLCc.+ C L C  w w w w  w w  
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nificantly greater than for the adequately surface-treated blue- 
grass pasture. Establishing the sward after treatment caused a 
production lag. Also, production declined in the fifth year because 
the Ladino clover stand in the deep-treated plot deteriorated dur- 
ing the summer drought of 1953. This is added evidence that  lime 
and fertilizer will be more effective and economical if applied in 
the soil surface or plow layer. This is  in agreement with other 
results for soils similar to Mexico silt loam (12). 

Effect of Deep Placement of Lime and Phosphate on Yields 
Deep-Placement Method 

Different methods of mixing or placing lime and triple super- 
phosphate in the subsoil were tested in the fall of 1954. The ex- 
perimental design was a split-plot factorial, replicated four times 
for corn and alfalfa crops. The surface soil of all plots had lime, 
phosphate, and potash added according to soil tests (17') .  Four 
lime treatments and a no-treatment check were tested. The amount 
of lime needed to raise the 7- to 14-inch layer to 80-percent base 
saturation (8 tons per acre) was applied to the subsoil for  each 
treatment. 

The four treatments were (1) lime applied to the plowsole, 
(2)  lime mixed with subsoil by double plowing 12 inches deep, 
(3) lime placed in 20-inch-deep subsoil- clefts 21 inches apart, 
and (4)  lime placed in subsoil clefts 30 inches deep and 42 inches 
apart.  In treatment ( 2 ) ,  lime a t  2 tons per acre was disked into 
the surface. The soil was plowed 12 inches deep and an additional 
6 tons of lime per acre were mixed into the exposed subsoil. The 
subsoil was turned into place with the surface soil on top again 
by a second 12-inch plowing. One-half of each plot received triple 
superphosphate 045-0 a t  400 pounds per acre mixed into the 
soil in the same manner as  the lime. 

Corn yields were measured for 4 years before the experiment 
was terminated in the fall of 1958. Buffalo alfalfa was seeded on 
April 4, 1955. Two cuttings were harvested that  year and three or 
four cuttings annually during 1956-58. 

After termination of the experiment, a 3-foot trench was cut 
across a t  least one replicate of each treatment. The exposed sub- 
soil was examined for rooting depth, distribution of residual lime 
in the subsoil clefts, and soil acidity in and outside the clefts. 

Effect of Deep Treatment on Corn Yields 

The effect on corn yields of different methods of mixing lime 
and triple superphosphate in the subsoil is shown in table 54. 
In general, subsoil liming gave small but significant average !n- 
creases for the 4 years. Mixing lime into the subsoil by plowing 
12 inches deep was less effective than deep placement. Mixing of 
some infertile subsoil with the surface layer during plowing may 
account for  this difference. 
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TABLE 54.-Effect of deep treatments on corn and alfalfa 
prodzlction, 1955-58 

Average Average 
Crop and subsoil treatments annual annual Probabilitv 

I I increase / level1 " 

( Bushels 1 Bushels 1 I 
I per acre 

/ per acre 1 Percent 
CORN I . .- - 

Untreated subsoil ................................. 
Effect of lime alone: 

..................... All lime treatments 
......................................... Plowsole 

Plowed 12 inches deep ............... 
Subsoil cleft, 7-20 inches, 

21-inch s ~ a c i n p .  
Subsoil cleft, 7-% inches, 1 103.45 1 

42-inch spacing. 
Effect of phosphate alone,. plowsole.. 99.18 
Effect of ~ h o s ~ h a t e  ~ l u s  lime: 

Tons per 
acre 

-- - 

' Probability level: 0.01 or  less, highly significant; 0.01-0.05, significant; 
greater than 0.05, not significant. 

.. 

. . 
Plowsole .............: ............................ 

Increase over lime alone 
Plowed 12 inches deep ................ 

Increase over lime alone 
Subsoil cleft, 7-20 inches, 

21-inch spacing. 
Increase over lime alone 

Strbsoil cleft, 7-30 inches, 
42-inch spacing. 

Increase over lime alone 

ALFALFA 
Untreated subsoil .................................. 
Effect of lime alone: 

All lime treatments ...................... 
.......................................... Plowsole 

Plowed 12 inches deep ................ 
Subsoil cleft, 7-20 inches, 

21-inch spacing. 
Subsoil cleft, 7-30 inches, 

42-inch spacing. 
Effect of phosphate alone, plowsole.. 
Effect of phosphate plus lime: 

Plowsole .......................................... 
Increase over lime alone 

................ 

1 96.95 
.............................. 

98.10 
.............................. 

96.68 

.............................. 
101.60 

.............................. 
Tons per 

acre 
1.100 

1.100 
1.084 
1.111 
1.093 

1.084 

1.137 

1.159 
.............................. 

Plowed 12 inches deep 
Increase over lime alone 

Subsoil cleft, 7-20 inches, 
21-inch spacing. 

Increase over lime alone 
Subsoil cleft, 7-30 inches, 

1.089 
.............................. 

1.179 , 
.............................. 

i 1.126 
42-inch spacing. 

.............................. Increase over lime alone 

I 
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Small additional yield increases from phosphate applied with 
lime to the plowsole or mixed with lime in the subsoil were incon- 
sistent and were not significant. When phosphate was added with 
lime in the subsoil clefts, the increases were significantly less than 
with lime alone in the clefts. I t  appears that  when lime and phos- 
phate are mixed in this soil by plowing, they supplement each 
other in their effect on corn. However, when they are placed 
together in a subsoil cleft with limited mixing, the effectiveness 
of either or both on corn yields is decreased. 

Effect of Deep Treatment on Alfalfa Yields 

The effect of various lime and phosphate subsoil treatments on 
alfalfa yields is shown in table 54. In general, lime was not very 
effective, regardless of how it  was mixed or placed in the subsoil. 
Only where phosphate was placed with lime on the plowsole or in 
the 7- to 20-inch clefts were significant average yield increases 
obtained. 

The differences in the responses of corn and alfalfa to the same 
treatments are of interest. Mixing phosphate with lime in the soil 
or in a subsoil cleft appears to give opposite responses for corn 
and alfalfa. Reasons for the differences must be due to chemical 
reactions between lime, phosphate, and the soil and to differences 
in corn and alfalfa roots. Examination of the soil in the trenches 
cut across the plots gave no evidence of alfalfa root concentration 
on plowsole or in clefts, whereas some corn root concentration 
occurred in the subsoil clefts where unreacted lime remained. 

Examination of the subsoil in alfalfa plots may explain differ- 
ences in response to these treatments and to the earlier plowsole 
tillage method of subsoil liming (tables 49 and 54). 

Considerable unreacted lime was found in the bottom of each 
subsoil cleft. The lime had no effect on the soil pH a t  a distance 
of more than 2 inches and little effect a t  1 inch from the unreacted 
lime deposit. Bulk density measurements in undisturbed and dis- 
turbed subsoil zones averaged 1.347 and 1.289 grams per cubic 
centimeter, respectively. The differences did not appear related to 
either depth or diameter of alfalfa roots. 

When lime was mixed more thoroughly by the plowsole-treat- 
ment method or by deep plowing so as to react with the subsoil 
mass, alfalfa seemed to benefit more than i t  did from the place- 
ment of lime in zones where i t  failed to react. For phosphate to 
be more effective in many soils, i t  probably should be placed in 
closely spaced zones of concentration in the root zone. The forma- 
tion of insoluble iron and aluminum phosphates or of phosphate- 
clay complexes of low plant availability will reduce the effective- 
ness of phosphate applications. 

Applying lime to the plowsole and mixing i t  with the subsoil 
by plowsole tillage appears to be more effective than deep place- 
ment in subsoil clefts. Although the plowsole tillage method re- 
sulted in only small increases in corn and soybeans (table 48), 
there were small but significant residual effects for alfalfa 8 to 
10 years after the last treatment (table 49). 
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Even though statistically significant corn-yield increases were 
obtained for the deep placement of lime and phosphate, the in- 
creases were too small to be of practical value. If fertility of the 
root zone of this soil and similar claypan soils is to be improved, 
i t  appears that  less expensive and more practical methods than 
subsoil placement should be used. When good fertility and manage- 
ment practices are used on the surface plow layer, i t  is doubtful 
that  expensive subsurface treatments will give economic yield 
increases for corn and alfalfa. 

RECLAMATION O F  SEVERELY ERODED LAND 

Treatment 

Reclamation of a severely eroded 5.45-acre field on the Midwest 
Claypan Experiment Farm was begun in 1945 (fig. 29). Mechani- 

I 

! 
I 

! 
I$X-30?79. BY-30388 

FIGURE 29.-Reclaiming severely eroded field on Midwest Claypan Experiment 
Farm. Filling in gully in August 1945 (top) ; same area with crop of rye 
3 years later (bottom). 
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IN

F
L

U
E

N
C

E
 

O
F

 V
E

G
E

T
A

T
IO

N
 

O
N

 
S

O
IL

 M
O

IS
T

U
R

E
 C

O
N

T
E

N
T

 C
H

A
N

G
E

S
 

A
N

D
 R

E
S

U
L

T
IN

G
 

S
O

IL
 

V
O

L
U

M
E

 
C

H
A

N
G

E
S

. 
3d In

tern
atl. C

onf. 
S

o
il 

M
e

c
h

a
n

ic
s

 an
d

 F
o

u
n

d
. 

E
n

g
in

. 
1

: 24. 
(1

4
) F

O
T

H
, N. D

., an
d

 R
IE

C
K

E
N

, F. F
. 

1954. 
P

R
O

P
E

R
T

IE
S

 
O

F
 T

H
E

 G
A

L
V

A
 

A
N

D
 

M
O

O
D

Y
 

S
E

R
IE

S
 O

F
 N

O
R

T
H

W
E

S
T

E
R

N
 

IO
W

A
. 

S
o

il S
c

i. Soc. A
m

er. P
roc. 18: 206-211. 

(1
5

) G
O

D
FR

E
Y

, C. L
., an

d
 R

IE
C

K
E

N
, F. F

. 
1954. 

D
IS

T
R

IB
U

T
IO

N
 

O
F

 
P

H
O

S
P

H
O

R
U

S
 

IN
 

S
O

M
E

 
G

E
N

E
T

IC
A

L
L

Y
 

R
E

L
A

T
E

D
 

L
O

E
SS-D

E
R

IV
E

D
 

S
O

IL
S

. 
S

o
il S

c
i. S

O
C

. Am
er. P

roc. 1
8

: 80-84. 
(16) -
 an

d
 R

IE
C

K
E

N
, F. F

. 
1957. 

S
O

L
U

B
IL

IT
Y

 O
F

 P
H

O
S

P
H

O
R

U
S

 IN
 S

O
M

E
 G

E
N

E
T

IC
A

L
L

Y
 R

E
L

A
T

E
D

 L
O

E
SS- 

D
E

R
IV

E
D

 S
O

IL
S

. 
S

o
il S

c
i. S

O
C

. Am
er. P

roc. 21: 232-235. 
,(17) 

G
R

A
H

A
M

, E. R
. 

1950. 
T

E
S

T
IN

G
 

M
IS

S
O

U
R

I 
S

O
IL

S
. 

M
o. A

gr. E
xpt. S

ta. C
ir. 345, 23 pp-, 

illu
s. 

(18) 
G

R
IFFIN

, J. G
. 

1960. 
ST

U
D

Y
 

O
F T

H
E

 E
F

F
E

C
T

 
O

F 
S

O
IL

 
M

O
V

E
M

E
N

T
 O

N
 F

O
U

N
D

A
T

IO
N

S
. 

M
iss. 

A
g

r. E
x

p
t. S

ta. F
arm

 R
es. 23 

(1
2

): 1. 
(1

9
) 

H
A

W
K

IN
S

, R. H
., an

d
 G

R
A

H
A

M
, E. R

. 
1950. 

M
IN

E
R

A
L

 
C

O
N

T
E

N
T

S
 

O
F

 
S

IL
T

 S
E

P
A

R
A

T
E

S
 

O
F

 S
O

M
E

 
M

IS
S

O
U

R
I 

 SOIL^ 
A

S
 

T
H

E
S

E
 

IN
D

IC
A

T
E

 
T

H
E

 
F

E
R

T
IL

IT
Y

 
L

E
V

E
L

 
A

N
D

 
D

E
G

R
E

E
 

O
F

 
W

E
A

T
H

E
R

IN
G

. 
S

o
il 

S
c

i. S
O

C
. Am

er. P
roc. 

1
5

: 308-318. 

S
O

IL
 A

N
D

 W
A

T
E

R
 R

E
S

E
A

R
C

H
 O

N
 A

 
C

L
A

Y
P

A
N

 S
O

IL
 

109 

(2
0

) H
U

T
T

O
N

, C. E
. 

1947. 
S

T
U

D
IE

S
 

O
F

 
L

O
E

SS-D
E

R
IV

E
D

 
S

O
IL

S
 

IN
 

S
O

U
T

H
W

E
S

T
E

R
N

 
IO

W
A

. 
S

oil 
S

ci. Soc. A
m

er. P
roc. 12: 4

2
4

4
3

1
. 

(2
1

) -
 

1950. 
S

T
U

D
IE

S
 O

F
 T

H
E

 C
H

E
M

IC
A

L
 A

N
D

 P
H

Y
S

IC
A

L
 C

H
A

R
A

C
T

E
R

IS
T

IC
S

 O
F

 A
 

C
H

R
O

N
O

-L
IT

H
O

 
S

E
Q

U
E

N
C

E
 

O
F

 
L

O
E

SS-D
E

R
IV

E
D

 
P

R
A

IR
IE

 
S

O
IL

S
 

O
F

 
S

O
U

T
H

W
E

S
T

E
R

N
 

IO
W

A
. 

S
o

il S
ci. S

O
C

. Am
er. 

P
roc. 

1
5

: 318-324. 
(2

2
) JA

M
IS

O
N

, 
V

. 
C

., an
d

 B
E

A
L

E
, 0
.
 W

. 
1958. 

IR
R

IG
A

T
IO

N
 

O
F

 C
O

R
N

 IN
 T

H
E

 E
A

S
T

E
R

N
 U

N
IT

E
D

 S
T

A
T

E
S

. 
U

.S. 
D

ept. 
A

g
r. A

g
r. H

andb. 140, 14 pp. 
(23) -
 an

d
 K

R
O

T
H

, E. M
. 

1958. 
A

V
A

IL
A

B
L

E
 M

O
IS

T
U

R
E

 ST
O

R
A

G
E

 C
A

P
A

C
IT

Y
 IN

 R
E

L
A

T
IO

N
 T

O
 T

E
X

T
U

R
A

L
 

C
O

M
P

O
S

IT
IO

N
 

A
N

D
 

O
R

G
A

N
IC

 
M

A
T

T
E

R
 

C
O

N
T

E
N

T
 

O
F

 
S

E
Y

E
R

A
L

 
M

IS
- 

S
O

U
R

I S
O

IL
S

. 
S

o
il S

ci. Soc. A
m

er. 
P

roc. 2
2

: 189-192. 
(24) -
 an

d
 T

H
O

R
N

T
O

N
, J. F

. 
1960. 

R
E

S
U

L
T

S
 O

F
 D

E
E

P
 

F
E

R
T

IL
IZ

A
T

IO
N

 
A

N
D

 
S

U
B

S
O

IL
IN

G
 O

N
 

A
 

C
L

A
Y

P
A

N
 

SO
IL

. 
A

gron. Jo
u

r. 52: 193-195. 
(25) -- 

an
d

 T
H

O
R

N
T

O
N

, 
J. F

. 
1961. 

W
A

T
E

R
 

IN
T

A
K

E
 

R
A

T
E

S
 

O
F

 
A

 
C

L
A

Y
P

A
N

 
S

O
IL

 
F

R
O

M
 

H
Y

D
R

O
G

R
A

P
H

 
A

N
A

L
Y

S
E

S
. 

Jo
u

r. G
eophys. R

es. 
66: 1855-1960. 

(2
6

) 
JO

H
N

S
O

N
, P

. R
., an

d
 B

E
A

V
E

R
S

, 
A

. H
. 

1959. 
A

 
M

IN
E

R
A

L
O

G
IC

A
L

 
C

H
A

R
A

C
T

E
R

IZ
A

T
IO

N
 

O
F

 
S

O
M

E
 

L
O

E
SS-D

E
R

IV
E

D
 

S
O

IL
S

 
IN

 
IL

L
IN

O
IS

. 
S

oil S
ci. Soc. A

m
er. P

roc. 2
3

: 143-146. 
(2

7
) 

K
R

O
T

H
, E

. M
., 

JA
M

IS
O

N
, 

V
. C., 

an
d

 G
R

O
G

G
E

R
, H. E

. 
1960. 

S
O

IL
 

M
O

IS
T

U
R

E
 

S
U

R
V

E
Y

 
O

F
 

S
O

M
E

 
R

E
P

R
E

S
E

N
T

A
T

IV
E

 
M

IS
S

O
U

R
I 

S
O

IL
 

T
Y

PE
S. 

U
.S. 

D
ept. A

g
r. A

R
S

 41-34, 
57 pp. 

(2
8

) K
R

U
~

E
K

O
P

F
, 

H
. H

. 
1947. 

G
U

M
B

O
T

IG
IT

S
 

F
O

R
M

A
T

IO
N

 
A

N
D

 
R

E
L

A
T

IO
N

 
T

O
 

O
V

E
R

L
Y

IN
G

 
S

O
IL

S
 

W
IT

H
 

C
L

A
Y

P
A

N
S

. 
S

o
il S

c
i. S

O
C

. Am
er. P

roc. 
1

2
: 413-414. 

(2
9

) L
A

R
S

O
N

, W
. E

., A
L

L
A

W
A

Y
, W. 

H
., an

d
 R

H
O

A
D

E
S, H. F

. 
1947. 

C
H

A
R

A
C

T
E

R
IS

T
IC

S
 

O
F

 
T

H
R

E
E

 
S

O
IL

S
 

FR
O

M
 

T
H

E
 

C
H

E
R

N
O

Z
E

M
 

A
N

D
 

C
H

E
S

T
N

U
T

 
S

O
IL

 
R

E
G

IO
N

S
 

O
F

 
N

E
B

R
A

S
K

A
. 

S
o

il S
C

~
. SO

C
. A

m
er. 

P
roc. 

1
2

: 420-423. 
(3

0
) L

A
U

R
IT

Z
E

N
, 

G
. W

. 
1948. A

PPA
REN

T SP
E

C
IF

IC
 V

O
L

U
M

E
 A

N
D

 S
H

R
IN

K
A

G
E

 C
H

A
R

A
C

T
E

R
IS

T
IC

S
 O

F
 

S
O

IL
 M

A
T

E
R

IA
L

S
. 

S
o

il S
ci. 6

5
: 155-179. 

1951. 
S

T
R

A
T

IG
R

A
P

H
IC

 
Z

O
N

A
T

IO
N

 
O

F
 

P
E

O
R

IA
N

 
L

O
E

S
S

 
IN

 
K

A
N

S
A

S
. 

Jour. 
G

eol. 5
9

: 324-332. 
(32) -
 an

d
 F

R
Y

E
, J. C

. 
1954. 

E
C

O
L

O
G

IC
A

L
 C

O
N

D
IT

IO
N

S
 A

C
C

O
M

P
A

N
Y

IN
G

 L
O

E
S

S
 D

E
P

O
S

IT
IO

N
 IN

 T
H

E
 

G
R

E
A

T
 

P
L

A
IN

S
 

R
E

G
IO

N
 

O
F

 
T

H
E

 
U

N
IT

E
D

 
S

T
A

T
E

S
. 

Jo
u

r. G
eol. 

62: 
399-404. 

(33) 
L

IP
P

S
, R

. C
., an

d
 C

H
E

S
N

IN
, L

. 
1950. 

T
H

E
 P

H
O

S
P

H
O

R
U

S
 

S
T

A
T

U
S

 O
F

 
S

O
M

E
 A

Z
O

N
A

L
, 

P
R

A
IR

IE
 

A
N

D
 

C
H

E
R

- 
N

O
Z

E
M

 
S

O
IL

S
 

IN
 E

A
S

T
E

R
N

 
N

E
B

R
A

SK
A

. 
S

oil 
S

c
i. S

O
C

. Am
er. P

roc. 
1

5
: 329-333. 

(3
4

) M
A

C
C

L
IN

T
O

C
K

, P. I. 
1929. 

P
H

Y
S

IO
G

R
A

P
H

IC
 

D
IV

IS
IO

N
S

 
O

F
 

T
H

E
 

A
R

E
A

 
C

O
V

E
R

E
D

 
B

Y
 

T
H

E
 
ILLI- 

N
O

IA
N

 
D

R
IF

T
 

S
H

E
E

T
 

IN
 

S
O

U
T

H
E

R
N

 
IL

L
IN

O
IS

. 
11. 

R
E

C
E

N
T

 
D

IS
- 

C
O

V
E

R
IE

S
 

O
F

 
P

R
E

-IL
L

IN
O

IA
N

 
D

R
IF

T
 

IN
 

S
O

U
T

H
E

R
N

 
IL

L
IN

O
IS

. 
111. 

G
eol. S

u
rv

ey
 R

pt. Invest. N
o. 19, pp. 6-57. 

(3
5

) M
cQ

u~
cc, J. D

. 
1959. 

C
L

IM
A

T
E

S
 

O
F

 
T

H
E

 
S

T
A

T
E

S
, 

M
IS

S
O

U
R

I. 
In

 U
.S. 

W
eath

er 
B

ur., 
C

lim
ato

g
rap

h
y

 of 
th

e 
U

n
ite

d
 S

tates N
o. 

60-23, 
16 pp. 

(3
6

) M
ILLER

, R
. D

., B
A

K
E

R
, J. H

., an
d

 K
O

L
A

IA
N

, J. H
. 

1960. 
P

A
R

T
IC

L
E

 S
IZ

E
, O

V
E

R
B

U
R

D
E

N
 P

R
E

S
S

U
R

E
, PO

R
E

 W
A

T
E

R
 P

R
E

S
S

U
R

E
 A

N
D

 
F

R
E

E
Z

IN
G

 
T

E
M

P
E

R
A

T
U

R
E

 O
F

 
IC

E
 

L
E

N
S

E
S

 
IN

 
S

O
IL

. 
7th In

tern
atl. 

C
onf. S

oil S
c

i. T
ran

s. 1
: 122-129. 

(3
7

) P
A

L
M

E
R

, 
V

. J. 
1945. 

A
 

M
E

T
H

O
D

 FO
R

 
D

E
S

IG
N

IN
G

 
V

E
G

G
T

A
T

E
D

 W
A

T
E

R
W

A
Y

S
. 

A
gr. E

ngin. 
2

6
: 516-520. 



llu
 

'I'K
G

H
N

IG
A

L
 L

IV
L

L
i3

'l'IN
 

1
8

 1
9

. 
U

.S
. 

U
&

Y
'l'. 

U
F

 A
tiK

lG
U

L
'l'U

K
E

 

(38) R
E

E
, W

. O
., 

an
d

 P
A

L
M

E
R

, 
V

. J. 
1949. 

F
L

O
W

 O
F

 W
A

T
E

R
 IN

 C
H

A
N

N
E

L
S

 P
R

O
T

E
C

T
E

D
 B

Y
 V

E
G

E
T

A
T

IV
E

 L
IN

IN
G

S
. 

U
.S. 

D
e

p
t. A

m
. T

ech. B
ul. 967, 115 pp. 

- 
(39) 

R
U

H
E

, R
. V

. 
1954. 

R
E

L
A

T
IO

N
S

 
O

F 
T

H
E

 P
R

O
P

E
R

T
IE

S
 

O
F 

W
IS

C
O

N
S

IN
 

L
O

E
S

S
 

T
O

P
O

G
R

A
P

H
Y

 
IN

 
W

E
S

T
E

R
N

 
IO

W
A

. 
A

m
er. Jour. S

ci. 252: 663-672. 
(40) 

S
H

R
A

D
E

R
, 

W
. D

. 
1950. 

D
IF

F
E

R
E

N
C

E
S

 
IN

 
T

H
E

 
C

L
A

Y
 

C
O

N
T

E
N

T
S

 
O

F 
SU

R
FA

C
E

 
S

O
IL

S
 

D
E

V
E

L
- 

O
P

E
D

 
O

N
 

P
R

A
IR

IE
 

A
S

 
C

O
M

P
A

R
E

D
 

T
O

 
F

O
R

E
S

T
 

V
E

G
E

T
A

T
IO

N
 

IN
 

T
H

E
 

C
E

N
T

R
A

L
 U

N
IT

E
D

 S
T

A
T

E
S

. 
S

oil S
ci. S

O
C

. Am
er. P

roc. 15: 333-337. 
(41) 

S
L

A
T

E
R

, 
C

. 
S., 

an
d

 H
O

P
P

, H
. 

1949. 
T

H
E

 A
C

T
IO

N
 

O
F 

FR
O

ST
 

O
N

 T
H

E
 W

A
T

E
R

 
S

T
A

B
IL

IT
Y

 
O

F 
SO

IL
S. 

Jour. 
A

ar. R
es. 78: 341-345. 

(42) 
S

M
IT

H
, D.-D

. 
1943. 

B
L

U
E

G
R

A
S

S
 T

E
R

R
A

C
E

 O
U

T
L

E
T

 C
H

A
N

N
E

L
S

. 
A

g
r. E

n
g

in
. 24 : 333-336, 

(43) -
 

1946. 
B

L
U

E
G

R
A

SS 
T

E
R

R
A

C
E

 
O

U
T

L
E

T
 

C
H

A
N

N
E

L
 D

E
S

IG
N

. 
A

gr. E
n

g
in

. 27: 
125-130. 

(44) -
 

1946. 
T

H
E

 E
F

F
E

C
T

 
O

F 
C

O
N

T
O

U
R

 
P

L
A

N
T

IN
G

 
O

N
 

C
R

O
P 

Y
IE

L
D

 
A

N
D

 E
R

O
SIO

N
 

L
O

S
S

E
S

 
IN

 
M

IS
S

O
U

R
I. 

A
m

er. S
oc. A

gron. Jo
u

r. 38: 810-819. 
(45) -
 

1946. 
T

H
E

 
E

F
F

E
C

T
 

O
F 

C
R

O
P 

S
E

Q
U

E
N

C
E

 
O

N
 

E
R

O
S

IO
N

 
U

N
D

E
R

 
IN

D
IV

ID
U

A
L

 
C

R
O

PS. 
S

oil S
ci. S

O
C

. Am
er. P

roc. 
1

1
: 532-538. 

(46) -
 

1948. 
D

E
S

IG
N

 
O

F 
A

 
T

E
R

R
A

C
E

 
S

Y
S

T
E

M
 

FR
O

M
 

H
Y

D
R

O
M

G
IC

 
D

A
T

A
. 

A
gr. 

E
n

a
in

. 29: 263-266. 
- 

(47) -
 

1950. 
S

O
IL

 A
N

D
 

W
A

T
E

R
 

L
O

S
S

E
S

 
R

E
D

U
C

E
D

 
B

Y
 

IM
P

R
O

V
E

D
 

F
E

R
T

IL
IT

Y
. 

U
.S. 

D
ept. A

gr. 
S

o
il C

onserv. 
15: 254-257. 

(4
8

) -
 

1951. 
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