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Soil compaction varies by crop management system over a claypan soil landscape
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A B S T R A C T

While the effects of landscape position (LP) and management practices on soil compaction have been

documented as individual factors, limited understanding exists of their interactions. Such understanding

is needed to prevent site-specific compaction and to better optimize soil management practices using

precision agriculture principles and technologies. The objective of this investigation was to quantify, for a

typical claypan soil [Epiaqualfs (USDA); Stagnic Luvisols (WRB)], the impacts and interactions of crop

management system and LP on soil compaction as quantified by cone index (CI) and CI-related variables.

Cone penetrometer measurements were collected in 2004 at three claypan soil LP (summit, backslope,

and footslope) for four different cropping systems [CS; mulch tillage corn (Zea mays L.)-soybean [Glycine

max (L.) Merr.] (MTCS), no-tillage corn–soybean (NTCS), no-tillage corn–soybean–wheat (Triticum

aestivum L.) (NTCSW), and conservation reserve program (CRP)] that had been in place for more than a

decade. Soils were sampled at the same time for soil water content (WC) and soil bulk density (BD)

measurements. Mean differences for response variables were examined using F-protected (P � 0.05) LSD

values. Cone index averaged over soil depth differed by CS and LP. At the footslope position, CI for the

NTCSW CS measured �2.0 MPa in the upper 25 cm of soil, and was notably greater than the other

management systems. This outcome was attributed to the footslope staying wetter for a longer period

during the spring and early summer because of un-removed cover crop plant residues. Wetter soils

resulted in vulnerability to compaction during planting and spraying operations. Compaction on CRP was

predictably less than the grain CS at all LP because farm machinery traffic only occurred on this system

with bi-annual weed mowing during the mid-summer. These findings help bring to light where in

claypan soil landscapes certain types of grain crop management will cause significant compaction. These

areas could be targeted for further soil strength testing and then, when necessary, appropriate

compaction remediation actions.

Published by Elsevier B.V.
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1. Introduction

Soil compaction is a concern in crop production and environ-
mental management (Soane and Van Ouwerkerk, 1994; Hamza
and Anderson, 2005). When soil is compacted, pore space is
reduced and other soil physical and chemical properties (e.g.,
water content, air or water permeability, strength) are affected so
that root development and crop growth are negatively impacted.
These other properties have been described as ‘‘behavioral
Abbreviations: BD, bulk density; CI, cone index; CRP, conservation reserve program

system; CS, cropping system; LP, landscape position; LSD, least significant

difference; MTCS, mulch tillage with a corn–soybean rotation; NTCS, no-till with

a corn–soybean; NTCSW, no-till with a corn–soybean–wheat rotation; RDW CI, root

distribution weighted cone index; WC, soil water content.
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properties’’ of soil compaction and more often are used to serve
as indicators of compaction (Johnson and Bailey, 2002). An increase
in soil compaction results in higher soil bulk density (BD) which
can slow plant growth by restricting root penetration and
decreasing water infiltration and air movement (Allmaras et al.,
1988). This in turn causes nutrient stress and poor emergence of
seeds (Braunack, 1986; Stepniewski et al., 1994). Commensurately,
crop yields are reduced (Soane and Van Ouwerkerk, 1994).
Furthermore, when crops are stunted by compaction, unused
fertilizer and manure nutrients become more vulnerable to off-
field movement into ground and surface waters (Soane and Van
Ouwerkerk, 1995; Hamza and Anderson, 2005).

Soil water content (WC) is usually the most important factor
influencing soil compaction processes (Soane and Van Ouwerkerk,
1994; Hamza and Anderson, 2005). Yet, the degree of compaction
created by tillage and heavy machinery traffic is often also a
function of soil texture (sand, silt and clay particle proportions),

mailto:Newell.Kitchen@ars.usda.gov
http://www.sciencedirect.com/science/journal/01671987
http://dx.doi.org/10.1016/j.still.2009.12.007
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initial soil density, soil structure, organic matter content, and other
weather conditions (e.g. temperature) (Cassel, 1982; Raper et al.,
1998; Mosaddeghi et al., 2000). Generally, the depth of compaction
varies widely from 10 to 60 cm (Flowers and Lal, 1998), but the
effect on crop growth is usually more pronounced when found in
the topsoil (�15 cm).

Because quantifying soil compaction often requires disruptive
sampling, direct measurement is often judged impractical. Soil
strength is a commonly used surrogate measurement (Canarache,
1991), with a cone penetrometer employed as a standard
instrument for quantifying soil strength (Mulqueen et al., 1977;
Bengough and Mullins, 1990). The index of soil strength measured
by a cone penetrometer, cone index (CI), is defined as the force per
unit cone base area required to push the penetrometer through a
specified small increment of depth (ASABE, 2008a). Numerous
researchers (Canarache, 1991; Lowery and Schuler, 1994; Ngunjuri
and Siemens, 1995) have documented the increases in CI that occur
with increases in compaction and BD. In addition to compaction,
the major factors affecting CI include WC and clay content of the
soil (Elbanna and Witney, 1987). For example, CI has been found to
increase with decreasing soil water potential (Lipiec et al., 2002).
Thus, variation in soil texture and other physical properties among
locations or soil horizons may complicate interpretation of CI as an
indicator of soil compaction (Mulqueen et al., 1977).

Studies have determined root-growth-limiting values of CI.
Taylor and Gardner (1963) showed that CI readings above 2 MPa
could significantly impede root growth and reduce crop yields,
providing a convenient way to relate CI to the need for tillage or
other compaction amelioration. While this value has been often
used as a benchmark for the point at which plants are negatively
affected (Hamza and Anderson, 2005), others have documented
exceptions. Ehlers et al. (1983) found that the growth-limiting soil
penetration value was 2–3 MPa for oat (Avena sativa). Lutz et al.
(1986) studied the relationship between citrus root growth and
soil physical conditions, such as hardpans and claypans, and
documented that 1.5 MPa was the maximum soil strength before
root growth was restricted.

The claypan soils in north-central and northeastern Missouri
and southern Illinois [Epiaqualfs (USDA); Stagnic Luvisols (WRB)]
have a restrictive high-clay subsoil layer (the ‘‘claypan’’). These
soils are weathered loess over glacial till, and characterized by
extensive leaching of bases (therefore they are moderately acidic)
and subsoil illuviated clays. Claypan soils are usually classified as
somewhat poorly to poorly drained and have slow to very slow
permeability. With slow permeability through the claypan, soils
saturate quickly creating a high probability of runoff, even in field
areas with low slopes (Blanco-Canqui et al., 2002). Annual average
surface runoff is about 30% of annual precipitation, which averages
900–1100 mm. On an event basis, the runoff percentage can be
much higher, especially in the spring and early summer when soils
are near or at saturation (Lerch et al., 2007).

Claypan soil properties such as BD, cation exchange capactity,
OM, WC, and porosity can be extremely variable across the
landscape and within the soil profile (Jung et al., 2006, 2008; Jiang
et al., 2007a). Summit soils in claypan landscapes have a depth to the
claypan horizon of around 30–40 cm, decreasing to as little as 5–
15 cm on eroded backslopes and increasing to as deep as 100 cm on
depositional footslope areas. Surface soil textures are silty clay loam
to silty clay (Young and Geller, 1995). Below the A horizon an
eluviated zone occurs and an albic (E) horizon, or transitional BE
horizon, frequently overlays the claypan (Bt1/Btg1). The clay content
of the claypan horizon is approximately 50–60% smectitic (high
shrink–swell characteristics) clay minerals which can be alternately
swollen or fissured depending on their water content (Bray, 1935;
Soil Survey Staff, 1981; Baer and Anderson, 1997). These variations
of claypan profile properties over the landscape greatly influence
profile water holding capacity (Jiang et al., 2007b), hydraulic
conductivity (Thompson et al., 1991; Yang et al., 2003; Jiang et al.,
2007a), and plant root development (Wang et al., 2002; Myers et al.,
2007). Some of these same properties are, as discussed earlier,
properties that determine a soil’s vulnerability to compaction.

Claypan soils can be particularly susceptible to surface compac-
tion. Anderson and Cassel (1984) found that shallower surface
horizons overlying a subsoil clay horizon (such as in an eroded area)
had relatively higher soil strength. In other studies, the relatively low
saturated hydraulic conductivity of the claypan (4–10 mm h�1;
Jiang et al., 2007a) perched water in the surface horizon (Blanco-
Canqui et al., 2002) creating a higher susceptibility to surface
compaction in this part of the profile during spring field operations.
Motavalli et al. (2003) found that surface compaction on a Missouri
claypan soil reduced corn (Zea mays L.) yields by 20–47%. However, a
claypan soil study in Southeast Kansas found that compaction only
reduced grain sorghum [Sorghum bicolor (L.) Moench.] and soybean
[Glycine max (L.) Merr.] yields in some years, and only when
compaction in excess of that expected in normal farming operations
occurred (Sweeney et al., 2006).

While the effects of landscape properties and management
practices on soil compaction have been documented individually,
understanding of the interactions of these factors is generally limited.
Such understanding is needed to better optimize soil management
practices using site-specific principles and technologies.

2. Objective

The objective of the study was to quantify the impacts and
interactions of crop management system (CS) and landscape
position (LP) on the soil compaction of a typical claypan soil as
quantified by CI and CI-related variables.

3. Materials and methods

3.1. Study site and experimental design

The study was conducted on a 12-ha site 2 km from Centralia,
Missouri (39813N, 92807W) in Major Land Resource Area (MLRA)
113, the Central Claypan Region (USDA-NRCS, 2000). Average
annual precipitation at this site is 970 mm. The site encompasses
three LP: summit, backslope and footslope (Fig. 1). Soils were
delineated on the basis of an order-one soil survey conducted in
1991. The summit LP was mapped as Adco (fine, smectitic, mesic
Vertic Albaqualf) silt loam with 0–1% slopes; the backslope
position was mapped as Mexico (fine, smectitic, mesic Aeric Vertic
Epiaqualfs) clay loam with 1–3% slopes; and the footslope LP was
mapped as Mexico silt loam with 1–2% slopes and somewhat
poorly drained (Fig. 1). These three soils are very similar and differ
only by subtle differences in diagnostic features. The landscape
was linear to slightly convex at the summit position and linear to
slightly concave in the backslope and footslope LP. The difference
in elevation between summit and footslope positions was about 2–
3 m. The subsoil argillic horizon, typical of claypan soils, was
characterized by abrupt occurrence of silty-clay loam, silty clay, or
clay at varying depths.

Soil profile samples were taken in 1991 by LP just prior to
initiation of the management systems. Forty-eight cores over the
study site were taken to a 1.2-m depth, described, and sub-
sampled by soil horizon increment for further laboratory analysis.
Selected soil properties are provided by LP in Table 1.

Cropping systems were established in 1991 to investigate the
effects of tillage, rotation, and other management practices on crop
production and soil and water quality. The experimental design
was a randomized complete block with three blocks (i.e.,
replications) where all rotation phases of each CS were present



Fig. 1. Elevation, depth to the claypan horizon, and mapped soils for the research site near Centralia, Missouri. Mapped soils include 1: Adco silt loam, 0–1% slope; 2: Mexico

silty clay loam, 1–3%, eroded; 3: Mexico silt loam, 1–2% slope. Plots used for this study are labeled with the cropping system treatment: MTCS: mulch tillage corn–soybean

rotation; NTCS: no-till corn–soybean; NTCSW: no-till corn–soybean–wheat rotation; CRP: conservation reserve program system.
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each year. Each of the 30 plots measured 18 m � 189 m (0.35 ha)
running east–west parallel to the slope direction (Fig. 1) and thus
each LP was included within each plot. Four of the six CS were
selected for investigation in this study: mulch tillage corn–soybean
(MTCS); no-tillage corn–soybean (NTCS); no-tillage corn–soy-
bean–wheat (Triticum aestivum) (NTCSW); and conservation
reserve program (CRP). Descriptions of these management systems
are given in Table 2, and additional information about the
experimental area can be found in Ghidey et al. (2005). Equipment
used for farming operations was typical of small to mid-sized
farms (<200 ha) in the area. Approximate loads imposed by the
farm equipment used for each management system are also
provided in Table 2.

3.2. Penetrometer data collection and processing

Penetrometer measurements were collected using standard-
ized methodology (ASABE, 2008b) on April 15, 2004 from each of
Table 1
Mean and standard deviation (in parentheses) of selected soil physical properties of the

loam and Adco silt loam soils.

Landscape position Horizon Depth to horizon

middle (cm)

Particle size distribution

Clay (g kg�1) Silt (g kg

Summit Ap/AE 16 (6) 220 (60) 700 (70)

Bt1 30 (12) 530 (50) 440 (40)

Bt2 54 (14) 450 (90) 530 (90)

Other 94 (19) 330 (40) 640 (30)

Backslope Ap/AE 7 (4) 250 (60) 650 (60)

Bt1 24 (9) 450 (110) 510 (100

Bt2 48 (14) 400 (50) 570 (50)

Other 86 (21) 330 (40) 600 (40)

Footslope Ap/AE 26 (19) 250 (80) 670 (80)

Bt1 54 (20) 480 (80) 480 (40)

Bt2 72 (12) 380 (50) 590 (50)

Other 98 (12) 310 (40) 590 (40)
the four CS discussed above and at three LP (summit, backslope,
and footslope) for a total of 12 treatments. All three replications
were included. The grain CS were entering the soybean year of the
rotation. At each sampling location, penetrometer data were
collected at a defined position from the north side of the plots to
represent area that had received ‘‘normal’’ wheel traffic during the
13 years that the CS had been in place. With 18-m wide plots,
traffic patterns were somewhat constrained over the years of the
plot experiment. A number of types and sizes of equipment were
used for field operations during those years, including both 4-row
and 6-row width planters and various width tillage, chemical
application, and harvesting equipment. Analysis of our manage-
ment notes showed that certain locations received relatively more
traffic over the years while others received less traffic. We
concluded that the more trafficked areas had significantly more
wheel traffic than would be found in larger production fields. We
determined that the location between crop rows 6 and 7 from the
north side of the plots experienced a level of traffic most like that
research site near Centralia, Missouri. The site is composed primarily of Mexico silt

Cation exchange capacity

(cmolc kg�1)

Organic carbon (g kg�1)

�1) Sand (g kg�1)

80 (20) 18.9 (2.8) 37 (1)

30 (20) 38.4 (3.3) 12 (1)

10 (10) 36.0 (5.4) 3 (1)

30 (10) 28.2 (4.5) 6 (3)

100 (20) 22.8 (4.2) 40 (9)

) 40 (30) 34.6 (7.9) 12 (8)

30 (10) 33.6 (4.4) 7 (5)

70 (40) 26.1 (5.2) 11 (7)

80 (10) 21.7 (4.7) 29 (9)

40 (40) 35.6 (6.9) 9 (7)

30 (30) 32.8 (4.4) 6 (7)

100 (50) 22.9 (3.1) 16 (10)



T
a

b
le

2
D

e
sc

ri
p

ti
o

n
o

f
th

e
fo

u
r

m
a

n
a

g
e

m
e

n
t

sy
st

e
m

s
u

se
d

in
th

e
st

u
d

y
.

C
ro

p
p

in
g

sy
st

e
m

D
e

sc
ri

p
ti

o
n

Fe
rt

il
iz

e
r

in
p

u
t

Y
ie

ld
g

o
a

l
M

a
jo

r
e

q
u

ip
m

e
n

t
u

se
d

a
n

d
m

a
ss

M
T

C
S

M
u

lc
h

ti
ll

a
g

e
a

w
it

h
a

co
rn

(Z
ea

m
a

y
s

L.
)–

so
y

b
e

a
n

[G
ly

ci
n

e
m

a
x

(L
.)

M
e

rr
.]

ro
ta

ti
o

n

N
:

1
9

0
k

g
h

a
�

1
fo

r
co

rn
;

Li
m

e
,

P
,

a
n

d
K

:
b

y
so

il
te

st

1
0

.1
M

g
h

a
�

1
fo

r
co

rn
a

n
d

2
.5

M
g

h
a
�

1

fo
r

so
y

b
e

a
n

T
il

la
g

e
tr

a
ct

o
r

(6
2

0
0

k
g

);
p

la
n

ti
n

g
tr

a
ct

o
r

(4
8

0
0

k
g

);

se
lf

-p
ro

p
e

ll
e

d
sp

ra
y

e
r

(5
2

0
0

k
g

);
co

m
b

in
e

(1
0

,8
0

0
k

g

e
m

p
ty

;
1

4
,4

0
0

k
g

fu
ll

o
f

g
ra

in
)

N
T

C
S

N
o

-t
il

l
w

it
h

a
co

rn
(Z

ea
m

a
y

s
L.

)-
so

y
b

e
a

n
[G

ly
ci

n
e

m
a

x
(L

.)
M

e
rr

.]
ro

ta
ti

o
n

N
:

1
5

1
k

g
h

a
�

1
fo

r
co

rn
.

Li
m

e
,

P
,

a
n

d
K

:
b

y
so

il
te

st

7
.5

M
g

h
a
�

1
fo

r
co

rn
a

n
d

2
.5

M
g

h
a
�

1

fo
r

so
y

b
e

a
n

P
la

n
ti

n
g

tr
a

ct
o

r
(4

8
0

0
k

g
);

se
lf

-p
ro

p
e

ll
e

d
sp

ra
y

e
r

(5
2

0
0

k
g

);
co

m
b

in
e

(1
0

,8
0

0
k

g
e

m
p

ty
;

1
4

,4
0

0
k

g

fu
ll

o
f

g
ra

in
)

N
T

C
S

W
M

u
lc

h
ti

ll
a

g
e

(1
9

9
1

–
1

9
9

5
)

th
e

n
n

o
-t

il
l

(1
9

9
6

–
2

0
0

4
)

w
it

h
a

co
rn

–
so

y
b

e
a

n
–

w
h

e
a

t
(T

ri
ti

cu
m

a
es

ti
v

u
m

L.
)

ro
ta

ti
o

n
,

w
it

h
e

it
h

e
r

h
a

ir
y

v
e

tc
h

[V
ic

ia
v

il
lo

sa
R

o
th

]

(1
9

9
4

–
1

9
9

5
)

o
r

re
d

cl
o

v
e

r
(T

ri
fo

li
u

m
p

re
te

n
se

L.
)

(1
9

9
6

–
2

0
0

2
)

co
v

e
r

cr
o

p
fo

ll
o

w
in

g
w

h
e

a
t

N
:

1
5

0
k

g
h

a
�

1
fo

r
co

rn
.

1
0

1
k

g
h

a
�

1

fo
r

w
h

e
a

t.
Li

m
e

,
P

,
a

n
d

K
:

b
y

so
il

te
st

8
.7

M
g

h
a
�

1
fo

r
co

rn
,

2
.5

M
g

h
a
�

1

fo
r

so
y

b
e

a
n

,
a

n
d

4
.0

M
g

h
a
�

1

fo
r

w
h

e
a

t

P
la

n
ti

n
g

tr
a

ct
o

r
(4

8
0

0
k

g
);

se
lf

-p
ro

p
e

ll
e

d
sp

ra
y

e
r

(5
2

0
0

k
g

);
co

m
b

in
e

(1
0

,8
0

0
k

g
e

m
p

ty
;

1
4

,4
0

0
k

g

fu
ll

o
f

g
ra

in
)

C
R

P
In

it
ia

te
d

a
s

a
m

ix
tu

re
o

f
g

ra
ss

e
s

(i
.e

.
o

rc
h

a
rd

[D
a

ct
y

li
s

g
lo

m
er

a
ta

L.
],

sm
o

o
th

b
ro

m
e

[B
ro

m
u

s
in

er
m

is
Le

y
ss

.]
,

ti
m

o
th

y

[P
h

le
u

m
p

ra
te

n
se

L.
],

a
n

d
ta

ll
fe

sc
u

e
[F

es
tu

ca
a

ru
n

d
in

a
ce

a
S

ch
re

b
.]

)

a
n

d
a

le
g

u
m

e
(i

.e
.

a
lf

a
lf

a
[M

ed
ic

a
g

o
sa

ti
v

a
L.

])
d

ri
ll

e
d

in
th

e

sp
ri

n
g

o
f

1
9

9
1

.
In

M
a

rc
h

o
f

1
9

9
2

a
d

d
it

io
n

a
l

le
g

u
m

e
s

(i
.e

.
h

a
ir

y

v
e

tc
h

,
re

d
cl

o
v

e
r,

le
sp

e
d

e
za

[L
es

p
ed

ez
a

st
ri

a
ta

(T
h

u
n

b
.)

H
o

o
k

.
&

A
rn

.]
,

a
n

d
b

ir
d

sf
o

o
t

tr
e

fo
il

[L
o

tu
s

co
rn

ic
u

la
tu

s
L.

])

w
e

re
o

v
e

r-
se

e
d

e
d

N
o

n
e

N
o

n
e

M
o

w
in

g
tr

a
ct

o
r

(4
8

0
0

k
g

)

a
T

il
la

g
e

sy
st

e
m

th
a

t
ta

rg
e

ts
m

a
x

im
u

m
re

te
n

ti
o

n
o

f
cr

o
p

re
si

d
u

e
s

(3
0

%
o

r
m

o
re

)
o

n
th

e
so

il
su

rf
a

ce
.

K.-Y. Jung et al. / Soil & Tillage Research 107 (2010) 1–104
found in production fields. For the CRP plots where no crop rows
were present, penetrometer readings were collected at a corre-
sponding distance from the edge of the plot.

At each sampling location (CS � LP), CI profiles were obtained
using five recording ASAE-standard large-cone penetrometers
(ASABE, 2008a) mounted to a single hydraulically driven frame
similar to the device described by Raper et al. (1999). The in-line
series of penetrometers was oriented perpendicular to the row
direction so that one reading was obtained over each of rows 6 and
7, one reading from the row middle between rows 6 and 7, and two
readings from midway between the row middle and the rows. A
second set of measurements was taken within 10 m of the first set,
providing a total of 10 profiles (or penetrometer insertions) for
each CS � LP sampling location.

Several steps were required to process raw CI data for further
analysis. The 10 CI profiles obtained at a location were averaged to
a single profile for that location. The raw CI data obtained on finer
depth increments were transformed to a standard 0.5-cm depth
increment by calculating the mean of all data falling within the
increment. So that CI analysis could be conducted in parallel with
BD and WC analyses, the CI data were further averaged to the same
10-cm depth sampling increments used for those parameters, as
described in the next section. This procedure eliminated CI data
from the surface to 5 cm depth; however, we judged this to not
affect the overall information content of the analysis dataset. In our
previous work on similar soils (Chung et al., 2006), as well as in
other published reports characterizing variability in CI profiles
(Grunwald et al., 2001; Gorucu et al., 2006) CI from 0 to 5 cm was
consistently well-represented as a linearly increasing function of
depth and contained no information regarding compacted layers.

3.3. Soil sampling

Soil core samples were collected for BD and WC analyses at the
same time as penetrometer data collection. A single 4-cm diameter
soil core sample was taken at each treatment location, in the
interrow between rows 5 and 6 from the north side of the plots. The
cores were segmented into 5 layers: 5–15 cm, 15–25 cm, 25–
35 cm, 35–45 cm, and 45–55 cm. Sampling for BD and WC was
conducted on these 10-cm increments so data could also be used
for a separate study evaluating an on-the-go sensor (Chung et al.,
2006). The core segments were each sealed separately in a plastic
bag on site. Samples were oven-dried at 105 8C for 24 h to
determine WC. Bulk density was calculated using field-sampled
soil mass, water content, and sample volume.

3.4. Data analysis

Data were analyzed in a split–plot treatment arrangement with
CS as the main plot and LP as the split–plot. Because LP was not
randomized, a repeated-measures analysis (Littell et al., 2002) was
used to assess the response variables of CI, BD, and WC using PROC
MIXED in SAS (SAS Institute Inc., 2005). Mean separations using
least significant difference (LSD) were determined for treatment
effects when F-tests were significant at P values �0.05, unless
otherwise noted. Significant CS � LP interaction effects were
analyzed using the SLICE option within the LSMEANS procedure.
The SLICE option partitions the interaction of two factors so each
factor can be tested at different levels of the other factor
(Schabenberger and Pierce, 2002; SAS Institute Inc., 2005).
Analyses evaluated the effects of CS and LP on profile-mean CI,
BD, and WC. Then, independent analyses were conducted for each
of the five depth intervals.

For further analysis five profile-level response variables were
calculated for the 5–55 cm profile. These included maximum CI
(Max CI), depth to maximum CI, depth to 2 MPa, and the thickness



Fig. 2. Average cone index from 5 to 55 cm depth as affected by cropping system and

landscape position. MTCS: Mulch tillage corn–soybean rotation; NTCS: no-till corn–

soybean; NTCSW: no-till corn–soybean–wheat rotation; CRP: conservation reserve

program system. Within a landscape position, bars followed by the same letter are

not significantly different.
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of the layer with CI greater than 2 MPa. The two 2 MPa measures
were included because this is often given as a threshold level above
which root growth is significantly inhibited (e.g., Taylor and
Gardner, 1963). In addition, we calculated another whole-profile CI
index that incorporated both CI magnitude and depth. Based on the
premise that compaction near the surface affects root growth more
than deep compaction, CI values within a profile were weighted by
an ideal root distribution function (Kiniry et al., 1983). This new
measurement we called the root distribution weighted CI (RDW
CI). The index was calculated as the weighted average over the CI
measurement depth. This approach is similar to the procedure
used by Scrivner et al. (1985) when generating a depth weighted
soil productivity index.

Statistical analysis for these five profile variables, including
mean separation and identification of interaction differences,
proceeded as described above. For some plots CI readings never
reached 2 MPa and therefore values for the response measure-
ments of depth to 2 MPa and thickness of 2 MPa were missing.
Compared to the total 9 plots per CS, these measurements were
available in only 3, 2, 8, and 2 plots for MTCS, NTCS, NTCSW, and
CRP, respectively. Compared to the total 12 plots per LP, the
measurements were available in only 4, 5, and 6 plots for footslope,
backslope, and summit, respectively. With this level of missing
data, the analysis of variance and mean separation could not be
performed. For these variables, means are provided to give the
level of differences for this particular study location, with no
inference to other locations implied.

4. Results and discussion

4.1. Compaction by soil depth

Analysis of variance results for the response variables of CI, BD,
and WC are presented in Table 3. Main effect means by CS and LP
are provided along with mean separation indicators when
significance was found. Significant two-way interactions of the
treatment factors on these three profile-mean response variables
are presented in Figs. 2–4.

Profile-average CI differed by CS at the footslope LP (Fig. 2), with
CI for the NTCSW CS significantly greater than the others. Runoff
downslope and lateral flow seepage causes this LP to stay wetter
for longer periods during the spring and early summer. Such
conditions would increase vulnerability to compaction during this
time when planting and spraying operations are done. Yet these
results indicate that only the NTCSW CS caused significant
Table 3
Analysis of variance and main effect means for mean cone index, mean bulk density,

and mean soil water content over the soil profile.

Source of variation df ANOVA P> F

CI BD WC

Block 2 – – –

Cropping system (CS) 3 <0.01 0.12 0.52

Landscape position (LP) 2 0.17 <0.01 <0.01

CS� LP 6 0.13 0.23 0.53

Main effect means MPa g/cm3 %

Cropping system

MTCS 1.44 bc 1.40 a 40.4 a

NTCS 1.25 ab 1.37 a 39.8 a

NTCSW 1.60 c 1.41 a 39.6 a

CRP 1.18 a 1.41 a 40.5 a

Landscape position

Summit 1.40 b 1.36 a 39.2 a

Backslope 1.27 a 1.42 b 41.4 b

Footslope 1.43 b 1.41 b 39.6 a
footslope compaction. For this system the winter cover crop was
usually killed by herbicides two to three weeks before corn
planting, which resulted in a heavy mat of plant residues
blanketing the soil and creating a barrier from the drying
influences of wind and solar energy. Relative to the other grain
CS, the NTCSW system remained wetter longer, especially in the
lower parts of landscape (M.R. Volkmann, field technician,
personal communication). These conditions were present for
many years, requiring corn planting in wet soils that resulted in
uneven corn stands (unpublished data). Others have noted that
soils with heavy-textured sub-soils and thin topsoil are prone to
compaction when mechanical operations are conducted under
moist conditions (Anderson and Cassel, 1984).

We conclude planting and spraying traffic at this time with this
no-tillage system was the source of greater CI, especially for the
footslope position. In this situation, the compaction problem was
only partly due to no-tillage management, as often found in other
research and reviewed by Hamza and Anderson (2005). For this
poorly drained landscape the addition of cover crops extended wet
soil conditions in the springtime, resulting in greater susceptibility
to soil compaction. This is in contrast to research on other soil types
where cover crops have been found to prevent or ameliorate soil
compaction (Raper et al., 2000).

The effects of CS on CI, BD, and WC are presented for the five soil
depths in Fig. 3. An increase in soil strength due to grain CS (MTCS,
NTCS, and NTCSW) was evidenced in the top two soil depths. In the
third soil depth, this trend continued for two grain CS (MTCS and
NTCSW). Conversely, CI was least with CRP and varied little through
the profile. Low CI values with CRP would be expected since this
system was in perennial grasses and was only trafficked when
mowed every other year. Of the grain CS, CI was greatest with the
NTCSW CS, averaging 1.97 MPa in the 5–25 cm depth. These high
values of CI indicate a soil environment that could inhibit crop root
growth (Taylor and Gardner, 1963). As discussed previously, we
attribute the increased soil strength in this system to springtime
planting traffic on soils that stayed relatively wetter than the other
CS because of the cover crop and heavy plant residues.

For BD, only one significant difference was observed between
CS using the method we employed. At the 45–55 cm depth NTCS
BD was significantly less than CRP BD. However, it should be
emphasized that the BD measurements from this study came from
one profile core from each experimental location (or three cores
per CS � LP treatment), using a methodology that is not as precise
as other more intrusive BD methods. A more rigorous BD



Fig. 3. Cone index (CI), soil bulk density (BD), and soil water content (WC) as affected by cropping system. MTCS: Mulch tillage corn–soybean rotation; NTCS: no-till corn–

soybean; NTCSW: no-till corn–soybean–wheat rotation; CRP: conservation reserve program system. Independent analyses were conducted for each sampling depth, and

within each depth points followed by the same letter are not significantly different.
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evaluation was not possible due to the requirement to not overly
disturb these long-term research plots. In contrast, a total of 30
probe insertions were obtained to represent the CI of each
treatment evaluated, reinforcing the value of using cone pene-
trometry for assessing compaction trends over larger areas.

Soil water content differences by CS were only seen at the
shallow (5–15 cm) depth. The CRP system had the highest and the
Fig. 4. Cone index (CI), soil bulk density (BD), and soil water content (WC) as affected by

and within each depth points followed by the same letter are not significantly differen
no-till grain CS (NTCS and NTCSW) had the lowest WC. Wetter
conditions under the CRP could be expected since the perennial
grasses provided a sod-like surface and cover from wind and solar
drying. Additionally, this system had been shown to have greater
aggregate stability and infiltration rates than the grain CS (Jung
et al., 2007). Because the grain CS plots evaluated were those that
had previously been cropped to corn and there was no cover crop
landscape position. Independent analyses were conducted for each sampling depth,

t.



Table 4
Analysis of variance and main effect means for profile-level (0–55 cm) CI measurements. Measurements include maximum cone index (Max CI), depth to maximum cone

index (depth to Max CI), depth to 2 MPa, thickness of 2 MPa, and an ideal-root distribution weighted CI (RDW CI index).

Source of variation df Max CI Depth to Max CI Depth to 2 MPaa Thickness of 2 MPaa RDW CI index

Block 2 – – – – –

Cropping system (CS) 3 <0.01 <0.01 na na 0.02

Landscape position (LP) 2 0.78 0.02 na na 0.68

CS� LP 6 0.48 <0.01 na na 0.34

Main effect means MPa cm cm cm MPa

Cropping system

MTCS 1.99 a 34.9 b 25.5 8.0 1.24 b

NTCS 1.71 a 18.1 a 15.2 5.7 1.19 b

NTCSW 2.44 b 15.7 a 9.9 11.9 1.68 c

CRP 1.68 a 44.4 b 48.5 6.5 0.94 a

Landscape position

Summit 2.01 a 24.5 a 18.4 8.2 1.28 a

Backslope 1.97 a 33.8 b 25.1 7.5 1.21 a

Footslope 1.89 a 26.5 ab 11.8 14.2 1.30 a

a Unable to complete analysis of variance and perform valid mean separation because of excessive missing data. Out of a potential n = 9 for cropping system, n = 3, 2, 8, and 2

for MTCS, NTCS, NTCSW, and CRP, respectively. Out of a potential n = 12 for landscape position, n = 6, 5, and 4 for summit, backslope, and footslope, respectively.

Fig. 5. Depth to maximum cone index (Max CI) as affected by cropping system and

landscape position. MTCS: Mulch tillage corn–soybean rotation; NTCS: no-till corn–

soybean; NTCSW: no-till corn–soybean–wheat rotation; CRP: conservation reserve

program system. Within a landscape position, bars followed by the same letter are

not significantly different.
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after corn in the NTCSW system, the amount of residue on the soil
surface (although not measured) would have been somewhat
similar between the grain CS.

In other studies CI has often been positively related to BD (e.g.,
Sojka et al., 2001; Lampurlanes and Cantero-Martinez, 2003).
However we found no correlation between BD and CI (r = 0.16).
This may have been due to the relatively low precision of the BD
measurements we obtained using the core method. Although a
decrease in soil pore space (and concomitant BD increase) is the
most often noted manifestation of compaction, decreased pore size
or reduced pore continuity may result even if total pore space does
not change (Johnson and Bailey, 2002). As these are important
effects of compaction that can restrict plant growth due to soil
water being held more tightly, BD alone has been described as
insufficient for accurate assessment of compaction-induced
changes (Lipiec and Hatano, 2003).

We found CI to be weakly and significantly correlated with WC
(r = �0.36) over the soil profile. Other researchers (e.g., Busscher
et al., 1997; Lampurlanes and Cantero-Martinez, 2003) have also
reported negative relationships between WC and CI. When the top
two depths were examined alone, WC and CI were more strongly
correlated (r = �0.52). This is similar to the finding of Sojka et al.
(2001), who reported strong relationships between WC and CI
when data were segregated by depth interval but only weak
relationships with data from a 0.6 m soil profile.

Cone index, BD, and WC also varied within the soil profile in
different ways over the landscape (Fig. 4). While CI for the summit
and footslope were similar at all soil depths, CI at the backslope
position was considerably different. At the backslope the high-clay
content claypan horizon is nearer the surface (Table 1). Therefore,
water content is typically higher and BD lower for the top 30 cm of
claypan backslope soils (Jiang et al., 2007a; Jung et al., 2008), when
compared to summit or footslope LP. This relationship can be
verified by examining the top 30 cm of the BD and WC panels of
Fig. 4. The WC and BD differences undoubtedly contributed to the
lower CI in the top 30 cm of soil at the backslope position. Below
30 cm, differences in CI between the LP were minor, even with a
greater BD measured at the backslope and slightly higher WC at the
footslope. Soil properties other than BD and WC may be important
for interpreting CI measurements on claypan soils. These include
amount and quality of organic carbon, complexation of organic
carbon with clay and the associated effects on soil physical
properties (Dexter et al., 2008), soil structure below the tillage
zone, and secondary chemical precipitates (such as Fe-Mg-oxide
nodules). However, we presume such landscape-dependent
properties would be relatively stable over the duration of this
study.

4.2. Whole-profile compaction measures.

Analysis of variance results for the response variables of Max CI,
depth to Max CI, depth to 2 MPa, thickness of 2 MPa, and RDW CI
index are presented in Table 4. Main effect means by CS and LP are
provided along with mean separation indicators when analysis of
variance showed significance, except for depth to 2 MPa and
thickness of 2 MPa (because of missing data as described above).
The NTCSW CS had a higher Max CI than the other systems
(Table 4). This outcome, also seen in Fig. 3 for the 5–25 cm depth
was discussed previously. Cropping system differences in depth to
maximum CI were only significant at the backslope position
(Fig. 5), where depth to maximum CI was greatest for the CRP and
MTCS systems. Although not significant, the trend of greater depth
to maximum CI with CRP was also seen at the summit and
footslope LP. Thus, not only did the CRP system have the lowest soil
strength, but the location of the maximum soil strength was
deeper in the soil profile.

For the backslope position, the depth of maximum CI for the
MTCS system was equivalent to CRP and much deeper than the



Fig. 7. Ideal-root distribution weighted cone-index Index (RDW CI index) as affected

by cropping system and landscape position. RDW CI is calculated as a weighted-

average CI over the profile, where the weighting function is from an ideal root

distribution function. MTCS: Mulch tillage corn–soybean rotation; NTCS: no-till

corn–soybean; NTCSW: no-till corn–soybean–wheat rotation; CRP: conservation

reserve program system. Within a landscape position, bars followed by the same

letter are not significantly different.
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other grain CS. A similar but non-significant trend was also
observed at the footslope position. Although the depth to the
maximum CI was deeper for this grain CS, the maximum CI value
was not different than the other grain CS. This outcome pointed out
the need for a compaction index that would take into account both
the magnitude of the CI as well as its location within the profile,
leading to the development of the RDW CI index (discussed later).

As explained, the depth to 2 MPa and thickness of 2 MPa
variables had a number of missing values and therefore statistical
analysis of the means was not possible (Fig. 6). For the MTCS
system, a CI of 2 MPa was only reached at the summit and
backslope LP. Whereas this 2 MPa layer was shallow and over
10 cm in thickness at the summit, it was significantly deeper in the
profile (�50 cm) and only 3 cm thick at the backslope position. As
stated, for this LP either tillage helped remediate soil compaction
or compaction did not develop to the same extent because the soils
were drier during tractor operations. For the NTCS system, a CI of
2 MPa was only reached at the summit and footslope, and was
generally found in the top 20 cm of soil. The NTCSW system was
the only system that reached 2 MPa at all LP. In this system the
depth to 2 MPa was shallow and the thickness of the compacted
layer was 8 cm or more. At the footslope position the thickness of
the 2 MPa layer was over 16 cm. These findings support the earlier
discussion that lower claypan soil LP were most vulnerable to
compaction from cropping, especially when crop residues were
maintained on the soil surface.

Results with the RDW CI index are displayed in Fig. 7. While
treatment influences were qualitatively similar to those already
presented, this index removes the ambiguity that arises with
varying CI values at different soil depths and with different
compaction zone thicknesses. Clearly the RDW CI index was
Fig. 6. Depth to 2 MPa (top) and thickness of the 2 MPa layer (bottom) as affected by

cropping system and landscape position. Mean separation not conducted because of

missing data. MTCS: Mulch tillage corn–soybean rotation; NTCS: no-till corn–

soybean; NTCSW: no-till corn–soybean–wheat rotation; CRP: conservation reserve

program system.
highest for the NTCSW at the footslope and backslope positions.
Reasons for including a perennial legume cover crop in the NTCSW
system were to protect the soil from erosion, increase soil carbon
and nitrogen, and decrease nitrogen fertilizer inputs. Though
commendable goals, this system created soil compaction issues for
these poorly drained soils. Success of this type of no-till system
may require adjustments. One strategy currently being explored is
to remove the cover as a hay or haylage crop a few weeks prior to
corn planting, allowing for better drying of the seedbed and
improved planting conditions.

5. Conclusions

This study was conducted to evaluate the effects of CS, LP, and
their interactions on soil compaction expressed in terms of CI. Soil
compaction is both management (e.g., vehicular traffic, plant
residue, tillage, rotation) and landscape dependent, and as such
interactions are likely to occur. This investigation revealed
interactions between management practices and claypan soil LP.
When managed in no-till with cover crops, the lower portions of
the claypan landscape exhibited persistently wet soils when spring
operations needed to be performed. This resulted in CI levels that
may reduce grain yield. As such, this is not a suitable practice for
claypan soils, unless the cover crop can be removed in the spring to
facilitate drying before planting operations, or occasional tillage
can be employed to remediate compaction that develops. Another
approach would be to put footslope areas of the landscape that do
not dry as quickly into a management system that requires little or
no trafficking in the spring and early summer (e.g., CRP, perennial
hay crop, bioenergy crop). However this recommendation is
unlikely to be acceptable to many farmers since these same lower
landscape soils often produce the highest yields and therefore are
the most profitable in the grain production system (Massey et al.,
2008). Farmer education programs should include information
about the conditions where compaction may result, both when no-
till and tillage practices are used.

Compaction in the upper soil layers of CRP in this study was less
than the other CS over all LP due to much less traffic and perennial
grass sod that provided resistance to compaction when traffic did
occur. For fields or field areas that have already been experienced
severe erosion and grain productivity has been lost, CRP or a
perennial hay crop can help prevent further degradation (including
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compaction), and is a logical first step for remediation of these
soils. In many cases, fields already converted to CRP were selected
on this very basis.

Understanding the interactions of CS and soils over varying
landscapes is crucial to developing soil and crop management
practices that will maintain optimal crop growing conditions.
These findings help bring to light where in claypan soil landscapes,
given certain types of grain crop management, compaction is more
likely to have occurred. These areas could be targeted for further
soil strength testing and then remediation actions taken, such as
specific tillage practices assigned to compaction-affected parts of
the landscape.
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