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Abstract
Corn (Zea mays L.) stover removal for biofuel production and other uses may alter soil hydraulic properties, but site-specific

information needed to determine the threshold levels of removal for the U.S. Corn Belt region is limited. This study quantified

impacts of systematic removal of corn stover on soil hydraulic parameters after 1 year of stover management under no-till (NT)

systems. These measurements were made on three soils in Ohio including Rayne silt loam (fine-loamy, mixed, active, mesic Typic

Hapludult) at Coshocton, Hoytville clay loam (fine, illitic, mesic Mollic Epiaqualfs) at Hoytville, and Celina silt loam (fine, mixed,

active, mesic Aquic Hapludalfs) at South Charleston. Interrelationships among soil properties and saturated hydraulic conductivity

(Ksat) predictions were also assessed. Earthworm middens, Ksat, bulk density (rb), soil water retention (SWR), pore-size

distribution, and air permeability (ka) were determined for six stover treatments. Stover treatments consisted of removing 0

(T100), 25 (T75), 50 (T50), 75 (T25), 100 (T0) and adding 100 (T200)% of corn stover corresponding to 0, 1.25, 2.50, 3.75, 5.00,

and 10.00 Mg ha�1 of stover, respectively. Stover removal reduced the number of middens, Ksat, SWR, and ka, and increased rb at all

sites (P < 0.01). Compared to normal stover treatment (T100), complete stover removal (T0) reduced earthworm middens 6-fold at

Coshocton and about 14-fold at Hoytville and Charleston. Geometric mean Ksat decreased from 3.1 to 0.1 mm h�1 at Coshocton, 4.2

to 0.3 mm h�1 at Hoytville, and 4.2 to 0.6 mm h�1 at Charleston while soil rb increased about 12% in the 0–10-cm depth at

Coshocton and Hoytville from T100 to T0. The SWR for T0 was about 70% of that for T100 and 58% of that for T200 at 0 to�6 kPa

suctions across sites. The log ka for T200, T100, and T75 significantly exceeded that under T50, T25, and T0 at Coshocton and

Charleston. Differences in the number of middens, rb, SWR, Ksat, and ka between T100 and T200 were not generally significant

although the T200 retained slightly more water for the 0 to �100 kPa at Charleston and had higher ka at Hoytville compared to

T100. Measured parameters were strongly correlated, and ka was a strong Ksat predictor. Stover harvesting induces rapid changes in

soil hydraulic properties and earthworm activity, but further monitoring is needed to ascertain the threshold levels of stover removal

for soil-specific conditions.
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1. Introduction

Corn stover is a potential feedstock for biofuel

production as an alternative to conventional fuels

(Pacala and Socolow, 2004). Corn stover availability in

the U.S. Corn Belt region (Nelson, 2002) and

implications of stover use for biofuel production on a

global scale (Lal, 2005) are being extensively assessed.

One major implication is that stover harvesting for

biofuel reduces the amount of crop residue left on the

soil surface needed to maintain soil quality. The soil

physical environment is highly sensitive to changes in

surface residue cover (Kladivko, 1994). Corn stover

mulch protects the soil surface from raindrop impact,

reduces evaporation, moderates soil thermal properties,

enhances biological activity, increases soil organic

matter content, recycles nutrients, and improves the

overall soil structure and quality (Wilhelm et al., 2004).

Intensive removal of stover as biofuel may nega-

tively affect soil hydraulic properties. Partial stover

removal (e.g., 25–30%) may be feasible, but site-

specific information on the threshold removal rates for

maintaining soil water retention and transmission

characteristics is limited. Some estimates indicate that

20–50% of stover can be safely removed from the U.S.

Corn Belt region, but these estimates are based only on

the requirement to control soil erosion (Nelson, 2002;

Kim and Dale, 2004). Soil erosivity is intimately linked

to soil hydraulic properties as well as topographic and

cover factors. Thus, the high variability of these

erosion-based stover removal rates within the same

region implies that threshold removal rates needed to

maintain/enhance soil hydraulic properties may vary

among soils. Information on the quantity of removable

stover based on field experimentation for representative

soils in the U.S. Corn Belt region is lacking for

developing guidelines to meet energy and soil quality

needs. Conducting site-specific studies on stover

removal effects on soil quality remains a high research

priority (Wilhelm et al., 2004).

There have been many studies on residue manage-

ment for diverse tillage and cropping systems (e.g., Lal

et al., 1980; Dabney et al., 2004). Most studies have two

constraints relative to their usage for evaluating stover

removal effects. First, they often report interrelated

residue-tillage management effects and, in many cases,

results are confounded with different cropping systems

(Sharratt, 1996; Singh et al., 1996). A better under-

standing of the role of residues on soil hydraulic

properties entails separating the residue effects from

those of tillage-cropping systems. Experiments speci-

fically designed to assess stover removal effects under
the same tillage and cropping systems, such as NT

continuous corn, are needed to quantify the effects on

soil quality. Second, stover removal impacts on soil

hydraulic properties are inconsistent and often contra-

dictory. For example, Karlen et al. (1994) reported no

significant difference in saturated hydraulic conductiv-

ity (Ksat) under NT corn with stover maintained,

removed, and doubled in a 10-year study of silt loams.

Conversely, Findeling et al. (2003), in a 4-year study,

showed that Ksat increased linearly with increasing rates

of stover cover on a sandy loam. Thus, additional

studies clarifying stover removal effects on a wide range

of soils are warranted.

Formation and preservation of earthworm macro-

pores in NT systems are well known (Bohlen et al.,

1997; Butt et al., 1999; Shipitalo and Butt, 1999). Since

stover left on the soil surface provides an abundant food

source and habitat to earthworms responsible for

macropore network development, its removal from

NT systems may reduce earthworm populations and the

number of surface-connected macropores. Earthworm

burrowing and feeding activities enhance soil structure

and macropore development, recycle essential nutri-

ents, and control rates of SOC turnover and water–air

flow in the soil profile (Bohlen et al., 1997). Surface

sealing of open and continuous macropores due to

stover removal can be a major factor in reducing near-

surface parameters of water flow and gaseous diffusion

and transport such as Ksat and air permeability (ka; Ela

et al., 1992; Loll et al., 1999). The ka and Ksat are

functions of macropore structure and are key indicators

of soil structural development (Loll et al., 1999).

Changes in earthworm populations and soil macro-

porosity and their relations to Ksat, ka and soil water

retention (SWR) resulting from systematic stover

removal are poorly understood. Effects of removing

wheat (Triticum aestivum L.) and soybean (Glycine max

L.) residues have been investigated (Pikul and

Allmaras, 1986; Skidmore et al., 1986), but few studies

have assessed corn stover removal impacts on soil

hydraulic properties (Karlen et al., 1994). Corn stover

removal may affect soil properties differently from that

of wheat and soybean residues because stover is coarser,

less decomposable, and thus remains longer on the soil

surface (Mankin et al., 1996).

Prediction of Ksat for NT soils managed with

differing levels of stover cover can be an important

alternative to direct Ksat measurements, which are often

costly and laborious. There are a number of empirical

(Rawls et al., 1993) and conceptual (Marshall, 1958;

Lebron et al., 1999) equations to predict Ksat. Use of

such equations for evaluating stover management
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Fig. 1. Map of Ohio showing the study locations including North

Appalachian Experimental Watersheds at Coshocton, Northwestern

Agricultural Experiment Station at Hoytville, and Western Agricul-

tural Experiment Station at South Charleston.
effects on Ksat for different soils is limited. Thus, there is

a need to evaluate these equations with a variety of soils

and levels of stover removal. Changes in soil porosity

and ka resulting from stover removal may be sensitive

input parameters for predicting Ksat using available

equations or for developing new equations using

pedotransfer functions (PTFs). The PTFs are useful

statistical tools to study site-specific interrelationships

among soil properties and predict changes in Ksat based

on related soil properties (Bouma, 1989; Minasny and

McBratney, 2002). Therefore, the objectives of this

study were to: (1) quantify the impact of a systematic

removal of corn stover on soil hydraulic parameters in

different soils under NT systems in Ohio and (2)

establish possible interrelationships among measured

soil properties and predict changes in Ksat using ka and

effective porosity data. This study tested the hypothesis

that corn stover removal causes rapid and significant

changes in soil hydraulic properties even within 1 year

because of significant alterations in near-surface soil

properties (e.g., surface sealing, crusting, consolida-

tion, roughness). Knowledge about the degree to which

the soil hydraulic properties change over a short period

(i.e., 1 year) after stover removal is vital to under-

standing soil processes and estimating short-term

implications of stover removal.

2. Materials and methods

2.1. Site and treatment descriptions

The study was conducted using three, ongoing, long-

term NT experimental sites in Ohio: the North

Appalachian Experimental Watershed near Coshocton,

the Western Agricultural Experiment Station near South

Charleston, and the Northwestern Agricultural Experi-

ment Station near Hoytville (Fig. 1). The project was

initiated in May 2004 to characterize the effects of corn

stover removal on physical quality, thermal properties,

soil organic carbon (SOC) content, and crop yield under

NT continuous corn. The sites were previously

managed under 33-year NT continuous corn at

Coshocton, 8-year continuous corn/soybean rotation

under NT in conjunction with light disking in alternate

years at Hoytville, and 15-year NT continuous corn/

soybean rotation at South Charleston. Soil character-

istics for each site are summarized in Table 1.

A randomized complete block design with six

treatments replicated three times was established at

each site in early May 2004. The six treatments

consisted of applying 0, 25, 50, 75, 100, and 200% of

corn stover on each 3 m � 3 m plot using stover from
the previous year corresponding to 0, 1.25, 2.50, 3.75,

5.00, and 10.00 Mg ha�1 of stover, respectively. The

line-transect method was used to determine the percent

stover cover in each plot (Sloneker and Moldenhauer,

1977). Each plot was planted to corn in mid May 2004

and then any stover shifted during planting was

redistributed to the corresponding plots. Each plot

comprised four rows of corn spaced 0.75 m apart.

Following harvest in October 2004, the new corn stover

was immediately redistributed to the corresponding

treatments at the desired rate. The individual plots

within blocks were borderless and were demarcated at

the corners by flags to reduce interference with planting

and harvesting, which were done across plots. The six

stover retention rates at 0, 25, 50, 75, 100, and 200% are

hereafter referred to as T0, T25, T50, T75, T100, and

T200. The experimental sites are hereafter referred to

Coshocton, Hoytville, and Charleston.

2.2. Earthworm activity and soil properties

Stover treatment effects on earthworm activity, Ksat,

SWR, and ka were measured at each of the three sites.

Earthworm activity was determined by counting

earthworm middens on the soil surface (Whalen

et al., 2004). Earthworm middens, which are small

piles or structures consisting of surface residues

associated with ingested and uningested soil materials

covering burrows, were counted in Spring 2005 when



H. Blanco-Canqui et al. / Soil & Tillage Research 92 (2007) 144–155 147

T
ab

le
1

S
o
il

ch
ar

ac
te

ri
st

ic
s

o
f

th
e

th
re

e
st

u
d
y

si
te

s

A
g
ri

cu
lt

u
ra

l
si

te
s

G
eo

g
ra

p
h
ic

al

co
o
rd

in
at

es

S
o

il
se

ri
es

an
d

in
it

ia
l

S
O

C
co

n
ce

n
tr

at
io

n
s

C
la

ss
ifi

ca
ti

o
n

S
o

il
d

es
cr

ip
ti

o
n

S
lo

p
e

(%
)

N
o
rt

h
A

p
p
al

ac
h
ia

n
E

x
p
er

im
en

ta
l

W
at

er
sh

ed
s,

C
o

sh
o

ct
o

n
,

O
H

4
0
81

6
0 1

9
00 N

an
d

8
1
85

1
0 3

5
00 W

R
ay

n
e

si
lt

lo
am

(6
3

8
g

k
g
�

1
si

lt
,

1
5

3
g

k
g
�

1
cl

ay
an

d
3

0
g

k
g
�

1
S

O
C

)

F
in

e-
lo

am
y,

m
ix

ed
,

m
es

ic
T

y
p

ic
H

ap
lu

d
u

lt
s

D
ee

p
an

d
w

el
l

d
ra

in
ed

so
il

s
fo

rm
ed

fr
o

m

w
ea

th
er

ed
sh

al
e

an
d

fi
n

e-
g
ra

in
ed

sa
n

d
st

o
n
e.

T
h

es
e

so
il

s
h

av
e

m
o
d

er
at

e
p

er
m

ea
b

il
it

y

1
0

W
es

te
rn

A
g
ri

cu
lt

u
ra

l
E

x
p
er

im
en

t

S
ta

ti
o
n
,

S
o
u
th

C
h
ar

le
st

o
n
,

O
H

3
9
84

9
0 3

1
00 N

an
d

8
3
83

8
0 0

4
00 W

C
el

in
a

si
lt

lo
am

(5
5

8
g

k
g
�

1
si

lt
,

2
1

6
g

k
g
�

1
cl

ay
an

d
2

8
g

k
g
�

1
S

O
C

)

F
in

e,
m

ix
ed

,
ac

ti
v
e,

m
es

ic
A

q
u

ic
H

ap
lu

d
al

fs

V
er

y
d
ee

p
,

m
o
d
er

at
el

y
w

el
l

d
ra

in
ed

an
d

fo
rm

ed
in

h
ig

h
-l

im
e

lo
am

y
ti

ll
p

la
in

s
an

d

m
o
ra

in
es

.
P

er
m

ea
b
il

it
y

is
m

o
d
er

at
el

y
sl

o
w

2

N
o
rt

h
w

es
te

rn
A

g
ri

cu
lt

u
ra

l
E

x
p
er

im
en

t

S
ta

ti
o

n
,

H
o

y
tv

il
le

,
O

H

4
1
81

1
0 2

4
0 N

an
d

8
3
84

7
0 0

5
00 W

H
o

y
tv

il
le

cl
ay

lo
am

(3
4

1
g

k
g
�

1
si

lt
,

4
3

7
g

k
g
�

1
cl

ay
an

d
2

6
g

k
g
�

1
S

O
C

)

F
in

e,
il

li
ti

c,
m

es
ic

M
o

ll
ic

E
p

ia
q

u
al

fs

V
er

y
d

ee
p

an
d

v
er

y
p

o
o

rl
y

d
ra

in
ed

so
il

s

fo
rm

ed
in

ti
ll

th
at

h
as

b
ee

n
le

v
el

ed
b

y

w
av

e
ac

ti
o
n

<
1

midden formation should have been at a seasonal peak

(Butt et al., 1999). Midden counts are an indirect

measure of earthworm activity and this method was

chosen to minimize soil disturbance often caused by

techniques used for direct counts of earthworms (Zaller

and Arnone, 1997). Middens were counted within a

1 m � 1 m area in the center of each plot. Since the

number of middens was used as an indicator of

earthworm population density, counts may not have

represented the actual number of earthworms under a

given treatment. Studies have shown, however, that

earthworm populations are directly correlated with

midden counts for surface-feeding, anecic earthworms

(Bohlen et al., 1997). The predominant midden-

building species at the three sites was expected to be

Lumbricus terrestris L. (Butt et al., 1999).

Intact soil cores (7.6 cm deep and 7.6 cm diameter)

in metal sleeves were collected from 0- to 10-cm and

10- to 20-cm depth intervals using a hammer-driven

core sampler in early May 2005 before corn planting for

the determination of Ksat, rb, SWR, and ka from each of

the 18 plots across the three sites. Cores were sealed in

plastic bags, transported to the laboratory, trimmed,

weighed, and stored at 4 8C for 2 days until Ksat was

measured using the constant head method (Reynolds

et al., 2002). Fifty grams of the trimmings from each

core were oven-dried at 105 8C to determine gravi-

metric water content (Topp and Ferré, 2002). The oven-

dry weight of the trimmings was interpolated to the

entire soil core, assuming that the water content of the

soil in the core was the same as that of the trimmings.

Bulk density (rb) was computed based on the oven-dry

weight and total volume of the soil by the core method

(Grossman and Reinsch, 2002). Cores were slowly

saturated for 24 h from below with de-aired tap water

delivered using a Mariotte bottle at a constant flow rate

of 5 mm h�1 prior to Ksat determination. To assess the

effect of macropore flow through open-ended earth-

worm burrows on water movement, Ksat was measured

on cores with and without visible macropores for the

T100 treatment from Hoytville, since cores from this

site exhibited relatively more continuous macropores

than those from Coshocton and Charleston. Macropore

flow in cores was eliminated using bentonite slurry

(eight parts water and one part bentonite powder) to

plug the visible macropores. Use of bentonite is

common for measuring soil matrix Ksat in small cores

(Klute, 1965; Blanco-Canqui et al., 2002).

Immediately after Ksat determination, the high-

energy SWR at 0, �3, �6 and �10 kPa suctions was

determined on the intact cores using a tension table

furnished with blotting paper and outflow system. Cores
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Fig. 2. Number of earthworm middens and geometric means of

saturated hydraulic conductivity (Ksat) across the 0–10 and 10–20-

cm depths as a function of corn stover rate at Coshocton, Hoytville,

and South Charleston in Ohio. The regression functions were all

significant at P = 0.01.
were slowly saturated, drained, and weighed at each

pressure level. The SWR at low energy (�30, �100,

�300, and �1500 kPa) was determined by using a

pressure plate apparatus (Dane and Hopmans, 2002).

For the SWR determination at �30, �100, and

�300 kPa, intact soil cores used for the high-energy

SWR were transferred to pressure plates, drained in

steps, and oven-dried for water content determination.

Air-dried bulk samples passed through 2-mm sieves and

tightly packed in rubber rings were used for SWR

determination at �1500 kPa.

Pore-size distribution for each treatment was

determined from SWR. The equivalent pore radius

was estimated using the capillary rise equation from

pressure potentials at 20 8C (Hillel, 1998). Pore-size

classes based on their corresponding effective diameters

were grouped into macropores (>500 mm), coarse

mesopores (25–500 mm), fine mesopores (5–25 mm),

and micropores (<5 mm) (Luxmoore, 1981). The ka was

measured on intact soil cores by the steady state method

(Ball and Schjønning, 2002) using an air flow-meter

(Gilmont Instrument Inc., NY). Cores were saturated and

then equilibrated at �10 kPa for the measurements. The

procedure consisted of placing and securing the intact

cores inside the plexiglass system of the apparatus, and

connecting to an air supply, and subsequently determin-

ing the pressure differential across the cores in the flow-

meter to determine the air permeability according to

Darcy’s law. The SWR and ka were measured only for

cores from the 0- to 10-cm soil depth.

2.3. Ksat prediction

Physico-empirical equations based on effective

porosity, total porosity, and ka of soil were tested for

their ability to predict changes in Ksat induced by stover

management. Total soil porosity was estimated from rb

while pore-size distribution and effective porosity were

computed from SWR. Marshall’s equation (Marshall,

1958), Kozeny-Carman model (Ahuja et al., 1984), and

the modified Marshall’s equation (Rawls et al., 1993)

were used. A general empirical equation of Ksat based

on ka as developed by Loll et al. (1999) for a wide range

of soil types, was also used Eq. (1):

log Ksat ¼ 1:27 log ka þ 14:11 (1)

2.4. Statistical analyses

A split-plot design with stover treatments as main

plots and sampling depths as subplots was used to test

whether differences in Ksat among treatments were signi-
ficant (Snedecor and Cochran, 1989). A one-factor

analysis was conducted to test differences in midden

numbers, rb, SWR, and ka. Analyses were performed

using SAS (SAS Institute, 1999). Normality of the data

was tested using the Shapiro–Wilk’s W-test in SAS. Data

on Ksat and ka were log-transformed to normalize data,

and statistical analyses were conducted using trans-

formed data. Correlations and point-regression fits

among the measured soil properties were used to identify

relationships. Analyses of residuals and r2 were

conducted to determine the best fitting regression lines

between soil properties and rates of stover cover.

Stepwise multiple regression was used to develop PTFs

to estimate Ksat.

3. Results and discussion

3.1. Earthworm activity

Stover management affected the number of middens

at all sites (P < 0.01; Fig. 2). Midden numbers
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Fig. 3. Mean bulk density for two soil depths as a function of corn

stover rates at Coshocton, Hoytville, and South Charleston in Ohio.

Stover treatment effects on bulk density were not significant at

Coshocton and Charleston sites for the 10–20-cm depth.
decreased linearly at Coshocton (r2 = 0.97; P < 0.01)

and quadratically at Hoytville (r2 = 0.97; P < 0.01) and

Charleston (r2 = 0.92; P < 0.01) with stover removal

rate. Complete stover removal reduced midden numbers

11-fold at Coshocton and 17-fold at Hoytville and

Charleston compared to T100 and 20-fold compared to

T200 across sites. Results are in accord with those

reported for Rozetta and Palsgrove silt loams by Karlen

et al. (1994) where normal and double stover treatments

had more earthworms (78 m�2) than unmulched

treatments (53 m�2). Other studies in the U.S. Corn

Belt region have also shown enhanced earthworm

activity with increasing levels of residue left on the soil

surface (Bohlen et al., 1997; Willoughby et al., 1997).

The higher midden-forming activity of earthworms in

stover mulched plots could be attributed to the abundant

food supply, protective cover, increased soil water

content and favorable soil temperature under stover

mulch (Shaver et al., 2002).

Differences in the number of middens between T100

and T75 were significant at Charleston, but not at

Coshocton and Hoytville. Thus, removal of 25%

(1.25 Mg ha�1) of stover at Coshocton and Hoytville

did not negatively affect earthworm population, but it

did at Charleston. These contrasting results among sites

show the site-dependence of stover management effects

on earthworm activity probably due to differences in

previous management, soil properties, and microcli-

mate. Moreover, the marked differences in type and

length of tillage and cropping practices among the three

soils prior to the start of the stover experiment may have

influenced the differential stover removal effects on

midden numbers.

There were differences in earthworm activity

among stover removal rates. First, earthworms

redistributed small pieces of stover on the soil surface

of mulched plots, creating a dynamic fabric of stover-

enriched middens. These middens were microhabitats

protecting burrows and constituting unique micro-

environments for stover dynamics. Second, earth-

worms developed a network of surface-connected

burrows under the stover. Deep, vertical, burrows with

diameters of 4.1 � 0.8 mm extending beyond 20-cm

soil depth were observed during soil core sampling.

Third, observations during soil sampling also indi-

cated that more earthworms than implied by the

midden numbers were present in the 0–20-cm depth,

indicating that midden numbers did not represent the

actual number of earthworms. Fourth, while few or no

earthworm middens existed on the soil surface of T0

treatments, soil sampling showed several earthworms

below the soil surface, but fewer than those under
mulched treatments. Earthworms below the surface

probably fed on root-derived residues and soil organic

matter and were probably not the surface-feeding and

midden-building species, suggesting a possible shift in

earthworm species composition. Reduced number of

middens and surface-connected burrows in T0 could be

attributed to the absence of stover mulch. Earthworm

surface migration probably decreased with decrease in

stover mulch cover. Moreover, burrows open to the

surface under T0 and T25 were apparently blocked by

soil surface sealing and crusting.

3.2. Saturated hydraulic conductivity and bulk

density

The geometric mean of Ksat (Fig. 2) and the mean

of rb (Fig. 3) were affected by stover treatment at all

sites. Treatment � depth interaction for Ksat was not

significant at any site (P > 0.10), and therefore, Ksat

by treatment was averaged across depths. The Ksat
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increased and rb for the 0–10-cm depth decreased with

increase in stover cover. The Ksat increased linearly at

Hoytville (r2 = 0.93) and quadratically at Coshocton

(r2 = 0.92) and Charleston (r2 = 0.90) as stover cover

increased from 0 to 10 Mg ha�1 (P < 0.01; Fig. 2). The

Ksat decreased from 3.1 to 0.1 mm h�1 at Coshocton,

4.2 to 0.3 mm h�1 at Hoytville, and 4.2 to 0.6 mm h�1

at Charleston from T100 to T0. The trend in rb was the

opposite of Ksat (Fig. 3). The rb for the 0–10-cm depth

increased quadratically with increasing stover removal

at Coshocton (r2 = 0.92) and Hoytville (r2 = 0.93), and

linearly at Charleston (r2 = 0.76). The decrease in rb

from T0 to T100 was more abrupt at Coshocton

(1.42 Mg ha�1 versus 1.26 Mg ha�1) and Hoytville

(1.50 Mg ha�1 versus 1.32 Mg ha�1) than at Charleston

(1.51 Mg ha�1 versus 1.48 Mg ha�1). Difference in rb

for the 10–20-cm depth was only significant at

Hoytville, in which rb slightly decreased in a linear

trend with an increase in stover cover (Fig. 3). These

variations in the magnitude of change in Ksat and rb

by site were most probably due to differences in soil

texture and history of tillage-crop management.

For example, prior to the start of this experiment, NT

soils at Hoytville were disked every 2 years unlike those

at the other two sites that were under continuous NT.

Our results differed from those of Karlen et al.

(1994) who found no significant differences in Ksat and

rb at any depth when stover after harvest was

maintained, removed, and doubled in NT continuous

corn for 10-year in silt loams. In our study, 1 year of

stover removal produced large changes in Ksat and rb. In

the study of Karlen et al. (1994), Ksat and rb were highly

variable and earthworm numbers under T200 were only

1.5 times greater than under T0. Our study, earthworm

middens under T200 were about 20 times higher than

under T0. The Ksat results from our study were in accord

with those of Findeling et al. (2003) who observed a

linear increase in Ksat with increasing rates of stover

cover in a 4-year experiment on a sandy loam.

The higher Ksat and lower rb in mulched plots could

be attributed to stover-induced improvements in soil

structure and earthworm activity. Stover mulch prob-

ably buffered raindrop impact and reduced surface

sealing and crusting. In unmulched plots the soil surface

was smoother and had more massive soil structure than

that in mulched plots. Stover cover enhanced midden

formation, preserved structural macropores, decreased

rb, and total soil porosity. Comparison of Ksat with and

without macropore flow illustrated the dominant role

of bio-channels in the by-pass flow. The Ksat measured

at Hoytville without bentonite to plug earthworm

burrows (35.7 � 5.3 mm h�1) was 184 times higher
than Ksat with bentonite (0.19 � 0.05 mm h�1; P <
0.01). Similar studies reported that soil cores with

earthworm macropores can have 2–10 times higher Ksat

than those without macropores (Schjønning et al.,

2002). Although earthworm macropores may represent

only a small fraction of the total soil volume, their

contribution to Ksat can be very high (Logsdon et al.,

1990).

Differences in Ksat among T200, T100, and T75

were not significant, nor were those between T0 and

T25. The rapid increase in Ksat with increase in stover

retention from T0 to T75 followed by small changes

between T75 and T100, as portrayed by the quadratic

function in Fig. 2 for Coshocton and Charleston,

suggests that a threshold level of stover removal may

be about 25% whereas stover removal at rates >25%

(>1.25 Mg ha�1) could negatively impact Ksat. Con-

versely, the linear increase in Ksat with increase in

stover retention at Hoytville indicates that any

removal of stover would have a negative effect on

Ksat in these soils. Thus, high stover removal rates

could adversely affect Ksat and rb, but more research is

warranted to elucidate the long-term implications of

stover harvesting on soil physical quality.

3.3. Soil water retention and pore-size distribution

Stover management induced large and significant

differences in SWR in the 0–10-cm soil depth

particularly between 0 and �100 kPa soil water

potential (Fig. 4). The SWR decreased with increasing

stover removal rates (P < 0.01). The large differences

in SWR were rather surprising, indicating that even 1

year of stover removal profoundly impacted the soil’s

capacity to retain water. The high SWR at 0 kPa with

increasing stover cover showed that mulching increased

total soil porosity, which explains the higher Ksat in

mulched plots. Overall, T200, T100, and T75 retained

significantly greater water than T0 at all potentials

(P < 0.01). The magnitude of SWR differences, how-

ever, varied among sites (Fig. 4). The T100 retained 1.2

times greater water at Coshocton and Charleston, and 1.5

times greater water at Hoytville than T0 in the 0 to

�6 kPa. Morachan et al. (1972) also observed that SWR

between�0.1 and�1500 kPa increased with an increase

in stover retention rate on a Marshall silty clay loam.

The SWR for T100 did not differ from that of T75

at Coshocton, indicating that removal of 25% (1.25

Mg ha�1) of stover did not significantly reduce SWR

capacity. In contrast, T100 retained significantly greater

water than T75 between 0 and �100 kPa at Hoytville

and between �10 and �300 kPa at Charleston.
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Fig. 4. Soil water retention curves as affected by stover retention rate

of 10 (T200), 5 (T100), 3.75 (T75), 2.5 (T50), 1.25 (T25), and 0

(T0) Mg ha�1 of stover at Coshocton, Hoytville, and South Charleston

in Ohio. Error bars signify LSD0.05 values at each soil water pressure

potential.

Fig. 5. Soil pore-size distribution as affected by stover retention rate

of 10 (T200), 5 (T100), 3.75 (T75), 2.5 (T50), 1.25 (T25), and

0 Mg ha�1 of stover (T0) at Coshocton, Hoytville, and South Char-

leston in Ohio. Pore diameters from 25 to 100 mm are classified as

coarse mesopores, 5 to 25 mm as fine mesopores, and <5 mm as

micropores. Error bars signify LSD0.05 values for each pore diameter.

Fig. 6. Log-transformed air permeability (log ka) as a function of corn

stover retention rate at Coshocton, Hoytville, and South Charleston in

Ohio. Regression between bulk density and stover treatment was not

significant for Coshocton and Charleston.
Difference in SWR above and below >3.75 Mg ha�1

stover retention (T75) was the most striking at

Hoytville. The large differences in SWR for the higher

suctions at Hoytville (44% clay) and Charleston (22%)

than at Coshocton (15% clay) suggested that the effect

of stover removal was exacerbated with an increase in

clay content. Greater SWR with an increase in stover

retention was most likely due to improved soil structure

and continued addition of partially decomposed organic

materials from stover mulch. Organic materials from

slowly decomposing stover interact with the soil matrix

and increase the total specific surface area of the soil

essential to adsorption of water molecules (Kladivko,

1994).

Stover removal had less of an effect on pore-size

distribution than on other measured properties (Fig. 5).

Due to high variability, differences in macro- and
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microporosity were unaffected by stover removal

(P > 0.10). No differences in coarse mesoporosity

were observed except at Charleston where cumulative

volume of coarse mesopores for T200 was significantly

higher than that for other treatments. The largest effect

of stover removal was observed for fine mesopores. The

T200, T100, and T75 had greater cumulative volume of

fine mesopores than T50, T25, and T0 across soils.

These results suggest that soils with stover retention

rates >3.75 Mg ha�1 would drain faster than those with

retention rates <3.75 Mg ha�1. More importantly, the

volume of 5–25-mm water retention pores increased

with an increase in stover retention rate.
Fig. 7. Functional relationships of log-transformed saturated hydraulic cond

(log ka) for Coshocton, Hoytville, and South Charleston in Ohio. Regressio
3.4. Air permeability

The log ka was affected by stover levels at all sites

(P < 0.01; Fig. 6). The log ka increased linearly

(r2 = 0.98; P < 0.01) with an increase in stover

retention rates at Hoytville. At Coshocton and

Charleston, the response of log ka to stover retention

rate was grouped into two categories: (i) T200, T100,

and T75 with high log ka and (ii) T50, T25, and T0

treatments with low log ka (P < 0.01). On average, the

log ka for T200, T100, and T75 was 1.3 times higher

than for T50, T25, and T0 at Coshocton and Charleston.

This clear separation of treatment effects into two
uctivity (log Ksat), bulk density, and log-transformed air permeability

n functions were all significant at the P � 0.01.
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Fig. 8. Comparison of measured and predicted log-transformed satu-

rated hydraulic conductivity (log Ksat) using the pedotransfer function

of Loll et al. (1999).
groups suggested that stover removal rates <1.25

Mg ha�1 would not significantly affect ka. At Hoytville,

T25 and T0 had lower log ka than the other stover levels.

Compared to other sites, ka at Hoytville for T100 and

T75 was significantly lower. Trends in ka were similar to

those of Ksat, increasing with an increase in stover

retention rates. Air flow through soil would be

comparable to water flow at low suctions, occurring

preferentially through large and continuous macropores

(Iversen et al., 2003). The increase in ka with an increase

in stover retention paralleled the increase in rb (Fig. 3),

suggesting that air flow occurred predominantly through

structural macropores in accordance with Pouseuille’s

law. Overall, stover removal at rates >25%

(1.25 Mg ha�1) would significantly alter the dynamics

of air flow and gaseous exchange in these soils.

Unlike some of the previous studies which did not

observe significant stover treatment effects on soil

properties because of the high variability of the data, in

this study, effects of stover treatments on water and air

flow through the soil were not only rapid but also

significant although the magnitude of changes varied

with soil. These significant differences may be

attributed to the uniformity of the experimental units

in terms of soil and slope.

3.5. Interrelationships among measured soil

properties

High and significant correlations existed among

several soil properties. The log Ksat was positively

correlated with number of earthworm middens

(P < 0.01). Earthworm midden numbers explained

45% of the variability in Ksat. Open-ended burrows

observed in some soil cores were conduits for rapid

saturated flow and high Ksat. A decrease in rb increased

Ksat (P < 0.01; Fig. 7). The increase in rb with an

increase in stover removal decreased total porosity and

Ksat. Variation in rb explained 46% of the variability in

log Ksat at Coshocton, 64% at Hoytville, and 31% at

Charleston (Fig. 7). Favorable soil structure with

mulching may have been responsible for the higher

Ksat across all soils. Singh et al. (1996) also reported that

straw mulching increased Ksat compared with

unmulched soils. Log Ksat was linearly correlated to

log ka at all three sites (P < 0.01; Fig. 7). Changes in

log ka explained 61% of the variability in Ksat at

Coshocton, 47% at Hoytville, and 39% at Charleston.

These results indicating significant Ksat–ka relationships

were in accord with several studies and indicated that ka

could be a strong predictor of Ksat (Loll et al., 1999;

Iversen et al., 2003). Differences among sites in the
slopes and intercepts of regressions in Fig. 7 indicated

site-specificity. Similar to Ksat, ka was also positively

correlated with the number of earthworm middens, and

negatively with rb (Fig. 6). Variation in the number of

middens accounted for 45% of the variability in ka.

Other studies have reported that ka can be directly

correlated with earthworm population density (Spring-

ett et al., 1992). Earthworms, through their burrowing

activities, provide pathways for rapid O2 and CO2 flow

in the soil profile (Savin et al., 2004).

3.6. Ksat predictions and development of

pedotransfer functions

Predicted Ksat using physically-based models (Mar-

shall, 1958; Ahuja et al., 1984; Rawls et al., 1993) was

not strongly associated with measured Ksat (P > 0.10),

indicating that these models were not sufficiently

sensitive to changes in Ksat due to measured changes in

effective porosity and pore-size distribution. Conver-

sely, the PTF in Eq. (1) performed better than the

physical models, explaining 43% of the variance in

measured log Ksat across sites (Fig. 8). The PTF,

however, overestimated measured values by 11-fold.

Site-specificity of PTFs may explain the overestima-

tion. Alternatively, based on the strong correlations in

this study, Ksat predictive PTFs were developed using

the measured properties as input for each site and across

three sites (Table 2). The ka was a significant

determinant of Ksat at Coshocton and Charleston, while

rb was a potential input to predict Ksat at Hoytville.
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Table 2

Regression coefficients for the pedotransfer functions of saturated hydraulic conductivity using bulk density (rb) and log-transformed air

permeability (log ka) as predictors for the soils at the Coshocton, Hoytville, and South Charleston sites in Ohio

Variable Coshocton Hoytville Charleston Across sites

Parameter estimate P < F Parameter estimate P < F Parameter estimate P < F Parameter estimate P < F

Intercept 0.21 0.04 9.31 <0.01 0.40 <0.01 0.26 <0.01

Log ka 0.38 <0.01 0.21 <0.01 0.38 <0.01

rb �6.69 <0.01

r2 0.61 0.64 0.39 0.43
Across sites, ka was the single best predictor of Ksat. Loll

et al. (1999) also observed that log ka was the most

sensitive parameter to estimate Ksat. The ka is easier to

measure than Ksat (Loll et al., 1999).

4. Conclusions

Corn stover removal can rapidly alter earthworm

activity, water retention and transmission, and air flow,

as shown for this study for 1 year, across three soils in

Ohio. Improvements in earthworm population and

hydraulic properties attributed to long-term NT

management can be quickly negated if stover is

harvested for biofuel production or other uses. The

magnitude of stover removal effects, however, may vary

among soils due to differences in soil properties and

type and length of previous tillage and crop manage-

ment. Maintaining crop residue on the soil surface is

essential to enhancing earthworm activity and improv-

ing near-surface soil water and air flow parameters.

Removal of stover for biofuel production from NT

management systems at rates <1.25 Mg ha�1 may not

be detrimental to soil properties. Continuous monitor-

ing of long-term studies will be needed to fully discern

the effects of stover removal on soil physical properties

to develop sustainable thresholds for stover removal.

Pedotransfer functions based on air permeability may

be useful approaches to predict saturated hydraulic

conductivity under variable rates of stover retention.
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