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Long-Term No-Till Impacts on Organic 
Carbon and Properties of Two Contrasting 

Soils and Corn Yields in Ohio

Soil & Water Management & Conservation

The choice of tillage and rotation practices suitable for an area depends on 
the climate, the type of soil, and the crop. Th ese practices, when used in 
a favorable environment, help in improving soil properties and sustain-

ing crop productivity by infl uencing, for example, SOC, aggregation and stability 
(Yang et al., 2007), and water retention of soils (Blanco-Canqui and Lal, 2008). 
Intensive tillage, however, disrupts the soil structure (Madari et al., 2005) and in-
creases the oxidation of soil organic matter (SOM) because of increased aeration 
and microbial activity (Vance, 2000). Th us, it depletes the SOC stocks through 
erosion (Blanco-Canqui and Lal, 2008). It has been reported that conversion of 
natural systems to agroecosystems can deplete the SOC stock by as much as 40% 
for soils under forest to ∼60% for those under grassland (Blanco-Canqui and Lal, 
2008; West and Post, 2002). Th e NT system has been used in the Corn Belt soils 
of the U.S. Midwest for more than half a century (Wander et al., 1998) to enhance 
corn and soybean production. Th erefore, this system is being promoted as an al-
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Tillage infl uence on soil properties and crop productivity depends on soil, 
crop, climate, and duration. Two long-term experimental sites with contrast-
ing soils were selected to assess the infl uence of no-till (NT), minimum tillage 
(MT), and plow tillage (PT) under continuous corn (Zea mays L.) and corn–
soybean [Glycine max (L.) Merr.] (CS) rotations on soil organic C (SOC) stock, 
bulk density (ρb), water-stable aggregation (WSA), aggregate tensile strength, 
penetration resistance, available water capacity (AWC), and corn yield. Exper-
iments began in 1962 in northeast Ohio on a well-drained silt loam soil and 
in 1964 in northwest Ohio on a poorly drained clay loam soil. Results were 
compared with soil under an adjacent undisturbed woodlot (WL). The WL soils 
had the highest SOC content and stock. In the cultivated silt loam soil, stock 
was higher under NT (20.7 Mg ha−1) followed by MT (17.3 Mg ha−1) and PT 
(16.8 Mg ha−1) for the 0- to 10-cm depth. Soil ρb for this depth was lower 
under NT by 8 and 3% than PT and MT, respectively. The percentage of total 
WSA >2000 μm in soil under NT (47%) was signifi cantly higher than under 
MT (38%) or PT (34%). A similar trend was observed for the clay loam soil. 
Rotation also infl uenced soil properties. Corn yields were higher (3 yr) and 
lower (1 yr) during 5 yr for the silt loam soil under PT than NT and unaffected 
or slightly higher under NT for the clay loam soil. Long-term (47–49 yr) use of 
NT practices are highly sustainable and result in higher SOC and WSA, lower 
ρb, and greater AWC content than MT or PT.

Abbreviations: CC, continuous corn; CS, corn–soybean; AWC, available water capacity; 
MT, minimum tillage; MWD, mean weight diameter; NT, no-till; PT, plow tillage; SOC, 
soil organic carbon; SOM, soil organic matter; SPR, soil penetration resistance; TS, tensile 
strength; WSA, water-stable aggregation.
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ternative to more intensive tillage systems to restore SOC stocks 
and to improve soil properties (Blanco-Canqui et al., 2009).

Aggregate size and stability are strongly infl uenced by dif-
ferent tillage and cropping sequences. Th ese structural attributes 
play a major role in providing adequate habitat and protection 
for soil organisms, supplying O2 to roots, reducing the risks of 
accelerated soil erosion (Franzluebbers, 2002), and enhancing 
crop productivity. Th e NT systems result in more plant residues 
on the soil surface, which protect the soil from crusting and 
surface sealing (Lentz and Bjorneberg, 2003). Th us, macroag-
gregate formation and stability, due to increased microbial activ-
ity and production of binding agents, is enhanced (Golchin et 
al., 1994). Macroaggregates under NT soils protect fresh SOM 
from decomposition (Beare et al., 1994), whereas PT disrupts 
these aggregates, releases bound microaggregates and SOM con-
tained within macroaggregates, and makes it more susceptible to 
decomposition (Six et al., 2000).

When soil is continuously tilled by heavy machinery, the 
bulk density (ρb) and soil penetration resistance (SPR) of these 
soils increases progressively, which decreases the water retention 
(Dao, 1996). In contrast, soils under NT remain undisturbed, 
and residues that remain in and on the soil from previous crops 
support the buildup of an elaborate subsurface channel network 
(Dao, 1996). Subsequently, the SOC stock under NT systems 
improves, which decreases the ρb and SPR and hence improves 
pore size distribution and AWC compared with those under re-
duced or full inversion PT (Blanco-Canqui and Lal, 2008). Fur-
thermore, tillage also infl uences the tensile strength (TS) of ag-
gregates, which is a sensitive indicator of the soil physical quality 
(Rahimi et al., 2000). Soils with higher SOC content generally 
have decreased TS of aggregates (Blanco-Canqui et al., 2005).

Th e eff ects of tillage and cropping systems on SOC, WSA, 
TS, ρb, and SPR vary spatially and temporally, yet most studies 
are limited to short durations and their results are mostly site 
specifi c (Kennedy and Schillinger, 2006). Con-
clusions drawn from short-term studies can be 
contradictory and misleading due to diff erences in 
prevailing climates and soil properties, antecedent 
conditions, crop rotations, etc., not yet reaching 
equilibrium conditions (Ferreras et al., 2000; Lal 
and Van Doren, 1990). Furthermore, long-term 
studies are needed to assess the eff ects of diff erent 
cropping systems and management on soil produc-
tivity (Mrabet et al., 2001). Credible data based on 
long-term tillage and rotation systems on soil prop-
erties and crop yields in contrasting soil types are 
needed for identifying and implementing the best 
management practices for enhancing and sustain-
ing productivity. Th erefore, the specifi c objectives 
of this study were to assess the eff ects of long-term 
tillage and cropping systems on SOC, some soil 
properties, and corn yield and to compare the soil 
properties with those measured for undisturbed 
natural ecosystems.

MATERIALS AND METHODS
Long-Term Experimental Sites

Th e long-term experimental sites are located at the Ohio 
Agricultural Research and Development Center (Wooster, 
OH; 40°25′ N, 83°15′ W; Fig. 1) on a well-drained Wooster 
silt loam soil (a fi ne-loamy, mixed, active, mesic Oxyaquic Fra-
giudalf ) and at the Northwestern Agricultural Research Station 
(Hoytville, OH; 41°29′ N, 84°9′ W; Fig. 1) on a poorly drained 
Hoytville clay loam soil (a fi ne, illitic, mesic Mollic Epiaqualf ). 
Th e Wooster plots were established in 1962 (49 yr) and those 
at Hoytville in 1964 (47 yr). Treatments included three tillage 
systems—NT, MT, and PT—and two cropping sequences—CC 
and CS. Each crop in the CS rotation was planted every year. 
Th ese two experiments were established to monitor the long-
term eff ects of tillage and crop sequences on soil properties and 
agronomic productivity (Dick et al., 1991).

At the Wooster site, the PT system involved moldboard 
plowing to a depth of 20 to 25 cm in the spring of each season, 
followed by a 10-cm-deep secondary tillage (disking or fi eld cul-
tivator) before planting. Th e MT system involved chisel plow-
ing, without soil inversion, to a depth of 20 to 25 cm in spring, 
followed by a single pass of a fi eld cultivator to the 10-cm depth 
just before planting. Th e MT system retains crop residues on 
the soil surface but oft en less than the 30% normally required 
to qualify as a conservation tillage practice. Th e PT treatment 
incorporates almost 100% of the residues. Th e NT treatment in-
volved complete elimination of pre-plant tillage operations, and 
seed was planted directly into soil that had residues remaining 
on the surface from the previous year’s crop. Research plots were 
22.3 by 4.3 m, with the long dimension up and down the slope 
(2–4%). Soils of this site are well drained and silt loam in tex-
ture. Th e mean annual temperature is 9.1°C, and mean annual 
precipitation is 905 mm (Dick et al., 1998).

Fig. 1. Location of long-term sites for the Hoytville and Wooster soils in the state of 
Ohio and location of Ohio in the United States.
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At the Hoytville site, tillage was performed in the fall ev-
ery year. During the 6-yr interval before 1962 and 1963, this site 
was under a corn–oat (Avena sativa L.)–meadow rotation, with 
plowing and disking during 4 of the 6 yr. Soils at this site are non-
sloping and have poor drainage when wet but cracks when dry. 
Research plots at this site were 27.4 by 6.1 m in size. At this site, 
tile drains have been installed at 17-m spacing. Th e mean annual 
temperature at Hoytville site is 9.9°C, and mean annual precipi-
tation is 845 mm (Dick et al., 1998).

Th e WL areas at both sites included part of the remnants of a 
hardwood forest, which dominated the area before the land clear-
ing that occurred in the 1930s and have no history of agricultural 
disturbances (Mishra et al., 2010). Th e experimental design at 
both sites was a factorial randomized block with three replications.

Treatments, Soil Sampling, and Analysis
Soil samples (n = 36 for each site) were collected with a 

shovel from both long-term sites (Wooster and Hoytville) dur-
ing July 2011 from the three tillage (NT, MT, and PT) and two 
cropping systems (CC and CS) from all plots at the 0- to 10- 
and 10- to 20-cm depths. In addition, soil samples from these 
depths were also collected in triplicate (n = 6 for each site) from 
nearby natural undisturbed soils (WL). Th e soil samples from 
the WL sites were collected in three replicated areas at a distance 
of at least 2 m from the base of tree trunks. Intact soil cores (n 
= 72 for each tillage treatment and 12 samples from WL areas 
of each site) of 5.35-cm diameter and 6.0-cm length were also 
collected with a core sampler at four (0–10, 10–20, 20–30, and 
30–40-cm) depths. At both sites, the long-term tillage plots and 
WL areas were next to each other, and hence, had similar soil and 
slope characteristics. Bulk soil samples were air dried and passed 
through 8- and 5-mm mesh screens to collect soil aggregates be-
tween the 5- and 8-mm sizes. Disturbed soil samples and intact 
soil cores were labeled, trimmed at both ends (for the intact core 
samples), sealed in plastic zip-lock bags, transported to the labo-
ratory, and stored at 4°C pending analysis.

Soil Bulk Density and Organic Carbon Stock
Soil ρb for the 0- to 10-, 10- to 20-, 20- to 30-, and 30- to 40-

cm depths was determined by the core method (Grossman and 
Reinsch, 2002). Soil cores were dried at 105°C until constant 
weight (about 48 h), and the oven-dry soil weight was divided by 
the core volume to calculate the ρb.

Soil samples were also collected using a metallic auger at the 
0- to 10-, 10- to 20-, 20- to 30-, and 30- to 40-cm depths for de-
termining the SOC concentration by the dry combustion meth-
od (900°C) using a vario Max CN elemental analyzer. Th e pH of 
the soils at both sites ranged from 5.3 to 5.5, and soil inorganic 
carbon (SIC) concentrations were ≤0.1%. Th erefore, the SIC 
content was ignored and total C was considered to be SOC (e.g., 
Jagadamma and Lal, 2010). Furthermore, the SOC stocks were 
estimated based on an equivalent soil mass–depth basis to cor-
rect for diff erences in bulk density among the treatments (Ellert 
and Bettany, 1995). Th e SOC stock (Mg ha−1) was computed by 

multiplying the SOC concentration by the ρb (Mg m−3) and the 
equivalent soil depth d (m):

( )2 1
b s

SOC stock

SOC 10, 000 m  hadρ −

=

×
 

[1]

where SOCs is the SOC concentration of the equivalent depth 
d (kg kg−1).

Water-Stable Aggregation
Th e size distribution and amount of WSA were measured 

using the wet sieving method (Yoder, 1936). Six sieves of 6.375-, 
3.375-, 1.5-, 0.75-, 0.375-, and 0.150-mm-diameter openings 
were nested and placed into a Yoder apparatus (Kemper and 
Rosenau, 1986) for the aggregate analysis. Air-dried aggregates 
(5–8 mm, 50 g) were slowly wetted by capillarity by adjusting the 
water level in the container so that the base of the top sieve just 
touched the water. Th e sieve nest was oscillated mechanically in 
the water at 60 oscillations min−1 for 30 min. Aggregates retained 
in the sieves were transferred to glass beakers. Th e weight of each 
of six fractions was measured aft er drying at 40°C for 2 to 3 d. Th e 
data from the six aggregate size fractions were grouped into four 
fractions: large macroaggregates (>2000 μm), small macroaggre-
gates (>250–2000 μm), microaggregates (53–250 μm), and silt- 
and clay-sized microaggregates (<53 μm). Th e data were analyzed 
to compute WSA (Kemper and Rosenau, 1986) and the mean 
weight diameter (MWD) (Youker and McGuinness, 1957).

Tensile Strength of Aggregates
Th e TS of aggregates for all the tillage treatments and the 

WL areas at both sites was determined for the air-dry aggregates of 
4.75- to 8.00-mm size from the 0- to 10- and 10- to 20-cm depths. 
A subsample of air-dry soil from each depth was gently broken and 
passed through sieves having 4.75- and 8-mm openings. Th e TS of 
these aggregates was determined by measuring the force required 
to crush an individual aggregate (Dexter and Watts, 2001). A total 
of 378 (n = 9 per depth for each plot including 54 from WL areas) 
aggregates from each site were used for the determination of the 
TS. Th e TS of aggregates was computed by (Rogowski et al., 1968)

2TS Fk
D

⎛ ⎞= ⎜ ⎟⎝ ⎠
 [2]

where F is the vertical force (N) applied to break the aggregate, 
D (m) is the mean aggregate diameter, and k is a dimensionless 
constant equal to 0.576. Th e diameter (d) of the aggregate was 
estimated as

1 2

2
s sd +=  [3]

where s1 and s2 are the openings of the upper and lower sieves 
used for that specifi c size class.
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Soil Penetration Resistance
Th e SPR measurements were made for the 0- to 5- and 5- 

to 10-cm depths for all the tillage and cropping systems at both 
sites using an Eijkelkamp-type hand penetrometer (Herrick and 
Jones, 2002). Six SPR readings were made at each plot and the 
average value was used to represent the SPR of each plot. Soil 
water samples were also collected to confi rm that any diff erences 
between the treatments were due to SPR and not to the water 
content. Th e SPR measurements were standardized for moisture 
changes using the following relationship developed by Busscher 
and Bauer (2003):

c o
0.1SPR SPR exp

0.132
x −⎛ ⎞= ⎜ ⎟⎝ ⎠

 [4]

where SPRc is the adjusted penetration resistance (kPa), SPRo 
is the measured penetration resistance, x is the water content 
(kg kg−1), and 0.1 is the selected water content for standardiza-
tion (0.1 kg kg−1).

Available Water Capacity
Soil water retention at matric potentials of −33 and −1500 

kPa was measured using a pressure plate apparatus (Soil Mois-
ture Equipment Corp.) (Dane and Hopmans, 2002). Th e undis-
turbed soil cores were used for calculating the soil water reten-
tion at fi eld capacity (−33 kPa), whereas disturbed sieved sam-
ples (<2-mm size) were used to determine the permanent wilting 
point (−1500 kPa). Volumetric values for water retention were 
calculated from the gravimetric data using the ρb. Th e AWC of 
the soil was calculated from the diff erence in volumetric mois-
ture content at −33 and −1500 kPa. Th e AWC was computed 
for all treatments including the WL areas for the 0- to 10- and 
10- to 20-cm soil depths.

Statistical Analysis
Soil samples collected from the randomized complete block 

design at two locations from three tillage and two crop rotations 
were analyzed separately with the PROC MIXED module of SAS 
(SAS Institute, 2007). Tillage, rotation, and depth were designated 
as fi xed eff ects and replication was designated as a random eff ect in 
the model. A separate analysis was also performed to compare the 
treatments including WL using the PROC MIXED module of 
SAS. Estimates for the diff erences between treatments at diff erent 
depths were obtained using the MIXED procedure in SAS. Sta-
tistical diff erences were declared signifi cant at the α = 0.05 level.

RESULTS AND DISCUSSION
Soil Organic Carbon

Data for SOC concentrations (g kg−1) and stocks (Mg ha−1) 
of the diff erent treatments at the Wooster and Hoytville sites are 
presented in Table 1. Th e WL soils had the highest stocks com-
pared with the cultivated soils. Th is was attributed to the incor-
poration of dead roots and faunal transport of residues in WL 
areas (Balesdent et al., 2000).

At the Wooster site, the SOC content and stocks were sig-
nifi cantly higher under NT than the MT and PT systems for 
the 0- to 10- and 10- to 20-cm depths and remained unaff ected 
beyond 20 cm. Mean SOC content ranged from 3.41 to 26.8 g 
kg−1. Th e SOC content and stock values decreased with increas-
ing depth. Th e stock values under NT were 20 and 7% higher for 
the 0- to 10- and 10- to 20-cm depths, respectively, compared 
with MT, and 23 and 39% compared with the PT treatment. 
Total SOC stocks for the 0- to 40-cm depth were 7% higher un-
der NT (51.3 Mg ha−1) than PT (47.8 Mg ha−1), whereas SOC 
stocks were 2% lower under NT than MT (52.5 Mg ha−1).

At the Hoytville site, the SOC content was infl uenced by 
tillage at the 0- to 10- and 10- to 20-cm depths, and a higher 
value was observed under NT (19.9 and 17.1 g kg−1, respective-
ly) than PT (15.1 and 12.8 g kg−1, respectively). Th e SOC stock 
was also signifi cantly diff erent among the tillage systems for the 
0- to 10-cm depth only, where it was 25% higher under NT than 
PT. Th e total SOC stock for the 0- to 40-cm depth was 4 and 
13% higher under NT (64.4 Mg ha−1) than MT (61.7 Mg ha−1) 
and PT (57.2 Mg ha−1), respectively. At both sites, in general, 
SOC content and stock values were higher for NT than MT and 
PT for the top 20-cm depth, and beyond this depth, the stock 
was almost the same. Rotation did not infl uence the contents or 
stocks at either site.

Soils at both sites had a history of tillage and crop rotation 
since 1962. Th erefore, among cultivated soils, PT was consid-
ered to be a control, and NT and MT systems were compared 
with PT. Furthermore, cultivated soils were also compared with 
that of native vegetation (WL). Our data show that aft er using 
NT practice for more than four decades (47–49 yr), the SOC 
stock was improved compared with soils under PT. In general, 
the SOC stock was higher under CC than the CS rotation; how-
ever, diff erences were not signifi cant. Th is was attributed to the 
higher residues added to the soil from corn under CC compared 
with soybean in the CS rotation.

In a 28-yr experiment involving continuous PT vs. NT on 
a Chalmers silty clay loam soil (a fi ne-silty, mixed, superactive, 
mesic Typic Endoaquoll), Gal et al. (2007) observed that NT 
resulted in an overall gain of 10 Mg ha−1 SOC to the 1-m depth. 
Th e SOC content was higher under NT up to 15 cm, there was 
no diff erence up to 30 to 50 cm, and NT had a reduced SOC 
content up to the 60-cm depth. Th ese researchers also reported 
from the same experiment that CC stored slightly more SOC 
than a CS rotation; however, no substantial gain in SOC was ob-
served with CC. Wander et al. (1998) conducted a study in cen-
tral Illinois on a somewhat poorly drained Aquic Argiudoll silt 
loam and a poorly drained Typic Haplaquoll silty clay loam to 
compare the SOC between NT and PT systems. Th ey observed 
that both systems adopted for a 19-yr duration had varied eff ects 
on the SOC depth distribution because of initial C contents and 
textures. Th e SOM-C was 25% higher for the 0-to 5-cm depth 
under the NT system compared with the PT system. Th e NT 
practice, however, is not always eff ective in SOC sequestration, 
especially in fi ne-textured soils, under cold and poorly drained 
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conditions, and in soils with high antecedent SOC content 
(Yang and Wander, 1999). Th erefore, it takes longer to observe 
the benefi cial eff ects of NT practices on SOC stocks based on 
climate and soil properties (Miller et al., 2004). Higher SOC 
stocks in the 0- to 5-cm depth under NT adopted for 41 yr com-
pared with that under PT in silt loam soils was also reported by 
Jarecki and Lal (2005); however, they did not observe any eff ect 
on SOC stock aft er 16 yr of NT compared with PT on Hoytville 
clayey soil.

Compared with NT, the PT practice enhances SOC and N 
mineralization by incorporating crop residues, disrupting soil ag-
gregates, and increasing aeration, hence reducing the SOC and 
N contents (Balesdent et al., 1990). It was reported by West and 
Post (2002) from a global analysis of long-term agricultural man-
agement experiments that conversion of PT to NT can sequester 
0.57 Mg C ha−1 yr−1 during 15 to 22 yr. For the present study, 
a total gain of 0.19 and 0.17 Mg ha−1 yr−1 was observed for the 
top 20-cm soil profi le for NT practices adopted for 47 and 49 
yr, respectively. Th e diff erence in total stock gain is attributed 
to climate and soil type. Long-term NT management has im-
proved the SOC stock under NT compared with PT practices. 
Th e stock of the Hoytville soils was higher due to the formation 

of these soils in a poorly drained landscape and in fi ne-textured 
parent materials (Dick, 1983).

Soil Bulk Density
Data on soil ρb for all the treatments at both sites are repre-

sented in Fig. 2. At the Wooster site, the tillage treatments signif-
icantly infl uenced the ρb in the 0- to 10- and 10- to 20-cm depths 
(P < 0.01). For these depths, ρb values in the NT soil (1.31 and 
1.37 Mg m−3, respectively) were signifi cantly lower than those 
under PT (1.42 and 1.45 Mg m−3, respectively) and MT treat-
ments (1.35 and 1.41 Mg m−3, respectively). Soil ρb for the 20- 
to 30-cm depth was diff erent only between NT and PT treat-
ments. Th e WL soils had the lowest ρb, but little diff erences in ρb 
were observed between WL and NT soils. Soil ρb increased with 
increasing depth up to 40 cm. Crop residue accumulation on the 
soil surface of NT soils improved the SOC stock and reduced 
the ρb. In contrast, mechanical tillage in PT plots increased the 
soil ρb compared with the NT and MT systems. For the 0- to 10- 
and 10- to 20-cm depths 8 and 6% higher values, respectively, for 
ρb were observed in PT compared with NT, and 5 and 3% higher 
values, respectively, compared with the MT system. Crop rota-
tion also signifi cantly aff ected the ρb but only for the 0- to 10-cm 
and 10- to 20-cm depths. Th e soil ρb under the CS rotation was 

Table 1. Soil organic C (SOC) concentrations and stocks for the 0- to 10-, 10- to 20-, 20- to 30-, and 30- to 40-cm depths main-
tained under long-term tillage and crop rotations and woodlots for the Wooster and Hoytville sites.

Treatment†
SOC SOC Stock

0–10 cm 10–20 cm 20–30 cm 30–40 cm 0–10 cm 10–20 cm 20–30 cm 30–40 cm

————————— g kg−1 ————————— ———————— Mg ha−1 —————————
Wooster

Tillage

 PT 14.0 c‡ 9.52 b 7.01 ab 5.05 b 16.8 c 13.2 b 10.2 ab 7.53 a

 MT 15.1 c 12.7 a 7.61 ab 5.21 b 17.3 c 17.2 ab 10.4 ab 7.55 a

 NT 18.8 b 14.0 a 5.43 b 3.41 b 20.7 b 18.4 a 7.41 b 4.83 a

 WL 26.8 a 16.1 a 11.4 a 6.53 a 28.9 a 21.3 a 15.7 a 9.43 a

Rotation

 CC 16.2 a 12.4 a 6.22 a 4.53 a 18.0 a 16.8 a 9.38 a 6.71 a

 CS 15.7 a 11.7 a 6.01 a 4.58 a 18.6 a 15.7 a 9.31 a 6.53 a

Analysis of variance P > F

Tillage <0.01 0.01 0.34 0.30 0.03 0.03 0.34 0.28

Rotation 0.65 0.78 0.85 0.81 0.62 0.47 0.96 0.92

T illage × rotation 0.07 0.13 0.11 0.76 0.05 0.09 0.18 0.98

Hoytville

Tillage

 PT 15.1 c 12.8 c 10.8 b 7.07 b 17.7 c 15.9 c 13.7 b 9.85 b

 MT 17.9 b 15.5 bc 10.6 b 8.65 b 20.5 bc 17.9 bc 12.1 b 11.2 ab

 NT 19.9 b 17.1 b 9.89 b 8.45 b 22.1 b 19.7 b 12.1 b 10.5 b

 WL 56.5 a 38.9 a 22.5 a 16.2 a 62.6 a 33.4 a 27.0 a 19.8 a

Rotation

 CC 17.1 a 15.1 a 10.6 a 7.93 a 19.6 a 17.9 a 13.1 a 10.2 a

 CS 18.1 a 15.4 a 10.3 a 8.41 a 20.7 a 17.7 a 12.1 a 10.8 a

Analysis of variance P > F

Tillage <0.01 0.02 0.74 0.80 0.02 0.12 0.70 0.91

Rotation 0.28 0.85 0.72 0.91 0.33 0.95 0.73 0.79

T illage × rotation 0.40 0.52 0.33 0.82 0.47 0.56 0.40 0.63

†  PT, plow tillage; MT, minimum tillage; NT, no-till; CC, continuous corn; CS, corn–soybean rotation; WL, woodlot areas with undisturbed soil.
‡  Means followed by different letters within a column, treatment, and site are signifi cantly different at P < 0.05.
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decreased by 3 and 2% in the 0- to 10- and 10- to 20-cm depths, 
respectively, compared with that under CC.

Th e soil ρb was also signifi cantly aff ected by tillage at the 
Hoytville site (P < 0.01; Fig. 2) in the 0- to 10- and 10- to 20-cm 
depths. Among tillage systems, soils under NT had the lowest 
ρb followed by that under the MT and PT treatments up to the 
20-cm depth. A signifi cant decrease in ρb, from 1.32 Mg m−3 
under PT to 1.30 Mg m−3 for MT and 1.26 Mg m−3 for NT, was 
observed only in the 0- to 10-cm depth. For the 10- to 20-cm 
depth, ρb was signifi cantly lower (6%) only in soils under NT vs. 
PT. Crop rotation also infl uenced ρb; however, diff erences were 
signifi cant only in the 0- to 10-cm depth (P < 0.01). Soil ρb was 
negatively correlated with SOC concentration with r2 = 0.54 for 
Wooster and 0.43 for Hoytville. Th e lowest ρb was observed in 
soils under WL areas for all four depths compared with the cul-
tivated soils. Similar trends were also reported by Mishra et al. 
(2010) and Murty et al. (2002). Th e tillage × rotation interac-
tion for ρb was nonsignifi cant for both sites.

When NT is practiced continuously for a long duration, crop 
residue accumulates on the soil surface and promotes soil aggre-
gation, which subsequently decreases the soil ρb (Blanco-Canqui 
and Lal, 2004). Furthermore, the reduction in soil ρb under NT 
compared with MT or PT can be attributed to better root growth, 
which can add additional SOM under NT. Aft er 47 and 49 yr, the 
SOC stock improved and ρb was reduced under NT compared 
with PT systems established on both soils. Our fi ndings are in 
accord with those reported previously for these sites (Dick et al., 
1991, 1998). Roots of previous crops under NT plots remain un-
disturbed and build up an elaborate subsurface channel network 
(Dao, 1996), which decreases the soil ρb. In contrast, the surface 
soil under PT was crusted and compacted compared with that 
under NT and MT at both sites. In accord with the present data, 
signifi cantly lower ρb values aft er 9 yr of NT compared with PT 
were reported by Dao (1996) for some silt loam soils. Th is is not 
always true when NT is used for such a short duration. In a cal-

cic clay loam, Bescansa et al. (2006) reported higher ρb under NT 
than PT aft er 5 yr. Dick et al. (1991) also concluded that improve-
ment in soil properties and crop yield are diffi  cult to observe aft er a 
short duration (2–3 yr) of NT management, and benefi cial eff ects 
become much more evident when observations are made at sites 
with long-term NT histories.

Diff erences in ρb values among sites are attributed to diff er-
ences in soil type and climate. Soil ρb values for the Hoytville site 
were lower than those for the Wooster site partially because of a 
diff erence in soil texture between these sites. A higher clay con-
tent (Hoytville soil) stabilizes the soil SOC by adsorption, ag-
gregation, and slow turnover (Alvarez and Lavado, 1998). Th ere-
fore, the Hoytville clay loam had a lower soil ρb than the Wooster 
silt loam. Continuous use of NT can improve soil quality.

Aggregate Stability and Mean Weight Diameter
Th e WSA and MWD data for the 0- to 10-cm and 10- to 

20-cm depths under the diff erent treatments are presented in 
Table 2. At the Wooster site, tillage signifi cantly aff ected mac-
roaggregates (>2000 μm) and silt- and clay-sized microaggre-
gates (<53 μm) in the 0- to 10-cm depth and all the aggregate 
size fractions except the silt- and clay-sized microaggregates for 
the 10- to 20-cm depth (P < 0.05); however, most signifi cant 
diff erences occurred between the NT vs. PT treatments. In the 
0- to 10-cm depth, soils under NT (47%) had signifi cantly more 
macroaggregates (>2000 μm) than those under MT (38%) or 
PT (34%). Retention of crop residues on the soil surface under 
NT signifi cantly improved macroaggregate formation compared 
with PT (Lichter et al., 2008). Mechanical tillage contributes to 
the breakdown of soil macroaggregates in MT and PT systems.

Th e relative abundance of macroaggregates (>2000 μm) 
decreased with increasing depth for all tillage systems at the 
Wooster site. Th e soils under PT had higher amounts of micro-
aggregates than those under NT and WL areas because of the 
disturbance created by cultivation in PT plots; however, diff er-
ences were not signifi cant among all aggregate size fractions. Ro-
tation signifi cantly infl uenced the macroaggregates in the 0- to 
10-cm depth only. Soils under the CS rotation had 22% more 
WSA than soils under CC.

Th e MWD was signifi cantly aff ected by tillage for the 0- to 
10- and 10- to 20-cm depths at the Wooster site (P < 0.01; Table 
2). Th e MWD ranged from 0.82 (PT) to 2.53 mm (WL) for the 
0- to 10-cm depth and from 0.53 (PT) to 1.77 mm (WL) for the 
10- to 20-cm depth. Among tillage systems, soils under NT had 
higher MWD than those under MT and PT treatments. Simi-
lar results of higher MWD for NT soils were also reported by 
Shukla and Lal (2005). Rotation also infl uenced the MWD for 
the 0- to 10-cm depth only.

For the cultivated soils at the Hoytville site, NT resulted in 
signifi cantly more large macroaggregates than PT. Th e amount 
of macroaggregates in soils under NT was about 42 and 45% 
higher than those under MT and PT systems, respectively for 
the 0- to 10-cm depth and 24 and 47% higher, respectively, for 
the 10- to 20-cm depth. Th e MWD was also signifi cantly higher 

Fig. 2. Bulk density as infl uenced by no-till (NT), minimum tillage (MT), 
and plow tillage (PT), and in an adjacent woodlot (WL) area at differ-
ent depths for the (A) Wooster and (B) Hoytville soils. Bars indicate the 
least signifi cant difference (0.05) values and are presented at different 
depths when signifi cant differences occurred among the treatments.
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for soils under NT than for those managed by the PT system for 
both depths. Th e MWD under NT was 11 and 79% higher than 
those under MT and PT treatments, respectively, in the 0-to 10-
cm depth. Similar to the Wooster site, most of the signifi cant dif-
ferences in WSA and MWD values at both depths were observed 
between the NT and PT systems. At the Hoytville site, rotation 
infl uenced the MWD for the 0- to 10-cm depth only. Th e tillage 
× rotation interaction was nonsignifi cant for WSA and MWD.

Th e relative increase in the formation of larger macroag-
gregates in the soils under NT can partially be attributed to the 
increased amount of residues retained (Lichter et al., 2008). Th e 
conclusions from the literature, however, are contradictory. For 
example, under a semiarid Mediterranean climate, Hernanz et al. 
(2002) reported higher WSA in long-term PT and MT systems 
than under NT in a loamy soil. In contrast, Jagadamma and Lal 
(2010) reported that the size distribution pattern and MWD of 
aggregates under NT soils were higher than those under PT and 
MT for a site located in the U.S. Midwest. Th e present data from 
central and northwestern Ohio are in accord with those reported 
by Jagadamma and Lal (2010) for Illinois. Th e WSA and MWD 
values for the NT soil were similar or higher than those for soils 
under WL areas, implying that the use of NT for a long duration 

(47 and 49 yr) improved soil aggregation. Aggregate stability was 
higher for the Hoytville site than the Wooster soil; this trend was 
attributed to the clayey texture of the Hoytville soil.

Tensile Strength of Aggregates
Th e mean TS of aggregates for the three tillage treatments 

and the WL areas at both sites are presented in Table 3. Tillage 
signifi cantly aff ected the aggregate TS for the 0- to 10- and 10- to 
20-cm depths at Wooster and for the 0- to 10-cm depth at Hoyt-
ville. Soils under WL had the lowest aggregate TS compared 
with the cultivated soils.

At the Wooster site, NT (183 kPa) soils had 28 and 40% 
lower TS than those under MT (255 kPa) and PT (306 kPa), 
respectively, for the 0- to 10-cm depth. Signifi cantly lower TS of 
aggregates was also observed in soils under NT (268 kPa) than 
those managed by MT (310 kPa) and PT (335 kPa) in the 10- to 
20-cm depth. Tillage signifi cantly increased the TS of aggregates 
in the soils. Crop rotation infl uenced the TS only for the 0- to 
10-cm depth. Aggregates under the CS rotation had 7% lower 
TS than those under CC.

A trend similar to that of the Wooster soil was observed for 
the Hoytville site, where NT aggregates had lower TS than aggre-

Table 2. Distribution of water-stable aggregates (WSA) and mean weight diameter (MWD) in the 0- to 10- and 10- to 20-cm soil 
depths maintained under long-term tillage and crop management and woodlots for the Wooster and Hoytville sites.

Treatment†

0–10-cm depth 10–20-cm depth
WSA

MWD

WSA

MWD>2000 μm 250–2000 μm 53–250 μm <53 μm >2000 μm 250–2000 μm 53–250 μm <53 μm

——————————— % ——————————— mm ——————————— % ——————————— mm
Wooster

Tillage

 PT 34 c‡ 26 b 16 a 24 a 0.82 c 23 c 41 a 19 a 17 b 0.53 d

 MT 38 bc 32 a 14 a 16 b 1.50 b 27 bc 42 a 18 a 13 b 0.87 c

 NT 47 a 28 ab 11 a 14 b 2.30 a 38 a 31 b 13 b 18 b 1.25 b

 WL 43 ab 31 a 12 a 14 b 2.53 a 32 ab 28 b 14 b 26 ab 1.77 a

Rotation

 CC 36 b 30 a 13 a 21 a 1.25 b 29 a 37 a 18 a 16 a 0.81 a

 CS 44 a 27 a 14 a 15 a 1.83 a 30 a 40 a 15 a 15 a 0.96 a

Analysis of variance P > F

Tillage <0.01 0.07 0.22 0.02 <0.01 <0.01 0.03 0.05 0.70 <0.01

Rotation 0.01 0.10 0.88 0.06 <0.01 0.90 0.28 0.06 0.55 0.27

Tillage × rotation 0.01 0.05 0.55 0.20 0.43 0.09 0.22 0.01 0.91 0.11

Hoytville

Tillage

 PT 47 b 29 a 11 a 13 a 1.53 c 38 b 31 ab 13 a 18 a 1.58 c

 MT 48 b 35 a 9 a 7 ab 2.46 b 45 ab 34 a 12 a 9 b 1.90 bc

 NT 68 a 22 a 7 a 3 b 2.74 a 56 a 27 b 7b 10 ab 2.56 a

 WL 67 a 23 a 8 a 2 b 2.84 a 54 a 23 b 11 ab 12 ab 2.35 ab

Rotation
 CC 49 a 33 a 9 a 9 a 2.04 b 45 a 32 a 11 a 12 a 1.89 a

 CS 59 a 25 a 9 a 7 a 2.45 a 48 a 30 a 12 a 10 a 2.13 a

Analysis of variance P > F

Tillage 0.03 0.25 0.30 0.02 <0.01 0.01 0.27 0.13 0.01 0.04

Rotation 0.16 0.21 0.70 0.32 <0.01 0.72 0.55 0.85 0.10 0.41

Tillage × rotation 0.12 0.15 0.74 0.19 0.17 0.32 0.95 0.53 0.08 0.87

† PT, plow tillage; MT, minimum tillage; NT, no-till; CC, continuous corn; CS, corn–soybean rotation; WL, woodlot areas with undisturbed soil.
‡ Means followed by different letters within a column, treatment, and site are signifi cantly different at P < 0.05.
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gates under MT and PT. In the 0- to 10-cm depth, the mean TS 
for NT aggregates was 185 kPa, compared with 224 and 279 kPa 
for MT and PT aggregates, respectively. Th e TS increased with 
increasing depth for all the treatments at both sites. Th e tillage × 
rotation interaction was nonsignifi cant for both sites.

Th e lower TS of aggregates in the NT soils of this study is 
in accord with data reported by Blanco-Canqui et al. (2005). Th e 
undisturbed soils of the WL areas for both sites had the lowest TS, 
probably because of a high proportion of macroaggregates loosely 
cemented by root hairs and fungal hyphae (Tisdall, 1991).

Soil Penetration Resistance
Th e SPR is strongly infl uenced by the soil moisture content 

(w) (Unger and Jones, 1998). Th us, both properties were deter-
mined at the same time. Th e SPR measurements were adjusted to 
w using Eq. [4] as given by Busscher and Bauer (2003); however, 
signifi cant diff erences among the treatments in the adjusted SPR 
values were not observed. Th erefore, analysis of SPR and w was 
done separately.

At the Wooster site, tillage had a signifi cant eff ect on SPR in 
the 0- to 5- and 5- to 10-cm depths (P < 0.05) and w in the 5- to 
10-cm depth (Table 4). Because w was nonsignifi cant for the 0- 
to 5-cm depth, diff erences in SPR values at this depth were due 
to tillage. Continuous use of inversion tillage for 49 yr increased 
the SPR under PT (3.58 MPa) by 27 and 8% compared with 
that under NT (2.82 MPa) and MT (3.30 MPa), respectively, 
for the 0- to 5-cm depth. Similarly, increases of 12 and 11% in 
SPR were observed under PT (4.46 MPa) and MT (4.41 MPa), 
respectively, compared with NT (3.98 MPa) for the 5- to 10-cm 
depth. In contrast, an opposite trend was observed in w for the 
5- to 10-cm depth, where w in soils under NT (0.15 kg kg−1) was 
about 13.4 and 13% higher than under PT (0.13 kg kg−1) and 
MT (0.14 kg kg−1), respectively. Th erefore, diff erences in SPR 
among tillage systems for the 5- to 10-cm depth were probably 
because of w. Th e values of R2 for SPR vs. w for the NT, MT, 
PT, and WL treatments were 0.59, 0.53, 0.48, and 0.47. Crop 
rotation also signifi cantly infl uenced SPR and w; however, sig-

Table 3. Mean tensile strength of aggregates (5–8 mm) in 
the 0- to 10- and 10- to 20-cm soil depths maintained under 
long-term tillage and crop management and woodlots for the 
Wooster and Hoytville sites.

Treatment†

Tensile strength

0–10 cm 10–20 cm

—————————— kPa ——————————
Wooster

Tillage

 PT 306 a‡ 335 a

 MT 255 b 310 b

 NT 183 c 268 c

 WL 123 d 157 d

Rotation

 CC 286 a 304 a

 CS 267 b 305 a

Analysis of variance P > F

Tillage <0.01 <0.01

Rotation <0.01 0.79

Tillage × rotation 0.73 0.12

Hoytville

Tillage

 PT 279 a 378 a

 MT 224 b 391 a

 NT 185 b 320 a

 WL 122 c 150 b

Rotation

 CC 314 a 386 a

 CS 278 a 338 a

Analysis of variance P > F

Tillage <0.01 0.19

Rotation 0.28 0.14

Tillage × rotation 0.82 0.10

†  PT, plow tillage; MT, minimum tillage; NT, no-till; CC, continuous corn; 
CS, corn–soybean rotation; WL, woodlot areas with undisturbed soil.

‡  Means followed by different letters within a column, treatment, and 
site are signifi cantly different at P < 0.05.

Table 4. Soil penetration resistance (SPR) and gravimetric 
moisture content (w) in the 0- to 5- and 5- to 10-cm soil 
depths maintained under long-term tillage and crop manage-
ment and woodlots for the Wooster and Hoytville sites.

Treatment†
0–5-cm depth 5–10-cm depth

SPR w SPR w

MPa kg kg−1 MPa kg kg−1

Wooster

Tillage

 PT 3.58 a‡ 0.15 b 4.46 a 0.13 b

 MT 3.30 a 0.15 b 4.41 a 0.14 b

 NT 2.82 b 0.17 b 3.98 b 0.15 a

 WL 0.94 c 0.22 a 1.84 c 0.16 a

Rotation

 CC 3.39 a 0.15 b 4.29 a 0.14 a

 CS 3.07 b 0.16 a 4.27 a 0.15 a

Analysis of variance P > F

Tillage <0.01 <0.06 0.03 0.02

Rotation 0.04 <0.01 0.88 0.07

Tillage × rotation 0.48 <0.01 0.11 0.22

Hoytville

Tillage

 PT 3.55 a 0.15 c 5.08 a 0.13 c

 MT 2.74 b 0.16 b 4.03 b 0.15 b

 NT 2.50 b 0.19 a 3.88 b 0.18 a

 WL 1.02 c 0.20 a 1.36 c 0.18 a

Rotation

 CC 3.06 a 0.17 a 4.34 a 0.15a

 CS 2.81 a 0.18 a 4.32 a 0.16 a

Analysis of variance P > F

Tillage <0.01 <0.01 0.02 <0.01

Rotation 0.08 0.14 0.94 0.42

Tillage × rotation 0.79 0.81 0.48 0.11

†  PT, plow tillage; MT, minimum tillage; NT, no-till; CC, continuous 
corn; CS, corn–soybean rotation; WL, woodlot areas with undis-
turbed soil.

‡  Means followed by different letters within a column, treatment, and 
site are signifi cantly different at P < 0.05.
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nifi cant diff erences were observed only for the 0- to 5-cm depth. 
On average, the SPR was lower under CS by 9% than under CC.

At the Hoytville site, the SPR and w values were signifi -
cantly aff ected by tillage in the 0- to 5- and 5- to 10-cm depths 
(P < 0.02; Table 4). Rotation did not aff ect the SPR at this site. 
Soils under NT had 30 and 9% lower SPR than that under PT 
and MT, respectively, for the 0- to 5-cm depth. Th e diff erences in 
SPR values were nonsignifi cant, however, between the NT and 
MT systems. Th e R2 for SPR vs. w for the NT, MT, PT, and WL 
treatments were 0.59, 0.52, 0.48, and 0.47.

Based on the results given for previous studies, tilled soils 
generally have more SPR values >1.5 MPa (Zou et al., 2001), 
with upper values of about 2 (Taylor and Ratliff , 1969) to 3 MPa 
(Boone and Veen, 1994). In our study, the SPR was >1.5 MPa 
for all tillage systems at both locations. It was visually observed 
at the time of sampling, however, that corn roots had already 
penetrated to below the sampling depths. Th us, root growth was 
not restricted by the dense soil as indicated by the high SPR. In 
addition, critical SPR limits are based on laboratory studies in a 
homogenized soil (Sinnett et al., 2006). Under fi eld conditions, 
soils contain cracks or fi ssures that roots may exploit despite high 
SPR values (Sinnett et al., 2006). Also, SPR values are greatly 
infl uenced by w (Whalley et al., 2007). Th e SPR values in the 
present study are negatively correlated with w, having R2 values 
ranging from 0.38 (Hoytville site, P < 0.05) to 0.64 (Wooster 
site, P < 0.05) (Fig. 3).

Available Water Capacity
Tillage signifi cantly aff ected the AWC in the 0- to 10- and 

10- to 20-cm depths at both sites (P < 0.01; Table 5). Soils un-
der WL always had higher AWC than the cultivated soils. At the 
Wooster site, the AWC was signifi cantly more under NT than 
under MT and PT. A larger diff erence in AWC among tillage 
treatments was observed for the 0- to 10-cm depth, where the 
AWC was 24 and 38% lower for the MT and PT soils, respec-
tively, compared with those under NT. Th e AWC was signifi -
cantly higher under the CS rotation than under CC.

At the Hoytville site, tillage also signifi cantly aff ected the 
AWC at both depths. When comparing tillage systems in the 0- to 
10-cm depth, the AWC was 39 and 95% higher under NT than 

MT and PT, respectively. A similar trend was observed for the 
10- to 20-cm depth. Crop rotation also infl uenced the AWC (P 
< 0.01). Th e soils under the CS rotation had 12% higher AWC 
than the soils under CC at the 0- to 10-cm depth and 10% higher 
AWC at the 10- to 20-cm depth. Th e tillage × rotation interac-
tion eff ects were signifi cant only for the Wooster site at the 0- to 
10-cm depth. Improved soil structure and higher SOC stocks in-
creased the AWC of the soils under NT, meaning that these soils 
conserved more water and also increased the proportion of water 
available to the crop compared with the soils under PT.

Crop Yields
Corn yield data for the 2007 through 2011 growing sea-

sons are presented in Table 6. For the well-drained soils at the 
Wooster site, there was a slight trend of a higher grain yield under 
MT than under the PT or NT systems for all years. For a PT 
vs. NT comparison, corn yield was signifi cantly higher under PT 
for 2007, 2009, and 2010 but similar in 2008. For 2011, corn 
yield in the NT (13.3 Mg ha−1) system was signifi cantly higher 

Fig. 3. Relationship between soil penetration resistance (SPR) and gravi-
metric moisture contents (n = 42) for the Wooster and Hoytville sites.

Table 5. Available water capacity (AWC) in the 0- to 10- and 
10- to 20-cm soil depths maintained under long-term tillage 
and crop management and woodlots for the Wooster and 
Hoytville sites.

Treatment†
AWC

0–10 cm 10–20 cm

————————— m3 m−3 —————————
Wooster

Tillage

 PT 8.30 d‡ 6.40 d

 MT 10.2 c 8.70 c

 NT 13.4 b 10.1 b

 WL 14.2 a 13.2 a

Rotation

 CC 8.90 b 7.90 b

 CS 10.1 a 8.70 a

Analysis of variance P > F

Tillage <0.01 <0.01

Rotation <0.01 <0.01

Tillage × rotation <0.01 0.67

Hoytville

Tillage

 PT 8.00 c 7.70 d

 MT 11.2 b 8.70 c

 NT 15.6 a 11.4 b

 WL 15.8a 13.5 a
Rotation
 
 CC 9.80 b 8.70 b

 CS 11.0 a 9.60 a

Analysis of variance P > F

Tillage <0.01 <0.01

Rotation <0.01 <0.01

Tillage × rotation 0.20 0.24

†  PT, plow tillage; MT, minimum tillage; NT, no-till; CC, continuous corn; 
CS, corn–soybean rotation; WL, woodlot areas with undisturbed soil.

‡  Means followed by different letters within a column, treatment, and 
site are signifi cantly different at P < 0.05.
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than that under PT (11.9 Mg ha−1) (P < 0.01). Rotation infl u-
enced the corn yield only in 2010 and 2011 (P < 0.05). Th e till-
age × rotation interaction on grain yield was signifi cant only in 
2010. Crop yield was signifi cantly (P < 0.01) higher under the 
CS (13.2 Mg ha−1) rotation than under CC (11.8 Mg ha−1). At 
this site in 2010, there was a bigger diff erence between CC and 
CS for NT (44%) than for MT (6%), whereas yield under CS 
was 5% lower than that under the CC rotation for the PT treat-
ment. Tillage also infl uenced the corn yield averaged across 5 yr 
(2007–2011). Th e average corn yield was signifi cantly higher 
under MT than PT.

For the poorly drained soils at the Hoytville site, till-
age infl uenced the corn yield only in 2008, when the yield was 
signifi cantly higher under NT (7.63 Mg ha−1) than under PT 
(6.75 Mg ha−1) or MT (6.56 Mg ha−1). Crop rotation infl uenced 
corn yield only in 2010, when it was higher under CS (9.77 Mg 
ha−1) than under CC (8.86 Mg ha−1). Th e tillage × rotation in-
teraction on grain yield at this site was signifi cant only in 2008. 
Corn yield for this year was always greater for the CS rotation 
under the NT and MT systems. Also, the yield was the highest 
for NT under the CS rotation compared with all other tillage 
treatments under either cropping system. Th e 5-yr average corn 

yield (2007–2011) was not infl uenced by tillage. Th e 
average yield was higher for the CS rotation than for 
CC; however, the diff erence was not signifi cant.

Th e yields for 2007 through 2011 show diff er-
ences from the longer term yield averages reported 
by Dick et al. (1991). In the earlier years of main-
taining the diff erent tillage practices at the Wooster 
site, yields averaged higher under NT than PT. At 
the Hoytville site, the opposite was observed. Long-
term maintenance of the diff erent tillage practices 
on diff erent soils is thought to have caused changes 
that result in corn yields also changing with time. For 
the well-drained Wooster soil, the early years of NT 
were more productive than PT in terms of corn grain 
yield, but these diff erences seem to have disappeared 
aft er 46 to 49 yr. For the Hoytville site, the early years 
were extremely negative when NT and CC were 
combined, but when comparing mean yields aft er 44 
to 48 yr, the diff erences in yield between tillage sys-
tems and rotations had largely disappeared and the 
tillage × rotation interaction eff ect was only evident 
in 1 of the 5 yr. Crop rotation signifi cantly aff ected 
the corn yields only for 2 of the 5 yr at Wooster and 1 
out of 5 yr at Hoytville. When compared among till-
age systems, the CS rotation provided a greater yield 
advantage for the NT system than CC.

DeFelice et al. (2006) reported that NT result-
ed in slightly lower corn yields than PT on poorly 
drained soils and higher yields on moderate to well-
drained soils. Th ey also reported that the CS rota-
tion with NT provided a greater yield advantage 
than CC; however, the rotation eff ect on yield was 

minimal. Data from the present study show that yield was gener-
ally similar with NT compared with PT at the poorly drained 
Hoytville site. Weather (rainfall and temperature) and soil tex-
ture are major factors impacting crop yield response to tillage 
and crop rotation. Soil and water conservation technologies do 
not always result in increased crop yields (Hellin and Schrader, 
2003). Colvin et al. (2001) reported that corn yield with the NT 
system and CC was 20% lower than with PT and 4% lower than 
with a CS rotation. Furthermore, only in 1 out of 5 yr was yield 
with NT numerically higher than with PT. In northeast Iowa 
on silty loam soils, Kanwar et al. (1997) concluded that tillage 
treatments (NT, PT, and MT) in a CS rotation produced signifi -
cantly higher yields than those for CC. In contrast, a 3-yr study 
conducted by Tapela et al. (2002) indicated that corn yield un-
der NT and PT with CC was nonsignifi cant for two of the years 
and lower in the other year. In southern Illinois on a silt loam 
soil, Kapusta et al. (1996) did not observe any diff erences in corn 
yield among NT, MT, and PT systems aft er 20 yr. DeFelice et al. 
(2006) concluded in their review that “corn and soybean pro-
ducers in most of the United States may not suff er a yield disad-
vantage by shift ing from PT systems to NT.” It has been reported 
by Toliver et al. (2012) that soil and climate factors impact corn 

Table 6. Corn yield (2007–2011) under long-term tillage and crop manage-
ment for the Wooster and Hoytville sites.

Treatment†
Corn yield

2007 2008 2009 2010 2011 Avg.‡

———————————— Mg ha−1 ————————————
Wooster

Tillage

 PT 10.5 a§ 10.6 b 14.1 a 13.0 a 11.9 b 12.0 b

 MT 10.7 a 12.3 a 14.4 a 13.5 a 14.1 a 13.0 a

 NT 9.1 b 10.4 b 12.9 b 11.1 b 13.3 a 11.4 b

Rotation

 CC 10.1 a 10.8 a 13.9 a 11.8 b 13.6 a 12.1 a

 CS 10.3 a 11.4 a 13.6 a 13.2 a 12.6 b 12.2 a

Analysis of variance P > F

Tillage 0.02 <0.01 <0.01 <0.01 <0.01 <0.01

Rotation 0.41 0.16 0.42 <0.01 0.04 0.52

Tillage × rotation 0.60 0.14 0.45 <0.01 0.24 0.04

Hoytville

Tillage

 PT 9.1 a 6.8 b 9.3 a 9.2 a 11.4 a 9.1 a

 MT 8.7 a 6.6 b 9.2 a 9.8 a 11.5 a 9.2 a

 NT 8.8 a 7.6 a 9.7 a 8.9 a 11.6 a 9.3 a

Rotation

 CC 8.8 a 6.9 a 9.5 a 8.9 b 11.3 a 9.1 a

 CS 9.0 a 7.1 a 9.3 a 9.8 a 11.6 a 9.3 a

Analysis of variance P > F

Tillage 0.52 <0.01 0.11 0.13 0.89 0.61

Rotation 0.49 0.14 0.16 0.02 0.30 0.11

Tillage × rotation 0.42 <0.01 0.08 0.51 0.19 0.06

†  PT, plow tillage; MT, minimum tillage; NT, no-till; CC, continuous corn; CS, corn–
soybean rotation; WL, woodlot areas with undisturbed soil.

‡  Average of the corn yield from 2007 through 2011.
§  Means followed by different letters within a column, treatment, and site are signifi -

cantly different at P < 0.05.



1808 Soil Science Society of America Journal

yields under diff erent tillage systems and may be important fac-
tors for the adoption of NT practice by farmers. Production of 
corn under NT may be more economical than under PT because 
of reduced production costs. Furthermore, soil conservation and 
government incentives encourage farmers to adopt a NT system.

CONCLUSIONS
Th e infl uence of tillage and crop rotations on soil properties 

and corn yield are site specifi c and depend primarily on the dura-
tion of the tillage system that has been practiced on a particular 
soil type. Th e results from this study show that long-term (47 
and 49 yr) and continuous use of NT practices on both soils is 
highly sustainable and infl uenced the soil properties. Th e NT 
system resulted in higher SOC stocks that improved or main-
tained soil tilth and enhanced the aggregate stability and AWC. 
In contrast, aggregates of soils under PT were less stable because 
of signifi cantly lower SOC concentrations and stocks up to the 
20-cm depth. Corn yield was higher under PT than NT for 3 out 
of 5 yr and lower for 1 out of 5 yr for the Wooster soil. It was un-
aff ected for the Hoytville soils except for 1 yr (2008) when over-
all yields were below the long-term average and the yield under 
NT was signifi cantly (P < 0.05) higher than that under PT and 
MT. It can be concluded from this study that the use of NT in 
well-drained and poorly drained soils for a long duration may be 
benefi cial for the environment by sequestering more SOC than 
PT. Conversion of NT into PT or MT will lead to soil degrada-
tion and negatively impact the soil’s physical quality.
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