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Tillage and Crop Residue Effects on Soil Carbon and Carbon Dioxide Emission in
Corn–Soybean Rotations

Mahdi M. Al-Kaisi* and Xinhua Yin

ABSTRACT in soil organic C in the first 2 to 5 yr after changing to
conservation management, but a large increase in TCSoil C change and CO2 emission due to different tillage systems
occurred in the next 5 to 10 yr. In addition, Duikerneed to be evaluated to encourage the adoption of conservation prac-

tices to sustain soil productivity and protect the environment. We and Lal (1999) found that there was a linearly positive
hypothesize that soil C storage and CO2 emission respond to conserva- response of soil organic C to residue application rate
tion tillage differently from conventional tillage because of their differ- regardless of tillage system after 7 yr.
ential effects on soil properties. This study was conducted from 1998 Carbon dioxide is produced in the soil through the
through 2001 to evaluate tillage effects on soil C storage and CO2 metabolism of plant roots, microflora, and fauna, and to
emission in Clarion–Nicollet–Webster soil association in a corn [Zea a small extent, by chemical oxidation of carbon-bearing
mays L.]–soybean [Glycine max (L.) Merr.] rotation in Iowa. Treat-

materials (Lundegardh, 1927). The rate of soil CO2 emis-ments included no-tillage with and without residue, strip-tillage, deep
sion is normally controlled by several factors, such asrip, chisel plow, and moldboard plow. No-tillage with residue and
CO2 concentration gradient between the soil and thestrip-tillage significantly increased total soil organic C (TC) and min-
atmosphere, soil temperature, soil moisture, pore size,eral fraction C (MFC) at the 0- to 5- and 5- to 10-cm soil depths com-

pared with chisel plow after 3 yr of tillage practices. Soil CO2 emission and wind speed (Raich and Schlensinger, 1992). In addi-
was lower for less intensive tillage treatments compared with mold- tion, soil CO2 emission is affected by agricultural prac-
board plow, with the greatest differences occurring immediately after tices such as tillage and residue management and varies
tillage operations. Cumulative soil CO2 emission was 19 to 41% lower with climatic conditions (Fernandez et al., 1993; Burton
for less intensive tillage treatments than moldboard plow, and it was and Beauchamp, 1994; Osozawa and Hasegawa, 1995;
24% less for no-tillage with residue than without residue during the Yavitt et al., 1995). The measurement of soil CO2 emis-
480-h measurement period. Estimated soil mineralizable C pool was

sion could provide a more sensitive indication of soil Creduced by 22 to 66% with less intensive tillage treatments compared
sequestration than low-resolution data such as total orwith moldboard plow. Adopting less intensive tillage systems such as
organic C values (Fortin et al., 1996; Grant, 1997).no-tillage, strip-tillage, deep rip, and chisel plow and better crop resi-

Tillage accelerates soil CO2 emission by improvingdue cover are effective in reducing CO2 emission and thus improving
soil C sequestration in a corn–soybean rotation. soil aeration, increasing soil and crop residue contact,

enhancing plant nutrient availability (Logan et al., 1991;
Angers et al., 1993), and increasing exposure of soil or-
ganic C in inter- and intra-aggregate zones to microbes forSoil C dynamics play a crucial role in sustaining soil
rapid oxidation (Reicosky and Lindstrom, 1993; Bearequality, promoting crop production, and protecting
et al., 1994; Jastrow et al., 1996). The magnitude of CO2the environment (Bauer and Black, 1994; Doran and
loss from the soil due to tillage practices is highly relatedParkin, 1994; Robinson et al., 1996), because of their ef-
to the frequency and intensity of soil disturbance causedfects on soil gas emission, water retention, nutrient cy-
by tillage. Although tillage effects on soil CO2 emissioncling, and plant root growth (Sainju and Kalisz, 1990;
are complex and often vary (Mosier et al., 1991; LaurenSainju and Good, 1993). Increased atmospheric carbon
and Duxbury, 1993), conservation tillage is regarded asdioxide (CO2) has been considered a major contributor
one of the most effective agricultural practices for reduc-to global warming. Carbon loss from soil to the atmo-
ing soil CO2 emission to the atmosphere from agricul-sphere as CO2 or other gases has been enhanced due
tural soils (Kern and Johnson, 1993; Reicosky and Lind-to inappropriate tillage practices (Reicosky et al., 1997).
strom, 1993; Lal and Kimble, 1997).However, soil can function as a net sink for sequestering

Conservation tillage systems such as no-tillage, strip-atmospheric CO2 through appropriate soil and crop
tillage, and chisel plow are increasingly used for crop pro-management (Lal et al., 1995; Paustian et al., 1995).
duction in the Midwest during the past decade due to theirFrom a long-term (�10 yr) perspective, soil can be
profitability and environmental advantages over mold-managed to increase total soil organic C (TC) storage
board plow. For example, no-tillage production in theby implementing conservation tillage practices and an-
Midwest was used in �22% of all cropland area in 2002nual cropping systems (Havlin et al., 1990; Franzlueb-
(Conservation Technology Information Center, 2003),bers et al., 1995; Halvorson et al., 2002). However, short-
which almost doubled the amount in 1992. In contrast,term (�10 yr) tillage effects on soil C dynamics are
conventional tillage systems accounted for 35% of allcomplex and often variable. Franzluebbers and Arshad
croplands in the Midwest. Deep rip is an effective and(1996) reported that there may be little to no increase
popular tool used to overcome soil compaction. Al-
though deep rip is not a conservation tillage system, itDepartment of Agronomy, Iowa State Univ., Ames, IA 50011-1010.

Received 13 July 2004. *Corresponding author (malkaisi@iastate.edu). still results in less soil disturbance and mixing and thus
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ment was performed by using a commercially available deepgreater crop residue coverage on the soil surface than
ripper with four straight shanks on a tool bar. The moldboardmoldboard plow. There are few studies that quantify the
plow treatment resulted in a complete inversion of soil surfaceeffects of these main tillage alternatives with different
and nearly 100% incorporation of crop residue by using aintensities on soil CO2 emission and C storage compared
commercially available model with four bottoms. In the springwith more intensive tillage systems (i.e., moldboard plow) before planting, all treatments except no-tillage and strip-

in the Midwest where a corn [Zea mays L.]–soybean tillage received one field-cultivation 10 cm deep. The field
[Glycine max (L.) Merr.] rotation has been the primary cultivator shovels were mounted on four tool bars in a stag-
cropping system for decades. Even though moldboard gering order to ensure an effective spacing between shovels
plow use has been limited recently in the Corn Belt re- of 30 cm. Tillage treatments were conducted during the fall

immediately after harvest each season. The plot size for eachgion, the inclusion of it in this study is to show the ex-
treatment was 152 m wide by 272 m long. For the measure-tremist intensive tillage system effect on soil C dynamics
ments of soil CO2 emission, temperature, and moisture, theas we evaluate a suite of tillage systems differing in their
no-tillage treatment was divided into two different treatments.intensities in soil disturbance at different depths.
One treatment was no-tillage with crop residue cover on theThe objectives of this study are to evaluate (i) the
soil surface and the other one was no-tillage without corn resi-short-term response of soil organic C pools to different due cover on the soil surface, where the surface residues were

tillage systems, (ii) immediate and short-term effects of completely removed by hand from inside the CO2 measure-
a suite of tillage systems with different intensities in soil ment chambers. The CO2 measurement chambers were installed
disturbance on soil CO2 emission, and (iii) the influences on all plots immediately after tillage operations and kept in the
of tillage systems on mineralizable C pools. same place for the entire duration of CO2 measurements.

Fertilizer rates were identical for all tillage treatments, but
varied in placement methods. Before tillage operations in theMATERIALS AND METHODS
fall, anhydrous ammonium was injected by using a mole knife
with two cover disks in zones 76 cm apart at 135 kg N ha�1 forSite Description
corn in all tillage treatments except no-tillage. For no-tillageThis study was conducted in 1998 through 2001 on a Clar- treatment, anhydrous ammonium was injected in the fall byion–Nicolet–Webster soil association at the Iowa State Univer- using a modified slot injector with minimum soil disturbance.sity Agronomy Research Farm, west of Ames, IA (42�39� N lat; No N fertilizer was applied for soybean regardless of treat-95�47� W long). The Clarion–Nicolet–Webster soil association ment. Phosphorous and K were applied in the fall, as needed,includes Canisteo (fine-loamy, mixed, calcareous, mesic Typic according to soil test recommendations.Haplaquolls) and Clarion (fine-loamy, mixed, mesic Typic Hap-

ludolls) soil series. The surface horizon (0–15 cm) of this site
is generally dark colored with 29.0 kg m�3 of soil organic C. Soil and Crop Residue Sampling and Analysis
The crop rotation for the past decade was a corn–soybean ro-

Before the establishment of this study, an initial compositetation with chisel plow.
soil sample was taken across the site for soil texture, pH, and
organic C analyses. In the fall of 2000 after corn harvest, soil

Experimental Design and Implementation sampling for TC, mineral fraction C (MFC), and particulate
organic matter C (POMC) was conducted at soil depths of 0This study included no-tillage, strip-tillage, deep rip, chisel
to 5, 5 to 10, and 10 to 15 cm for each plot. Soil samples wereplow, and moldboard plow treatments, and it was established
collected from the tilled area in the strip-tillage treatment.in a corn–soybean rotation in the fall of 1997. The study con-
Ten to 12 soil cores were randomly collected from each plotsisted of three replications with a randomized complete block
with a soil probe of 1.9-cm diameter after removing visibledesign. Typically, no-tillage was defined as no preplant tillage.
crop residue from the soil surface. Soil cores from the sameThe crop in no-tillage was planted using a planter with a sin-
depth in each plot were mixed and placed in a soil-samplinggle coulter to cut through residues and loosen soil ahead of
bag and stored in a cooler at 4�C. Soil samples were kept atstandard planter units. Tillage description, tillage depth, and
workable wet conditions to pass through a 2-mm sieve andwidth of disturbed soil zone due to tillage operations are pre-
left to completely air dry afterward. Total soil organic C equalssented in Table 1. The strip-tillage plots were tilled with a
the sum of MFC and POMC fractions. Soil particulate organicstrip-tillage unit that consists of an anhydrous knife centered
matter C fractionation was conducted (Cambardella andbetween two cover disks and a coulter for residue cleaning.
Elliott, 1992) to separate POMC associated with large stableThe tilled zone was prepared in the proximity of previous sea-
soil aggregates (�53 �m) from MFC associated with soil microson corn or soybean rows creating a tilled zone of 10 cm high.
aggregates (�53 �m or defined as silt � clay associated CThe chisel plow treatment was implemented using a commer-
fraction). Soil bulk density samples were taken at the samecially available model with straight shanks and twisted chisel
soil depth intervals as those used for soil organic C in the fallplow sweeps at the bottom mounted on a tool bar. The shanks
of 2000. Four samples per depth were taken to determine bulkwere mounted on four tool bars in a staggering order to ensure
density in each plot. Soil bulk density was determined usingan effective spacing of 30 cm between shanks. The deep rip treat-
a core method with a copper cylinder of 5 cm in height and

Table 1. Tillage system, tillage depth, and width of disturbed soil 5 cm in diameter, similar to that used by Culley (1993). Bulk
zone due to tillage operations. density was used to convert soil organic C concentrations

(g kg�1) to mass per soil volume (kg m–3).Shank or Tillage Disturbed
Tillage system disk spacing depth zone In the fall of 2001, a crop residue sample was collected from

each plot after corn harvest before any tillage operations werecm
performed for the determination of total C concentration inStrip-tillage 76 20 20
crop residue. A crop residue sample was taken by using a 1-m2Deep rip 76 40–46 30–40

Chisel plow 30 22–25 20 frame thrown randomly on each plot three times to collect
Moldboard plow 76 25 46 the aboveground crop residue. Residue samples were oven-
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dried at 64�C, cleaned from soil before weighing, and ground Determination of Mineralizable Carbon under
using a plant grinder with a 2-mm sieve (Wiley Mill, Model 2 Different Tillage Systems
Pulverized Carbon Steel, Arthur H. Thomas Co., Philadel-

Michaelis and Menten (1913) reported the effect of sub-phia, PA).
strate concentration on the velocity of enzyme-catalyzed reac-Soil organic C, MFC, POMC, and crop residue C concentra-
tion could be satisfactorily described in the following equationtions were determined by dry combustion with a LECO CHN

2000 analyzer (LECO, St. Joseph, MI). Soil pH was measured v 	 Vmax 
 S/(Km � S)
using a 1:1 (soil/water) extraction. Before dry combustion, soil

where v is the reaction velocity, Vmax is the maximum reactionsamples with pH � 7.1 were treated with 1 M HCl to eliminate
velocity, S is the substrate concentration, and Km is the Michae-any inorganic carbonate. On the other hand, TC was assumed
lis constant. Numerically, Km is equal to the substrate concen-to be equal to the soil total C if soil pH was not greater than 7.1.
tration at half-maximum reaction velocity.Total C input from crop residue was estimated for the entire

According to the relationship of cumulative mineralized Sstudy period by including both corn and soybean seasons.
vs. distillation time reported in a previous study (Pirela andCorn or soybean residue C input was estimated for each season
Tabatabai, 1988), we believe the Michaelis–Mention equationseparately by using crop grain yields that were measured each
can also be used to describe the relationship between cumula-year for both corn and soybean. The total C input of each
tive soil CO2 emission and time. To calculate the amount ofseason was calculated as the quotient of grain yields by harvest
mineralizable C (i.e., the maximum cumulative soil CO2 emis-index, then multiplied by the total C concentrations of crop
sion) due to different tillage systems, the Lineweaver–Burkresidue (corn or soybean), respectively. The harvest index
transformation (Tabatabai, 1994) of the Michaelis–Mentonused in this computation was 0.59 for corn and 0.57 for soybean
equation was used(Licht, 2003). Total C concentrations of corn and soybean were

determined by using the corn and soybean residue samples
1/c 	 1/Cmax � Km/Cmax 
 1/Tcollected in 2001.

where c (kg CO2 ha�1) is cumulative soil CO2 emission at a
Carbon Dioxide Emission Measurements specific time after tillage operations, T is the time (h) after

tillage operations, Cmax (kg CO2 ha�1) is the potential maximumThe short-term, tillage-induced soil CO2 emission was mea-
amount of cumulative soil CO2 emission under a specific tillagesured in the fall of 2001 with a LI-6400 CO2 analyzer (LI-COR,
system, and Km is the Michaelis constant, which equals to theLincoln, NE) immediately after tillage operations for each
time (h) at half-maximum cumulative soil CO2 emission.treatment. The LI-6400 CO2 analyzer utilized a small chamber

of PVC rings with 10 cm i.d. Immediately (1–2 min) after till-
age operations in each tilled plot, five chambers were placed Statistical Analysis
on the tilled soil surface and the measurements of CO2 emis- Statistical analyses of the data were conducted by using thesion were taken along with soil moisture (with TRIME-TDR) SAS statistical package (SAS Inst., 2002). Values of TC, MFC,and soil temperature. Soil temperature was measured by using or POMC in all treatments and at all soil depth incrementsa thermometer provided with the LI-6400 CO2 analyzer. Soil were analyzed as a single data set. Analysis of variance formoisture and temperature were measured in the top 5 cm. TC, MFC, or POMC was conducted using the mixed proce-After completing the tilled soil CO2 emission measurements, dure with repeated measures by treating tillage as a random-the same number of chambers was placed on the soil surface ized factor and soil depths as a nonrandomized factor. Unlikeof the no-tillage plots, and CO2 emission readings, along with tillage treatments that were randomly assigned to the plots insoil moisture and soil temperature were taken. Measurements each replicate, soil depths were always arranged in the samewere taken using the same approach for all three replications. order (0–5, 5–10, and 10–15 cm from the top to the bottom)The tillage operations were conducted 7 Nov. 2001 and com- in the soil profile regardless of replicate and tillage system.pleted in the same day. The CO2 emission measurements were Therefore, soil depths were treated as repeated measures. Forrepeated for the following time periods after tillage operations: annual C input from crop residue, the mixed procedure was0, 2, 4, 8, 12, 24, 48, 96, 192, 288, and 480 h. The five chambers used. For soil CO2 emission, an ANOVA procedure was usedin each plot were kept at the same locations during the mea- for each time measurement. Mean separations were achievedsurement period, regardless of treatment.1

by using the adjusted Tukey’s least significant difference (LSD)Weather data were collected from a nearby weather station for TC, MFC, POMC, and annual C input from crop residue.on the same research farm. Daily measurements included solar For soil CO2 emission, a protected LSD was used to separateradiation, air temperature, precipitation, and wind speed. There treatment means. The probability level �0.05 was designatedwas no precipitation during the 20-d period of CO2 emission as significant.measurements. Data presentations in the Results and Discussion are basedStrip-tillage in this study tilled 27% of the total soil surface on the order of statistical significance, which ranges from thearea of each plot; the other 73% of soil surface area remained highest order of interaction to the main effects. If there wasin no-tillage. There was minimum residue removal and distur- a statistically significant interaction, then the main effects ofbance in the no-tillage areas due to strip-tillage. Because CO2 the treatments involved in the interaction were not presented.emission from the strip-tillage treatment was measured in the For example, the tillage 
 depth interaction for TC contenttilled zones only, these measurements were adjusted to reflect was the highest-order interaction that was statistically sig-the true field conditions of the entire plot in the strip-tillage nificant (Table 2); therefore, the results were presented intreatment. The following formula was used: Adjusted soil CO2 a format corresponding to this interaction regardless of theemission 	 0.27 
 CO2 emission from the tilled zones � 0.73 
 significance of main effects (tillage and depth). The same ruleCO2 emission from no-tillage treatment with residue. applied to other measurements.
Linear and quadratic regression analyses were conducted

on the data set across treatments over the 0- to 480-h measure-1All trade names and product lines are mentioned for the benefit
ment period by using the natural logarithm of soil CO2 emis-of readers and do not imply endorsement by Iowa State University

over comparable products. sion rate as the dependent variable and soil temperature or
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Table 2. Tillage effects on soil organic C in the soil profile after 3-yr management in a corn–soybean rotation.

TC soil depth, cm† MFC soil depth, cm POMC soil depth, cm

Tillage system 0–5 5–10 10–15 0–15 0–5 5–10 10–15 0–15 0–5 5–10 10–15 0–15

Mg ha�1

No-tillage 17.05a‡ 16.93a 18.60a 52.57a 12.04a 13.29a 14.72a 40.04a 5.01a 3.64a 3.88a 12.53a
Strip-tillage 16.89a 17.56a 18.54a 52.98a 12.24a 13.70a 14.89a 40.83a 4.66a 3.86a 3.65a 12.16a
Deep rip 12.26b 13.00b 19.40a 44.67ab 8.68b 10.21b 13.72ab 32.60b 3.58a 2.79a 5.69a 12.06a
Chisel plow 12.88b 12.47b 18.29a 43.64ab 8.94b 10.66b 14.72a 34.33ab 3.94a 1.81a 3.56a 9.31a
Moldboard plow 11.37b 14.23ab 14.31b 39.90b 8.64b 11.90ab 11.96b 32.50b 2.72a 2.33a 2.35a 7.40a

† TC, total soil organic C; MFC, mineral fraction C; POMC, particulate organic matter C.
‡ Values in column followed by the same letter are not significantly different at P � 0.05.

moisture content as the independent variable. Linear and qua- Tillage Effects on Total Carbon Input
dratic regression analyses were also performed between cumu- from Crop Residue
lative soil CO2 emission and TC, MFC, POMC, or the time fol-

Total C input from aboveground crop residue is signif-lowing tillage practices over the entire 480-h measurement
icantly affected by tillage (p 	 0.02) (Table 3). Total Cperiod for each treatment. In addition, linear regression analy-
input in 3 yr was 10% lower with strip-tillage than chiselsis was conducted by using the inverse of cumulative soil CO2

plow. All other tillage systems have similar total C inputemission as the dependent variable and the inverse of time
as chisel plow. Therefore, TC and MFC increases atafter tillage operations as the independent variable for each

treatment for the entire 480-h measurement period according 0 to 10 cm with no-tillage; strip-tillage over chisel plow
to the Lineweaver–Burk transformation of the Michaelis– (Table 2) could not be attributed to the total C input
Menton equation. from aboveground crop residue in such a short period.

Rather, it might relate to decreased mineralization of
soil organic matter due to less soil disturbance and

RESULTS AND DISCUSSION cooler soil conditions in no-tillage and strip-tillage.
Tillage Effects on Soil Organic Carbon

Tillage and Crop Residue Effects on SoilA significant soil depth 
 tillage interaction effect
Carbon Dioxide Emission(p 	 0.004) on TC is observed (Table 2). At the 0- to

5-cm soil depth, TC is approximately 32% greater in Significant treatment effects on soil CO2 emission are
no-tillage and strip-tillage treatments compared with observed at almost all measuring times although CO2

chisel plow. Soil TC is 36 to 41% greater with no-tillage emission varied tremendously with time regardless of
treatment (Fig. 1). At Hour 0 measurement time, no-till-and strip-tillage treatments compared with chisel plow
age with and without residue, strip-tillage, deep rip, andat the 5- to 10-cm soil depth interval. However, no signifi-
chisel plow treatments reduced CO2 emission by 79, 79,cant difference in TC at 10 to 15 cm is observed when
60, 50, and 14%, respectively, compared with moldboardno-tillage and strip-tillage compared with chisel plow.
plow immediately after tillage operations. Although allOur results generally suggest reducing tillage intensity
CO2 emission reductions with less intensive tillage alter-in a corn–soybean rotation can enhance TC at the 0- to
natives are statistically significant, the greatest reduc-15-cm soil depth.
tions in CO2 emission are associated with those tillageSimilar to TC, the soil depth 
 tillage interaction
systems having less soil disturbance, such as the two no-effect (p 	 0.003) on MFC is significant (Table 2). Min-
tillage treatments. Removal of crop residue from theeral fraction C at 0 to 5 cm is increased by 35 to 42% for
soil surface under no-tillage did not alter CO2 emissionno-tillage and strip-tillage compared with other tillage
significantly compared with no-tillage with residue atsystems. Soil MFC at 5 to 10 cm is approximately 25 to
the measurement time of Hour 0.29% greater for no-tillage and strip-tillage than chisel

At the 2nd h measurement time, CO2 emission fromplow. At 0 to 15 cm, other tillage systems had similar no-tillage with and without residue and strip-tillage areMFC compared with chisel plow. No significant tillage
or soil depth 
 tillage effect on POMC was observed (Ta-

Table 3. Tillage effects on C input from aboveground corn andble 2), although numerical increases were frequently de- soybean residue during the first 3 yr in a corn–soybean rotation.
tected under no-tillage, strip-tillage, and deep rip treat-

C input†ments relative to chisel plow.
Tillage system Corn Soybean TotalMonreal and Janzen (1993) reported that although

Mg ha�1soil organic C changes in response to management prac-
No-tillage 5.47a‡ 2.76a 8.23abtices could be relatively rapid, it still took about 10 yr
Strip-tillage 5.02a 2.44a 7.46bto obtain stable management effects. By the time our soil Deep rip 5.86a 2.84a 8.70a
Chisel plow 5.65a 2.64a 8.29aC measurements were made, it had been only 3 yr after
Moldboard plow 5.86a 2.90a 8.76ano-tillage was initiated. Therefore, TC, MFC, and POMC
† Carbon input under columns of corn, soybean, and total refers to Clevels likely have not reached a steady state in no-tillage,

input from 1 yr corn, 2 yr soybean, and all 3 yr, respectively.and the impact of no-tillage on increasing TC, MFC, ‡ Values in column followed by the same letter are not significantly differ-
ent at P � 0.05.and POMC would be greater with time.
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residue results in greater CO2 emission than no-tillage
with residue at the measurement times of Hour 4, 48,
and 288. Our results generally confirm the potential of
reducing tillage intensity and increasing crop residue on
the soil surface in reducing soil CO2 emission to the
atmosphere in a corn–soybean rotation.

The maximum CO2 emission from all tilled treatments
(strip-tillage, deep rip, chisel plow, and moldboard plow)
is observed immediately after tillage operations (i.e.,
at Hour 0 measurement time) (Fig. 1). However, CO2

emission from these tilled treatments decreases sharply
by 52 to 68% within the first 2 h following tillage opera-
tions. In contrast, the two no-tillage treatments have
only 12 to 33% reduction during the same period (2 h
after tillage operations). After the first 2 h, changes in
CO2 emission are much smaller regardless of treatment
unless there is a sharp change in soil temperature or
moisture. Reicosky et al. (1997) reported that CO2 emis-
sion decreased rapidly by 80% immediately after tillage
operations on a harvested wheat field, which is greater
than the reductions we observed in our study.

A sharp increase in CO2 emission immediately after
tillage operations may be attributed to the rapid increase

Fig. 1. Tillage and crop residue effects on soil CO2 emission after 3 yr in microbial activities in decomposing the labile soilin a corn–soybean rotation. Least significant difference (LSD) at
organic matter pool. However, Jackson et al. (2003) andP � 0.05 for each measuring time is provided in the graph; NS,
Roberts and Chan (1990) concluded that the increasenot significant at P � 0.05. NTR, no-tillage with residue; NTW,

no-tillage without residue; ST, strip-tillage; DR, deep rip; CP, chisel in soil CO2 emission immediately after tillage operation
plow; MP, moldboard plow. was not due to the increase in microbial activities, but

it was rather due to the increase in soil aeration that was43 to 58% less than from moldboard plow (Fig. 1), while
induced by tillage disturbance. Reicosky and Lindstromchisel plow and deep rip treatments have statistically
(1993) also attributed greater CO2 emission immediatelysimilar CO2 emission as moldboard plow. The differ-
after tillage practices to greater physical CO2 emissionences in CO2 emission between the two no-tillage and
from soil pores and solution.moldboard plow treatments are significantly smaller at

Periodic soil CO2 emission differs significantly amongthe 2nd h of measurement time than those at Hour 0
the treatments during most of these measurement peri-according to a paired t test.
ods (Table 4). For example, both no-tillage with residueBeyond 2 h following tillage operations, no-tillage
and strip-tillage result in significantly less CO2 emissionwith residue produces a significantly lower CO2 emission
than moldboard plow during all measurement periodsthan moldboard plow at all the measurement times ex-
except Hour 96 to 192 and 192 to 288 periods after tillagecept the 192nd h (Fig. 1). Compared with moldboard
operations. Cumulative CO2 emission for the entire 20-dplow, CO2 emission is less from no-tillage without resi-
period following tillage are 41, 26, 21, and 19% lower fordue at all the measurement times except at Hour 48,
no-tillage with residue, strip-tillage, deep rip, and chisel192, and 288 after tillage operations. Similarly, strip-till-
plow than with moldboard plow, respectively (Table 4).age produces lower CO2 emission than moldboard plow
Cumulative CO2 emission from no-tillage without resi-at all measuring times except at Hour 192 and 288. Soil
due is 23% lower than that with moldboard plow, butCO2 emission is significantly less from deep rip than
24% greater than the CO2 emission from no-tillage withmoldboard plow at Hour 8, 12, 24, and 288 measurement
residue over the 20-d period.times. Similarly, chisel plow has significantly lower CO2

In summary, lower CO2 emission from no-tillage withemission than moldboard plow at Hour 8, 12, 24, and 480
after tillage operations. In addition, no-tillage without residue than moldboard plow in our study could be

Table 4. Tillage and crop residue effects on soil CO2 emission after 3 yr in a corn–soybean rotation.

Time period after tillage operations

Tillage system 0–2 h 2–4 h 4–8 h 8–12 h 12–24 h 1–2 d 2–4 d 4–8 d 8–12 d 12–20 d Total

kg ha�1

No-tillage with residue 2.31e† 1.61c 3.40c 2.89d 3.00d 6.89d 20.62c 80.60a 90.86a 88.19c 300.36c
No-tillage without residue 2.09e 1.74bc 4.56b 3.49bc 3.73d 11.79bcd 36.63ab 101.12a 112.27a 118.94bc 396.36b
Strip-tillage 3.46d 1.97bc 4.16bc 3.28bcd 4.32cd 11.35cd 31.96bc 96.45a 108.89a 111.73bc 377.57bc
Deep rip 4.37c 2.46ab 4.08bc 2.99cd 6.68bc 15.73bc 36.50ab 98.28a 98.47a 132.66b 402.20b
Chisel plow 6.68b 2.82a 4.87b 3.70b 7.44b 18.63ab 43.06ab 101.51a 108.54a 118.61bc 415.83b
Moldboard plow 7.87a 3.20a 5.96a 5.66a 12.41a 23.43a 50.09a 111.94a 111.36a 179.43a 511.34a

† Values in column followed by the same letter are not significantly different at P � 0.05.
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partially attributed to slower decomposition of crop resi- reduction of soil CO2 emission by serving as a barrier
for CO2 emission from soil to the atmosphere, having adue placed on the soil surface in no-tillage than when
lower crop residue decomposition rate due to minimumthey were incorporated with moldboard plow (Curtin
residue-soil contact, and lowering soil temperature (Rei-et al., 2000). Meanwhile, tillage operations may physi-
cosky et al., 1999).cally facilitate gas emission from the soil pores due to

Soil temperature at 5 cm during the 20-d measure-soil disturbance (Ellert and Janzen, 1999). Our results
ment period ranged from �9 to 6�C (Fig. 2). Soil temper-show trends similar to others (Reicosky et al., 1999;
ature changes from one measurement time to anotherDao, 1998; Jacinthe et al., 2002). Reicosky et al. (1999)
are similar for all treatments. Soil temperature is belowreported that cumulative soil CO2 emission from con-
zero at Hour 24, 48, 96, 288, and 480 measurement timesventional tillage at the end of 80 h was nearly three times
regardless of treatment. Accordingly, CO2 emission is alsolarger than from no-tillage. Additionally, crop residue
low at these measurement times regardless of treatmenton the soil surface with no-tillage contributes to the
(Fig. 1). This observation confirms that soil CO2 emis-
sion is affected by soil temperature. Furthermore, tillage
and crop residue effects on soil temperature are signifi-
cant at 4 of 11 measurement times during the 20-d pe-
riod (Fig. 2). Our soil temperature results generally agree
with those by Reicosky et al. (1997), who observed that
the relatively small temperature differences among till-
age treatments probably had less influence on soil CO2

emission than the differences in tillage-induced soil dis-
ruption.

Compared with soil temperature, fluctuations in soil
moisture are much lower during the 20-d measurement
period (Fig. 2). In general, the two no-tillage treatments
result in significantly higher soil moisture than mold-
board plow (data not presented). Chisel plow and strip-
tillage treatments have similar moisture content during
the first 12 h after tillage operations, but significantly
higher moisture when compared with moldboard plow.
Soil moisture is similar or higher under deep rip relative

Fig. 2. (a) Air temperature, (b) soil temperature, and (c) soil moisture
in the top 5 cm of different tillage systems and residue covers from
7 to 26 Nov. 2001, after 3 yr in a corn–soybean rotation. For soil
temperature, least significant difference (LSD) at P � 0.05 for
each measurement time is provided; NS, not significant at P �
0.05. For soil moisture, an error bar for each measurement time Fig. 3. Tillage and crop residue effects on cumulative soil CO2 emis-

sion after 3 yr in a corn–soybean rotation. NTR, no-tillage withis provided. NTR, no-tillage with residue; NTW, no-tillage without
residue; ST, strip-tillage; DR, deep rip; CP, chisel plow; MP, mold- residue; NTW, no-tillage without residue; ST, strip-tillage; DR,

deep rip; CP, chisel plow; MP, moldboard plow.board plow.
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to moldboard plow. A significant difference in soil mois- monitored for an entire growing season or calendar year.
Both Kirschbaum (1995) and Follett (1997) reported thatture is observed between the two no-tillage treatments

only at Hour 192 and 288 measurement times, when no- soil temperatures primarily governed seasonal variations
in soil CO2 emission, with high soil CO2 emission duringtillage with residue has greater soil moisture. Overall,

soil moisture effects on CO2 emission seem to be minor the summer when soil moisture and substrate C were
adequate and low CO2 emission during the winter whenduring such a short period of time.
soil biological activity was minimal due to near-freezing
soil temperatures. Therefore, given the timing of ourRegression Analysis of Carbon Dioxide Emission
study, soil CO2 emission is most likely due to CO2 ex-with Soil Temperature and Moisture
change through soil pores rather than by microbial activ-

Linear regression analysis of the data set across all ity. These findings show the effects of tillage that is
treatments over time reveals a statistically significant normally conducted in the fall on soil C loss in the Corn
relationship between CO2 emission and soil tempera- Belt region.
ture. However, the contribution of soil temperature to
variation in CO2 emission is low (R2 	 0.23). This can Regression of Cumulative Soil Carbon Dioxide
be attributed to low soil temperatures and narrow ampli- Emission with Soil Organic Carbon
tude in temperature ranges during the measurement Pools and Timeperiod. Soil CO2 emission is not linearly related to soil
moisture, where changes in soil moisture over the mea- No significant linear or quadratic relationship between

cumulative soil CO2 emission and TC, MFC, or POMCsurement period are not significant.
Because CO2 emission is measured during November is observed over the 480-h measurement period regard-

less of treatment (data not presented). This finding indi-in our study, soil temperature was low and soil moisture
was generally stable over time. These facts may explain cates that soil organic C substrate is not the limiting

factor to soil CO2 emission. Rather, soil CO2 emissionwhy CO2 emission is weakly correlated with soil temper-
ature and not associated with soil moisture. Our results in such a short-term experiment may be governed by

soil structural pore changes due to tillage and microbialare different from those reported in previous studies
(Kirschbaum, 1995; Follett, 1997), where CO2 emission was community population and its activity. This is reason-

Fig. 4. Linear plot of the Michaelis–Menten equation for cumulative soil CO2 emission. NTR, no-tillage with residue; NTW, no-tillage without
residue; ST, strip-tillage; DR, deep rip; CP, chisel plow; MP, moldboard plow.
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able because our measurements were taken for only a ground crop residue, but most likely is related to de-
3-wk period in early November, when farmers normally creased mineralization rate of soil organic matter with
conduct the tillage operations. In addition, low soil tem- no-tillage.
peratures and stable soil moisture during the measure- Soil CO2 emission is generally lower with less inten-
ment period may cause a decrease in microbial activity, sive tillage alternatives relative to moldboard plow, with
thus reducing the significance of relationship between the greatest differences occurring at the time immedi-
cumulative soil CO2 emission and TC, MFC, or POMC. ately following tillage operations. Over the 480-h mea-
Overall, our results suggest that short-term measure- surement period, less intensive tillage alternatives lower
ment of CO2 emission during the dormant season can cumulative soil CO2 emission by 19 to 41% compared
be considered as an indicator of soil physical changes with moldboard plow. Carbon dioxide emission is 24%
due to tillage disturbance and microbial activity rather less with no-tillage with residue than without residue
than soil organic C pool levels. covers.

Cumulative soil CO2 emission and time after tillage Relationship of soil CO2 emission with TC, MFC,
operations is linearly related regardless of treatment POMC, soil temperature, or moisture content is not ob-
(Fig. 3). Slope of the equation decreases as tillage inten- served or was weak over the short period of measure-
sity is reduced. Moldboard plow has the greatest slope ment. However, a positive linear relationship between
and no-tillage with residue has the lowest slope. This cumulative CO2 emission and time is observed. Esti-
finding suggests that cumulative soil CO2 emission to the mated mineralizable C pool is reduced by 22 to 66% with
atmosphere can be lowered by adopting less intensive less intensive tillage alternatives relative to moldboard
tillage systems compared with moldboard plow. plow. The decrease in mineralizable C pool may be

partially responsible for the reduced soil CO2 emission,
Determination of Mineralizable Carbon especially from the no-tillage treatments.

under Different Tillage Systems Our results suggest that from a short-term perspec-
tive, adopting less intensive tillage alternatives such asThe Lineweaver–Burk transformation of Michaelis–
no-tillage and strip-tillage and leaving more crop residueMenton equation applied to cumulative soil CO2 emis-
cover on the soil surface are effective in reducing soilsion vs. time after tillage operations is shown in Fig. 4
CO2 emission, and thus improving soil C sequestrationfor each tillage system. There is a linear relationship
in a corn–soybean rotation in Corn Belt soils. The bene-between the inverse of cumulative soil CO2 emission and
fit of less soil CO2 emission or C loss along with otherthe inverse of time after tillage operations regardless of
economic and environmental advantages such as highertillage system. Inverse of the intercept of each linear

relationship represents the size of potentially mineraliz- production profitability and less soil erosion, associated
able C pool (Cmax) due to the effect of each tillage system. with less intensive tillage and better crop residue man-
The Cmax value is lower with less intensive tillage systems agement systems, should be taken into account when
compared with moldboard plow (Table 5). No-tillage soil management decisions are made for conservation
with and without residue, strip-tillage, deep rip, and chisel planning.
plow reduced the size of mineralizable portion of the
maximum C pool (Cmax) by 66, 40, 51, 28, and 22% REFERENCES
relative to moldboard plow, respectively. This trend sug-
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