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respectively. Examination of these cropping sys-
tems over the first 3-year study period (Table 3, 
bottom half) indicates that the rainfed maize–soy-
bean rotation system is approximately C neutral, 
given the uncertainties (±45 g C m−2, approxi-
mately) associated with these estimates. Our re-
sults for rainfed maize–soybean are compara-
ble to the results from ongoing studies on rainfed 
maize–soybean rotation in Illinois and Minne-
sota (T. Meyers and J. Baker, 26th American Me-
teorological Society Conference on Agricultural 
and Forest Meteorology, Vancouver, BC, Canada, 
personal communications). The NBP for the irri-
gated continuous maize (Table 3, bottom half) in-
dicates that this system is nearly C neutral or a 
slight source of C. The irrigated maize–soybean 
rotation, on the other hand, appears to be a mod-
erate source of C.

3.4.2. Crop residue decomposition and soil carbon stocks.  
Measurement of litter mass over time showed that 
the rate of decomposition (i.e., C loss) from maize 
residues was similar in both irrigated and rainfed 
sites (half life, t1/2 ~ 1.39 year) (Figure 5). The t1/2 
of soybean residue decomposition (1.25 and 1.06 
year for irrigated and rainfed, respectively) indi-
cated soybean decomposed 10–24% faster than 
maize residue.

Changes in the size of the litter-C pool were esti-
mated based on the measured amount of crop res-
idues added to the surface litter layer in each field 
after grain harvest, the litter degradation rates from 
Figure 5, and an estimate of the amount of surface 
litter incorporated in soil when the fields were 
disked to initiate our study. Estimates of the litter-
C pool using this approach indicate that the size of 
this C pool has increased by 143 g C m−2 from May 
2001 to May 2002, an additional 72 g C m−2 from 
May 2002 to May 2003, and by another 14 g C m−2 
from May 2003 to May 2004 in continuous, irri-
gated maize. Litter-C pools in this system have in-
creased because of the high yields and correspond-
ing high litter inputs achieved in our study. Within 
the irrigated maize–soybean rotation, litter-C pools 
are strongly dependent on whether the current 
year is cropped to soybean or maize. The litter-C 
pool increased by 161 g C m−2 from May 2001 to 
May 2002 (a maize year), decreased by 100 g C m−2 
from May 2002 to May 2003 (a soybean year), and 
increased again by 144 g C m−2 from May 2003 to 
May 2004 (a maize year). Thus, much of the C gain 

in a maize year is offset by C loss during the al-
ternating soybean year. It was not possible to es-
timate the changes in the litter-C pool in the rain-
fed maize–soybean rotation because the field was 
not managed uniformly before initiating the cur-
rent study.

In all three cropping systems, mean SOC changes 
from 2001 to 2004 ranged from −80 to −129 g C m−2 
for the top 200 kg of soil m−2 (approximately 0–
0.15 m depth), suggesting some loss of SOC may 
have occurred from the topsoil layer. However, 
weighted standard errors for C stock measure-
ment in this soil mass were in the 130–150 g C m−2 
range at Sites 1 and 2 and 230–250 g C m−2 at Site 
3 (Figure 6). Similarly, small but non-significant 
decreases in mean SOC were measured for the 
top 400 kg of soil m−2 (−4 to −51 g C m−2), which 
roughly corresponds to the 0–0.30 m depth. These 

Figure 5. Estimated whole-field carbon loss from mea-
surements of litter decomposition in litterbags. Initial lit-
ter carbon was determined in crop residue samples of 
above and belowground organs collected at harvest. The 
best-fit regression is an exponential decay and these re-
gressions did not differ significantly for irrigated maize 
across fields and years such that the irrigated maize data 
were pooled in combined regression.
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values compare with weighted standard errors 
that ranged from 280 to 570 g C m−2 for this depth 
interval. In summary, given the attainable preci-
sion of these estimates, we conclude that there was 
no detectable change in soil C stock during the first 
3 years of no-till farming in the three cropping sys-
tems in our study.

3.4.3. Comparison with other studies in agroecosys-
tems. As mentioned before, our results from the 
rainfed maize–soybean rotation system dur-
ing the first 3 years indicate a lack of C seques-
tration and are consistent with the results of on-
going studies in Minnesota and Illinois. Our 
results, however, differ from those from some 

Figure 6. Cumulative soil C contents in spring 2001 and 2004 as a function of cumulative soil dry mass. Values shown 
are spatially weighted site means and standard errors. The dashed horizontal lines indicate the top 200 kg dry soil m−2 
and 400 kg dry soil m−2 (oven-dry basis) used as reference soil mass for monitoring changes in soil organic carbon.



94    Verma et al. in AgriculturAl And Forest Meteorology 131(2005)

studies, probably due to differences in cropping 
systems and management, as well as to differ-
ences in methods used to measure changes in 
SOC over time. In a summary of long-term ex-
periments, West and Post (2002) suggested an av-
erage annual C sequestration rate of 44 g C m−2 
for continuous maize systems and 90 g C m−2 for 
maize–soybean rotations, mostly under rainfed 
conditions. These values were calculated as the 
relative difference in SOC between no-till and con-
ventional tillage treatments in long-term exper-
iments at one point in time after periods of 10–
20 years. Moreover, direct measurements of SOC 
and soil bulk density were not available in most 
experiments evaluated by West and Post (2002) so 
that C stocks were not comparable on an equiva-
lent soil mass basis. Relatively small differences 
in soil bulk density between treatments, or over 
time in the same treatment, can result in errors 
of 5–15% in estimating SOC stocks (Gifford and 
Roderick, 2003).

Six et al. (2004) also analyzed published data 
from numerous long-term experiments in North 
America and other parts of the world, again with-
out correction for possible changes in bulk den-
sity. They concluded that average C sequestration 
rates in the first few years after conversion from 
conventional tillage to no-till were small or some-
times negative, followed by a gradual increase 
over time. Averaged over the published studies 
summarized in their report, C sequestration rates 
in humid climates averaged 22 g C m−2 year−1 in 
the top 0.30 m of soil over a 20-year period, and 
10 g C m−2 year−1 in dry climates. Our SOC mea-
surements confirm a lack of soil C sequestra-
tion or possibly even losses of SOC (Figure 6) in 
3 years of no-till management following an ini-
tial disking operation. These findings are consis-
tent with the supposition that movement of car-
bon from the decomposition of crop residue litter 
on the soil surface into the deeper soil profile is 
a relatively slow process under no-till conditions. 
In contrast, root-derived C is likely the primary 
source for replenishing SOC lost to heterotro-
phic respiration during the initial years after con-
version to no-till (Gale and Cambardella, 2000). 
In quantitative terms, however, the total amount 
of root-derived C is small relative to surface lit-
ter residue as well as relative to the annual loss of 
SOC from mineralization.

4. Summary and concluding remarks

Results from 3 years of CO2 exchange measure-
ments are presented for three production-scale 
fields, each with a different maize-based crop-
ping system: (a) irrigated continuous maize, (b) ir-
rigated maize–soybean rotation, and (c) rainfed 
maize–soybean rotation. All fields were initially 
tilled by disking to create uniform starting condi-
tions. Since then, all fields have been under no-till 
management. Progressive crop management was 
used to achieve crop yields and N fertilizer effi-
ciencies that were substantially greater than aver-
age yield and efficiency achieved by most farmers. 
Cumulative daily crop C gain, calculated from inte-
grated net ecosystem production (NEP) from sow-
ing to physiological maturity, compared well with 
direct measurement of total plant biomass. Maize 
fields were a C sink for about 20 days longer than 
soybean fields (100–110 days versus 80–85 days). 
Peak hourly daytime CO2 uptake in maize was sig-
nificantly larger than in soybean (59–68 μmol CO2 
m−2 s−1 versus 34–39 μmol CO2 m−2 s−1). In a grow-
ing season, the NEP for maize was substantially 
larger than for soybean due to a larger gross pri-
mary productivity (GPP) and a proportionately 
smaller ecosystem respiration. The large C input 
from crop residues on the soil surface and roots of 
the previous maize crop contributed to a higher Re 
during the soybean phase of the crop rotation and 
a higher Re/GPP ratio for soybean. Compared to 
the rainfed system, increased ecosystem respiration 
caused by higher soil moisture levels in irrigated 
maize and soybean fields offset the advantage of 
greater GPP in the calculation of NEP. The grain-C 
removed with harvest and the CO2 released from 
irrigation were combined with the annual NEP 
values to estimate net biome C production. After 
3 years of cropping under the conditions of this 
study, such calculations indicate that the rainfed 
maize–soybean rotation is nearly C neutral, the ir-
rigated continuous maize system is nearly C neu-
tral or a slight source of C and the irrigated maize–
soybean rotation system is a moderate source of C. 
Likewise, a statistically significant change in soil C 
stocks could not be detected in the three cropping 
systems during the 3-year period of this study. The 
litter-C pools (including roots, stalks, leaves, and 
cobs) were estimated to increase in the irrigated 
continuous maize and in the irrigated maize–soy-



annual CO2 exChange in irrigated and rainfed maize-based agrOeCOsystems   95

bean rotation (by 230 and 200 g C m−2 year−1, re-
spectively) over the 3-year period, and the future 
soil C balance in these systems will depend on the 
fate of C in these accumulating litter pools.
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