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Fig. 4. Soil carbon dioxide (CO2) fluxes dependency on air temperature under fallow
conditions in corn and soybean fields. Monthly averages of CO2 fluxes measured by
(A) soil chambers (n: 40 chamber-months) and (B) eddy-covariance (n: 47 site-
months) methods. Linear and Q10 data fits are presented. Note the different y-scales
across panels.

January, and February with ambient temperature of −4.4 ± 0.7 ◦C).
In contrast, the growing season (May through October) exhibited
most of the observed dynamics of CO2 fluxes. Certain diurnal and
nocturnal CO2 emissions are evident in May; both autotrophic
and heterotrophic respiration can contribute to these emissions
during this early growing season period as crops are established
and canopies start to develop. Conversely, from June throughout
September, both the photosynthesis-driven carbon uptake during
the daytime (Fig. 3C) and carbon emission during the nighttime
(Fig. 3D) were evident. The shifts of diurnal CO2 exchange from
source to sink for both crops took place within June. In further
detail, diurnal CO2 sink started earlier for corn than for soybean (i.e.,
1 June for corn at growth stages V2 to V3 vs. 17 June for soybean at
V3 to V4; Fig. 3C). The return to diurnal CO2 source occurred roughly
on 15 September for both crops as canopies are gradually senescing.
Collectively, these results indicate that CO2 sink periods were typ-
ically 106 days for corn and 90 days for soybean. In addition, the
diurnal CO2 uptake peak was stronger for corn than for soybean
(−1.03 vs. −0.60 g C m−2 h−1), and the soybean CO2 uptake peak
occurred approximately one month later than for corn (Fig. 3C),
which is consistent with phenological dissimilarities between these
two crops resulting in temporal differences of maximum canopy
developments (i.e., whereas R1 for corn was on 18 July, soybean R5
growth stage occurred typically on 11 August). Concomitantly, corn
exhibited more diurnal CO2 uptake in July than in August, whereas

Fig. 5. Soil carbon dioxide (CO2) fluxes and biophysical covariates under fallow con-
ditions in corn and soybean fields during a selected interval (i.e., 30 July through
13 August 2004). (A) Hourly CO2 flux averages, (B) air temperature means and
cumulative rainfall.

soybean showed the opposite pattern (August > July). Furthermore,
the marked seasonal peak of nocturnal CO2 emission in both fields
during July to August can be directly attributed to the combination
of canopy and root respiration as well as heterotrophic microbial
respiration associated with increasing ambient temperatures and
progressive decays of crop root systems. Collectively, these results
agree with previous reports of CO2 exchange dynamics over corn
and soybean fields within the Midwestern U.S. (Suyker et al., 2004,
2005; Verma et al., 2005; Hatfield et al., 2007), and our analyses
further extend these existing reports by separating the diurnal and
nocturnal flux-components for both diel and annual cycles. Overall,
these findings should inform modeling efforts toward enhancing
predictive ability of CO2 exchange over agricultural surfaces.

3.4. Temperature, rainfall, and light effects on CO2 fluxes

A substantial body of literature has been established on the
dependencies of CO2 fluxes on ambient temperature, rainfall pat-
terns, and available light; our results in general corroborate and
add to the existing reports. As previously documented for forest
(Law et al., 2002; Griffis et al., 2003), grazed pasture (Brown et al.,
2009), and shrubland (Reverter et al., 2010) sites, our results also
suggest a direct control of temperature on CO2 fluxes under fallow
conditions in cropped fields (Fig. 4). Using R2 as a criterion, the best
fits to data from both soil chambers (Fig. 4A) and eddy-covariance
(Fig. 4B) were linear for air temperatures ranging from −10 to
15 ◦C, and concurrently, the corresponding regression coefficients
(� 1s) for soil chambers (0.00676, Fig. 4A) and eddy-covariance data
(0.00786, Fig. 4B) did not differ from each other (P > 0.05; � 1s were
derived on transformed CO2 flux data), indicating consistent linear
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Fig. 6. Light responses of carbon dioxide (CO2) fluxes over corn and soybean canopies during (A) July and (B) August. Shown data correspond to daytime hourly averages
from  8 site-years (n: 5204). Shown lines correspond to polynomial data-fittings for corn (solid lines) during July (CO2 flux = 0.0000004PAR2 − 0.0018PAR + 0.233; R2 = 0.73)
and  August (CO2 flux = 0.0000003PAR2 − 0.0009PAR + 0.0433; R2 = 0.35) as well as for soybean (dash lines) during July (CO2–C flux = 0.0000003PAR2 − 0.0015PAR + 0.272;
R2 = 0.72) and August (CO2–C flux = 0.0000004PAR2 − 0.0013PAR + 0.212; R2 = 0.65).

sensitivity of soil respiration within low temperature ranges. This
finding is in clear agreement with Ginting et al. (2003) who  also
reported a simple linear response of soil CO2 fluxes to soil temper-
ature (<18 ◦C) during a fallow period of a continuous corn system.
Furthermore, when including all our available chamber data with
air temperatures from -10 to 22 ◦C, the best fit was Q10 (Fig. 4A);
this pronounced curvilinear response indicates incremental sensi-
tivity of soil respiration to higher temperatures (Parkin and Kaspar,
2003; Davidson et al., 2006). In further examination of the chamber
data (Fig. 4A), Q10 fitting was also better than linear after excluding
the extremely high monthly averages: July and August in the soy-
bean field [CO2–C = 0.029 × 1.94(T/10), R2 = 0.56; acronyms and units
as defined in Fig. 4]. Graphical analysis by diel cycles under fallow
conditions during the warm summer period further supports the
clear response of soil respiration to temporal fluctuations in ambi-
ent temperature (Fig. 5). Moreover, it was also found that within
a period with relatively higher temperatures (31 July to 3 August
2004), soil CO2 emission largely increased during certain days (i.e.,
1, 2, and 3 August) following a major rainfall (70 mm on 1 August)
(Fig. 5). However, regardless of additional major rainfalls on 3 and 4
August, soil CO2 emission sharply decreased during the subsequent
days (4–12 August) in clear association with a significant reduc-
tion in ambient temperature. These observations may  suggest that
synergistic effects of temperature and moisture on increased soil
CO2 emission become only evident under high temperature levels.
These responses of chamber-measured soil CO2 fluxes to environ-
mental controls were particularly pronounced in the soybean field
where a large corn-residue mass had been added in the preceding
fall as discussed above.

Rainfall events also showed discernable driving effects on tem-
poral dynamics of EC-measured ecosystem CO2 uptake. Within two
selected periods between major rainfalls [13-day (3 through 19
July 2005) and 8-day periods (24 July through 9 August 2007)], the
maximum daytime mean of net CO2 uptake over both crops were
consistently observed on the third day after major rainfalls and with
high incident PAR (data not shown). Also, although these assessed
periods between rainfalls led to certain declines in soil water con-
tent, soil water in our field sites can in general be characterized
as a non-limiting soil water availability condition (Logsdon et al.,
2009, 2010) for corn and soybean growths as the minimum surface
soil water content measured at our sites during the entire 4-year
study was 0.15 m3 m−3 (0 to 0.10 m depth; data not shown). These

non-stress moisture conditions for plant growth typically occur in
humid temperate regions with fine-textured soils and relatively
uniform rainfall distribution (Logsdon et al., 2009, 2010) such as
the Central and Eastern U.S. Corn Belt.

When plants are active growing, available light is considered
a major driver of ecosystem CO2 uptake as photosynthesis is
stimulated (Suyker et al., 2004, 2005; Glenn et al., 2010). Our
results support this general notion (Fig. 6). Regardless of data scat-
tering, light response tended higher for corn than for soybean
during July (Fig. 6A) when the corn canopy reached maximum
development, while both corn and soybean exhibited more sim-
ilar light responses during August (Fig. 6B) when the soybean
canopy reached maximum development and as the demand for
maintenance energy in the corn canopy gradually increases. In
addition to phenological differences between crops, photosynthetic
C4 physiology in corn vs. C3 in soybean (with photorespiration)
can in part explain these differences in light responses across crop
species and months. Nonetheless, as indicated above, most pre-
vious studies examined these effects of available light as a single
factor only. Our graphical analysis of daytime hourly CO2 fluxes
as a simultaneous function of both available light (incident PAR)
and air temperature (T) revealed an additive effect of these two
control variables on net CO2 uptake only for corn [Fig. 7; the
resulting equation after offsetting and transforming CO2 data was
Ln (CO2–C + 10) = 2.380–0.000108PAR–0.00282T, R2 = 0.77]. Such
combined additive effect, which resulted in notably greater CO2
uptake, had not been previously reported in the existing literature
for annual crop species. In further details, this effect was clearly evi-
dent where air temperature was  above 26 ◦C and incident PAR in
the subrange from 1400 to 1900 �mol  m−2 s−1 resulting in a solid
CO2 uptake peak ranging from −1.5 to −3.0 g C m−2 h−1 (Fig. 7).
Overall, incident PAR and air temperature explained 74% and 3%,
respectively, of the total variability in the data, and this temper-
ature contribution to this additive response model was  mostly
noticeable with temperatures higher than 23 ◦C. As a biological pro-
cess, increased photosynthesis, and hence ecosystem CO2 uptake,
depends on available light as a direct energy input and on air tem-
perature as a scalar expression of ambient heat and thermodynamic
driver of photosynthetic and respiratory activities. In general, as
observed in our study, these responses to temperature and avail-
able light can be expected to be even more pronounced in C4 than
in C3 plants (Taiz and Zeiger, 2002).
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Fig. 7. Carbon dioxide (CO2) fluxes (g C m−2 h−1) over corn canopies as a simulta-
neous function of both incident photosynthetically active radiation (PAR) density
and  air temperature. Data correspond to hourly averages during the daytime of July
and August from 4 site-years. Measured CO2 fluxes were smoothed using an inverse
distance function with a power of 2 and a sampling proportion of 10% of nearest
neighbours. n: 2977.

3.5. Diurnal hysteresis of ecosystem CO2 uptake

Results revealed pronounced diurnal hystereses in the light
response curves over both crops that can be attributed to delay in
the diurnal peak of soil CO2 respiration relative to the time of max-
imum plant photosynthesis (Fig. 8). Under our non-limiting soil
water conditions as discussed above, systematically lower ecosys-
tem CO2 uptake in the afternoons than in the mornings for any given
PAR level can be directly attributed to relatively increased CO2 res-
piratory losses from soil and roots in late afternoon when higher
ambient and soil temperature also occur. In other words, photosyn-
thetic activity would typically follow incident PAR (Taiz and Zeiger,
2002), while soil respiration would track the diel patterns of ambi-
ent temperature as demonstrated after a comprehensive analysis
of soil CO2 fluxes by Parkin and Kaspar (2003) and also in our cham-
ber data (Fig. 5). This delay between the diurnal peaks of incident
PAR and air temperature was roughly 3 h (Fig. 8), and hence, the
observed differential response of CO2 exchange between mornings
vs. afternoons. The amplitude of this hysteresis between mid  morn-
ings and mid  afternoons was roughly two-fold larger for corn than
for soybean (0.59 ± 0.11 vs. 0.32 ± 0.03 g C m−2 h−1; Fig. 8). These
observed diurnal hysteretic responses of CO2 exchange had not
been well documented over corn and soybean canopies. Recently,
both Pingintha et al. (2010) and Reverter et al. (2010) also described
hystereses of net CO2 uptake over non-irrigated peanut (Arachis
hypogaea L.) and alpine shrubland, respectively. Reverter et al.
(2010) attributed in part these diurnal path dependencies to sugar
accumulation in leaves in the afternoon after intensive photo-
synthesis in the morning which could decrease Rubisco activity,
particularly in C3 plants such as soybean. Furthermore, under

Fig. 8. Light responses of carbon dioxide (CO2) flux over corn and soybean canopies
during three clear days [i.e., (A) 9 and (B) 17 July 2005, and (C) 1 August 2007).
The  CO2 flux and incident photosynthetically active radiation (PAR) density data
are presented as hourly averages. Arrows indicate the directions of the diurnal time
courses. Peak times of PAR, vapor pressure deficit (VPD), and air temperature (AT)
are  provided along with their corresponding maximum diurnal values.

plant water stress conditions due to drought, both Pingintha et al.
(2010) and Reverter et al. (2010) observed even more amplified
hysteretic responses of daytime net CO2 uptake to PAR. Specif-
ically, they found these effects in fields with soil water content
below 0.04 (Pingintha et al., 2010) and 0.08 m3 m−3 (Reverter et al.,
2010), and in clear association with high VPD values during the
midday and afternoon which could sharply restrict stomatal con-
ductance, and hence, considerably reduce plant CO2 uptake, in
particular in C3 plants. However, these divergent effects of high
VPD on CO2 uptake-PAR hystereses were not observed under non-
limiting water conditions (Pingintha et al., 2010; Reverter et al.,
2010). These findings are consistent with results in our corn and
soybean fields (Fig. 8) where non-limiting soil water conditions
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were predominant; thus, increased VPD did not appear to have
additional major influence on our described hysteretic courses of
ecosystem CO2 uptake (Fig. 8). Nonetheless, these overall observed
diurnal hystereses of ecosystem CO2 uptake need to be reexamined
using absorbed PAR and leaf photosynthesis measurements under
a broader variety of canopy conditions. Collectively, these findings
can contribute in part to explain the scattering observed in light
response curves (Fig. 6), and they should inform modeling efforts
as well as aid to develop more robust data gap-filling procedures.

4. Conclusion

This multiyear study identified wide variations in CO2 fluxes as a
function of environmental factors including available light, ambient
temperature, and rainfall patterns. Ambient temperature explained
a large portion of the observed variability in soil CO2 emission
under field fallow conditions. When corn and soybean canopies
were photosynthetically active and behaving as CO2 sinks, fluctua-
tion in available light was the single more important driver of CO2
uptake followed by ambient temperature in these annual cropping
systems where water supply is not typically limiting. Moreover, this
study found clear hysteresis of diurnal CO2 uptake as a function of
available light with greater net CO2 uptake during mornings than
afternoons over both crop canopies. Also, this study indicates good
agreement between CO2 exchange measurements done directly
over these two adjacent agricultural fields (simple average of the
CO2 exchange for the assessed corn–soybean rotation) compared
with quantification at regional footprint scale level (10 m height
over the ground). Additionally, results suggest that crop species
and phenologies affect the length of the CO2 sink periods, peak
rates of CO2 uptake, and time of peak uptake within growing sea-
sons. Sink periods were typically two weeks longer for corn than
for soybean, and peak uptake happened two to three weeks ear-
lier for corn than for soybean. Annual cumulative CO2 exchanges
(g C m−2 year−1) were −466 ± 38 for corn and −13 ± 39 for soy-
bean. Based on these results and estimated carbon balance, soybean
appears to induce depletion of soil carbon, while corn seems to
be carbon neutral. Changes in land use and crop management can
largely impact exchange of CO2 from agricultural regions.
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