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Figure 10. Differences in growing season ecosystem respiration (Re) for different combination of years attributable to differences in green leaf area
(LAV), differences in reference soil surface respiration (Re,), and differences in air temperature (T,) for (A) irrigated and rainfed maize and (B) irrigated
and rainfed soybean. Values of the total Re difference are arranged largest to smallest for each management and crop.

3.3.3. Interannual variability of growing season Re: role of
controlling factors

To evaluate the role of key controlling variables (LA, T, and Re,)
in explaining the interannual variability of growing season Re, we
compared 2 years of data employing Equation (5). By exchanging each
input parameter in a similar manner outlined in Section 3.2.3, we sepa-
rated the impact on the growing season Re due to changes in LAI T,
and Re,,. Comparison of data from different combination of years is
shown in Figure 10. The results indicated two features: (a) generally,
Re,, and LAI contributed to variability in growing season Re, and (b)
in some cases, the influence of Re,, LAl or T, offset each other. For
maize, LAI and Re,, explained most of the interannual variability in
growing season Re. In addition to LAI and Re,, 7, was also impor-
tant in contributing to the interannual growing season Re variability.

3.3.4. Ecosystem respiration during the non growing season
Non growing season Re was accumulated from the day after har-
vest to subsequent spring planting. The non-growing season Re con-
tributed 10-20% and 17-24% of annual Re in maize and soybean, re-
spectively. However, the soybean crop is harvested earlier than maize
and planted later so comparisons among years will be biased due to
different integration periods. Accordingly, the daily Re was accumu-
lated during identical durations (Rey;q: November 1-April 30). Aver-
age Rey 4 (+standard deviation) following irrigated and rainfed maize
harvest was 157 + 26 and 152 = 34 g C m™2, respectively (Figure
11). Following soybean harvest, corresponding values were135 + 22
and 124 + 19 g C m™2, respectively. The Re g values are generally

consistent with (a) greater above ground biomass for maize and thus
greater residue left on the surface and (b) expected higher respiration
from the irrigated field. The interannual variability in Rey,q was gen-
erally small (<25% of average Re)-

Work at the study sites by Kochsiek (2010) suggested temperature,
residue biomass left after harvest, and surface moisture content were
the most important factors influencing Rey . Thus, we employed three
variables: (a) seasonally averaged air temperature, (b) the residue bio-

mass left at harvest (G : determined as the difference between total

Figure 11. Non growing season Re integrated from November 1 to April
30 for irrigated and rainfed maize and soybean.



22

SUYKER & VERMA IN AGRICULTURAL AND FOREST METEOROLOGY 165 (2012)

ARe (g C m2 y)

ARe (g C m?2 y)

2000 —
- B OGPP A.
1500 —{WRe | M —
ENEP
1000 1+
>
N 500 1+
S
(&
o 0 T T T T T T T T
o) Irrigated Maize Rainfed Maize
* 500
% 2001 2003 2005 2007 2001 2003 2005 2007
o
a 2000
& B.
o 1500
L
P
T 1000 T
c
C
< 500 -
0 T T T T —
Irrigated Soybean Rainfed Soybean
-500
2002 2004 2006 2008 2002 2004 2006 2008
200
IB. | 1IB.
4 Irrigate Maize: Closed symbols
Rainfed Maize: Open symbols Yoar |Symbo! AGPP l ARe | ANEP
100 . (gCm?y")
: ‘) Irrigated Maize
2001 @ 60 6 66
A 2003 | A 102 61 41
0 TA. o ITA. 2005 [ -92 -36 -57
IVA. d 111A. 2007 [ ] 51 =31 82
® o) | Rainfed Maize
2001 [ 108 68 40
2003 AN -41 34 -76
-100 . 2005 O -15 -40 25
2007 [m] -52 -62 10
IVB. | IIIB.
-200
-200 -100 0 100 200
AGPP (g C m2 y")
200 T
Irrigate Soybean: Closed symbols Year |Symb0l AGPP | ARe | ANEP
Rainfed Soybean: Open symbols (gC m2 y-1)
Irrigated Soybean
100 ] 2002] @ 99 89 70
. 2004 A -37 22 -59
2006 | @ 11 33 44
A~ 2008 @ -73 -78 4
0 aY T Rainfed Soybean
o . 2002 © -4 43 47
o 2004 A -6 24 -30
2006 @) 11 -58 70
-100 i 2008 | O -1 -9 8
-200
-200 -100 0 100 200

AGPP (g C m2y)

Figure 12. Annual net ecosystem
production (NEP), gross primary
production (GPP), and ecosystem
respiration (Re) for (A) irrigated/rainfed
maize and (B) irrigated/rainfed soybean.

Figure 13. Departures in annual

gross primary production (AGPP) and
ecosystem respiration (ARe) from

their respective 4-year means for (A)
irrigated and rainfed maize and (B)
irrigated and rainfed soybean. ANEP

= AGPP - ARe. Data below the solid
diagonal line implies above average NEP
(below average NEP above the line).
Data in quadrants | and Il indicate both
GPP and Re contributed to NEP (data
points on the dashed line imply equal
contribution). Data in quadrants Il and
IV indicate GPP and Re had offsetting
impacts (data points on the solid line
imply equally offsetting contributions).
Data in “A" portion of each quadrant
indicate greater contribution by GPP
and data in “B” portion indicate greater
contribution by Re. Tables include values
of AGPP, ARe, and ANEP.
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Figure 14. Net biome production (NBP = NEP - grain C removed dur-
ing harvest) for the combined cycle of maize and soybean for irrigated
and rainfed crops. Each bar is a 2-year average of NBP.

aboveground plant biomass and grain biomass), and (c) the cumulative
difference between precipitation and evapotranspiration (3 [P-ET]: as
an indicator of surface moisture) in a stepwise multiple regression of
Rey - Average air temperature explained 68% and residue biomass
explained 13% of interannual variability in Re 4 (X[P-ET] was not
significant).

3.4. Annual net ecosystem production and net biome
production

Annually integrated GPP, Re, and NEP are depicted in Figure 12.
About 70% of maize GPP was lost in ecosystem respiration resulting
in the mean annual NEP (+ standard deviation) of 552+ 73 gCm 2 y!
for irrigated maize and 471 +52 ¢ C m 2y ! for rainfed maize. In con-
trast, in the case of soybean, most of the annual GPP was lost as eco-
system respiration resulting in a mean annual NEP for rainfed and ir-
rigated soybean of 10 = 52 and =57 £43 g C m 2 y !, respectively.

To examine the role of GPP and Re in explaining departures of
NEP from the mean (ANEP), following a method used by Chen et al.
(2009), we plotted the departures (AGPP, ARe) in annual GPP and Re
from their respective 4-year means (Figure 13; ANEP = AGPP —ARe).
For irrigated maize, the GPP generally contributed more to ANEP
(i.e., AGPP generally larger than ARe). During 2001 and 2003, rain-
fed maize results were similar to those from irrigated maize. However,
during 2005 and 2007, both GPP and Re seem to make similar contri-
butions with offsetting impacts on ANEP. Data from irrigated soybean
indicated nearly equal contributions of GPP and Re to the ANEP, with
2 years (2002 and 2008) of essentially offsetting impacts on ANEP. In
rainfed soybean, there seems to be an indication of somewhat greater
contribution of Re (the AGPP were very small and ARe was slightly
larger). Overall, GPP tended to contribute more than Re to the ANEP
of maize. For soybean, both GPP and Re seem important.

Net biome production (NBP = NEP — grain C removed during har-
vest) was calculated for each year (Figure 14). The irrigated maize—
soybean rotation began as a moderate source of carbon. However, more
recently, it appears to be nearly C neutral. The rainfed maize—soybean
rotation is approximately C neutral, consistent with the results of Hol-
linger et al. (2005).

4. Summary and conclusions

This paper includes an examination of 8 years of measurements of
carbon exchange in an irrigated and rainfed maize—soybean rotation
cropping system. Peak daily gross primary production (GPP) ranged
from about 28-30 g C m™2 d™! for irrigated maize, occurring about
50-60 days after emergence. This period corresponded to the approx-
imate time of peak green leaf area index (LAI). Peak GPP was slightly

lower for rainfed maize (22-27 g C m 2 d!). For soybean (irrigated
and rainfed), peak GPP was between 16 and 18 g C m2 d ™! and also
corresponded to the period of peak LAI occurring about 60-70 days
after emergence. Examination of the role of quality of light in relation
to the annual GPP of these crops indicated a GPP advantage due to dif-
fuse light of 9-14% for maize and 18-20% for soybean. Peak daily val-
ues of growing season ecosystem respiration (Re) ranged from about
12to 15 g Cm 2 d! for irrigated maize and slightly lower for rainfed
maize (9-13 g C m 2 d!). For soybean, Re values peaked from 10 to
14 ¢ C m2 d™! in the irrigated and rainfed fields. In both crops, peak
Re values generally occurred about two weeks after the occurrence of
peak LAI Comparison of growing season results among different years
of measurement and management practices (irrigated, rainfed) indi-
cated a conservative nature of the Re/GPP ratio for each crop. When
calculated for the entire growing season, the Re/GPP ratio (+standard
deviation) was 0.56 + 0.02 for maize and 0.76 + 0.05 for soybean.

Acknowledgments — The research discussed here was supported by the
Office of Science (BER), US Department of Energy Grant No. DE-FG02-
03ER63639 and the University of Nebraska Agricultural Research Division.
We gratefully acknowledge the technical assistance of Sheldon Sharp, Ed Cun-
ningham, Brent Riehl, Tom Lowman, Todd Schimelfenig, Jim Hines, and Mark
Schroeder. We thank Dr. Tim Arkebauer and Dave Scoby for providing data
on leaf area and biomass and Dr. Anatoly Gitelson for his help in calculating
light extinction coefficient.

References

Alton, P., North, P, Los, S., 2007a. The impact of diffuse sunlight on canopy
light-use efficiency, gross photosynthetic product and net ecosystem ex-
change in three forest biomes. Global Change Biol. 13, 776-787.

Alton, P., Ellis, R., Los, S., North, P., 2007b. Improved global simulations of
gross primary product based on a separate and explicit treatment of diffuse
and direct sunlight. J. Geophys. Res. 112, 07203.

Aubinet, M., Moureaux, C., Bodsonb, B., Dufrannea, D., Heinesch, B., Suleaua,
M., Vancutsemb, F., Vilret, A., 2009. Carbon sequestration by a crop over
a 4-year sugar beet/winter wheat/seed potato/winter wheat rotation cycle.
Agric. Forest Meteorol. 149, 407-418.

Baker, J.M., Griffis, T.J., 2005. Examining strategies to improve the carbon bal-
ance of corn—soybean agriculture using eddy covariance and mass balance
techniques. Agric. Forest Meteorol. 128, 163—177.

Baldocchi, D.D., Hicks, B.B., Meyers, T.P., 1988. Measuring biosphere—atmo-
sphere exchanges of biologically related gases with micrometeorological
methods. Ecology 69 (5), 1331-1340.

Baldocchi, D.D., Vogel, C., Hall, B., 1997. Seasonal variation of carbon diox-
ide exchange rates above and below a boreal jack pine forest. Agric. For-
est Meteorol. 83, 147-170.

Barford, C.C., Wofsy, S.C., Goulden, M.L., Munger, J.W., Hammond, P.E., Ur-
banski, S.P., Hutyra, L., Saleska, S.R., Fitzjarrald, D., Moore, K., 2003.
Factors controlling long- and short-term sequestration of atmospheric CO,
in a mid-latitude forest. Science 294, 1688-1691.

Barr, A.G., Black, T.A., Hogg, E.H., Griffis, T.J., Morgenstern, K., Kljun, N.,
Theede, A., Nesic, Z., 2007. Climatic controls on the carbon and water
balances of a boreal aspen forest, 1994-2003. Global Change Biol. 13,
561-576.

Bernacchi, C.J., Morgan, P.B., Ort, D.R., Long, S.P., 2005. The growth of soy-
bean under free air [CO2] enrichment (FACE) stimulates photosynthesis
while decreasing in vivo Rubisco capacity. Planta 220, 434-446.

Beer, C., Reichstein, M., Tomelleri, E., Ciais, P., Jung, M., Carvalhais, N.,
Rodenbeck, C., Altaf, A.M., Baldocchi, D., Bonan, G.B., Bondeau, A.,
Cescatti, A., Lasslop, G., Lindroth, A., Lomas, M.L., Sebastiaan, Margolis,
H., Oleson, K.W., Roupsard, O., Veenendaal, E., Viovy, N., Williams, C.,
Woodward, F.I., Papale, D., 2010. Terrestrial gross carbon dioxide uptake:
Global distribution and covariation with climate. Science 329, 834-838.

Cassman, K.G., Dobermann, A., Walters, D.T., Yang, H., 2003. Meeting cereal
demand while protecting natural resources and improving environmental
quality. Annu. Rev. Environ. Res. 28, 315-358.



24 SUYKER & VERMA IN AGRICULTURAL AND FOREST METEOROLOGY 165 (2012)

Chapin III, F.S., Woodwell, G.M., Randerson, J.T., Lovett, G.M., Rastetter,
E.B., Baldocchi, D.D., Clark, D.A., Harmon, M.E., Schimel, D.S., Val-
entini, R., Wirth, C., Aber, J.D., Cole, J.J., Goulden, M.L., Harden, J.W.,
Heimann, M., Howarth, R.W., Matson, P.A., McGuire, A.D., Melillo, J.M.,
Mooney, H.A., Neft, J.C., Houghton, R.A., Pace, M.L., Ryan, M.G., Run-
ning, S.W., Sala, O.E., Schlesinger, W.H., Schulze, E.D., 2006. Reconcil-
ing carbon-cycle concepts, terminology, and methodology. Ecosystems
9, 1041-1050.

Chen, B., Black, T.A., Coops, N.C., Krishnan, P., Jassal, R., Brummer, C., Ne-
sic, Z., 2009. Seasonal controls on interannual variability in carbon dioxide
exchange of a near-end-of rotation Douglas-fir stand in the Pacific North-
west, 1997-2006. Global Change Biol. 15 (8), 1962-1981.

Choudhury, B., 2001. Estimating gross photosynthesis using satellite and an-
cillary data: approach and preliminary results. Remote Sens. Environ. 75,
1-21.

Dragoni, D., Schmid, H.P., Wayson, C.A., Potter, H., Grimmond, C.S.B., Ran-
dolph, J.C., 2011. Evidence of increased net ecosystem productivity asso-
ciated with a longer vegetated season in a deciduous forest in south-cen-
tral Indiana, USA. Global Change Biol. 17, 886-897.

Gu, L., Baldocchi, D.D., Verma, S.B., Black, T.A., Vesala, T., Falge,
E.M., Dowty, P.R., 2002. Advantages of diffuse radiation for terres-
trial ecosystem productivity. J. Geophys. Res. 107 (D6), http://dx.doi.
org/10.1029/2001JD001242

Gu, L., Baldocchi, D.D., Wofsy, S.C., Munger, J.W., Michalsky, J.J., Urbanski,
S.P., Boden, T.A., 2003. Response of a deciduous forest to the Mount Pina-
tubo eruption: enhanced photosynthesis. Science 299, 2035-2038.

Heinsch, F.A., Reeves, M., Votava, P., Kang, S., Milesi, C., Zhao, M., Glassy,
J., Jolly, W.M., Loehman, R., Bowker, C.F., Kimball, J.S., Nemani, R.R.,
Running, S.W., 2003. User’s Guide: GPP and NPP (MOD17A2/A3) Prod-
ucts, NASA MODIS Land Algorithm, Version 2.0, http://www.ntsg.umt.
edu/modis/MOD17UsersGuide.pdf

Hernandez-Ramirez, G., Hatfield, J.L., Parkin, T.B., Sauer, T.J., Prueger, J.H.,
2011. Carbon dioxide fluxes in corn—soybean rotation in the Midwestern
US: inter- and intra-annual variations, and biophysical controls. Agric. For-
est Meteorol. 130, 59-69.

High Plains Regional Climate Center, 2006. Mead, NE. 1971-2000 Climate
Normals, ACIS database (retrieved December 2000).

Hollinger, S.E., Bernacchi, C.J., Meyers, T.P., 2005. Carbon budget of mature
no-till ecosystem in North Central Region of the United States. Agric. For-
est Meteorol. 130, 59-69.

Jenkins, J.P., Richardson, A.D., Braswell, B.H., Ollinger, S.V., Hollinger, D.Y.,
Smith, M.-L., 2007. Refining light-use efficiency calculations for a decid-
uous forest canopy using simultaneous tower-based carbon flux and radio-
metric measurements. Agric. Forest Meteorol. 143, 64—79.

Kim, J., Verma, S.B., Clement, R.J., 1992. Carbon dioxide budget in a temper-
ate grassland ecosystem. J. Geophys. Res. 97 (D5), 6057—-6063.

Knohl, A., Baldocchi, D.D., 2008. Effects of diffuse radiation on canopy gas ex-
change processes in a forest ecosystem. J. Geophys. Res. Biogeosci. 113,
G02023, http://dx.doi.org/10.1029/2007JG000663

Kochsiek A., 2010. Litter—Carbon Dynamics: The Importance of Decompo-
sition, Accretion, and Sequestration in Understanding Ecosystem Carbon
Cycling. Ph.D. Dissertation, University of Nebraska, Lincoln, Nebraska,
177 pp.

Krishnan, P., Black, T.A., Jassal, R.S., Chen, B., Nesic, Z., 2009. Interannual
variability of the carbon balance of three different-aged Douglas fir stands
in the Pacific Northwest. J. Geophys. Res. 114, G04011, http://dx.doi.
0rg/10.1029/2008JG000912

Kuzyakov, Y., 2002. Review: factors affecting rhizosphere priming effects. J.
Plant Nutr. Soil Sci. 165, 382-396.

Lal, R., Follett, R.F., Kimble, J., Cole, C.V., 1999. Managing US cropland to
sequester carbon in soil. J. Soil Water Conserv. 54, 374-381.

Long, S.P., Zhu, X-G., Naidu, S.L., Ort, D.R., 2006. Can improvement in pho-
tosynthesis increase crop yields? Plant Cell Environ. 29, 315-330.

Massman, W.J., 1991. The attenuation of concentration fluctuations in turbu-
lent flow in a tube. J. Geophys. Res. 96, 15269-15273.

Meyers, T.P., Hollinger, S.E., 2004. An assessment of storage terms in the

surface energy balance of maize and soybean. Agric. Forest Meteorol.
125, 105-116.

Moore, C.J., 1986. Frequency response correction for eddy correlation systems.
Boundary-Layer Meteorol. 37, 17-35.

Moureaux, C., Debacq, A., Hoyaux, J., Suleau, M., Tourneur, D., Bodson, B.,
Aubinet, A., 2008. Carbon balance assessment of a Belgian winter wheat
crop (Triticum aestivum L.). Global Change Biol. 14 (6), 1353—-1366.

Peng, Y., Gitelson, A.A., Keydan, G., Rundquist, D.C., Moses, W., 2011. Re-
mote estimation of gross primary production in maize and support for a
new paradigm based on total crop chlorophyll content. Remote Sens. En-
viron. 115, 978-989.

Richardson, A.D., Holinger, D.Y., Aber, J.D., Ollinger, S.V., Braswell, B.H.,
2007. Environmental variation is directly responsible for short- but not
long-term variation in forest-atmosphere carbon exchange. Global Change
Biol. 13, 788-803.

Schwalm, C.R., Williams, C.A., Schafer, K., Arneth, A., Bona, D., Bu-
chman, N., Chen, J., Law, B.E., Lindroth, A., Luyssaert, S., Reich-
stein, M., 2009. Assimilation exceeds respiration sensitivity to
drought: a FLUXNET synthesis. Global Change Biol., http://dx.doi.
org/10.1111/7.1365-2486.2009.01991.x

Shuttleworth, W.J., Gurney, R.J., Hsu, A.Y., Ormsby, J.P., 1989. FIFE: the vari-
ation in energy partition at surface flux sites. IAHS Publ. 186, 67-74.

Suyker, A.E., Verma, S.B., 1993. Eddy correlation measurements of CO2 flux
using a closed-path sensor: theory and field tests against an open-path sen-
sor. Boundary-Layer Meteorol. 64, 391-407.

Suyker, A.E., Verma, S.B., Burba, G.G., 2003. Interannual variability in net
CO2 exchange of a native tallgrass prairie. Global Change Biol. 9, 1-11.

Suyker, A.E., Verma, S.B., Burba, G.G., Arkebauer, T.J., 2005. Gross primary
production and ecosystem respiration of irrigated maize and irrigated soy-
bean during a growing season. Agric. Forest Meteorol. 131, 180-190.

Suyker, A.E., Verma, S.B., 2010. Coupling of carbon dioxide and water vapor
exchanges of irrigated and rainfed maize—soybean cropping systems and
water productivity. Agric. Forest Meteorol. 150 (4), 553-563.

Turner, D.P., Urbanski, S., Bremer, D., Wofsy, S.C., Meyers, T., Gower, S.T.,
Gregory, M., 2003. A cross-biome comparison of daily light use efficiency
for gross primary production. Global Change Biol. 9, 383-395.

Urbanski, S., Barford, C., Wofsy, W., Kucharik, C., Pyle, E., Budney, J., Mckain,
K., Fitzjarrald, D., Czikowsky, M., Munger, J.W., 2007. Factors control-
ling CO2 exchange on timescales from hourly to decadal at Harvard Forest.
J. Geophys. Res. 112, G02020, http://dx.doi.org/10.1029/2006JG000293

Verma, S.B., Dobermann, A., Cassman, K.G., Walters, D.T., Knops, J.M., Arke-
bauer, T.J., Suyker, A.E., Burba, G.G., Amos, B., Yang, H., Ginting, D.,
Hubbard, K.G., Gitelson, A., Water-Shea, E.A., 2005. Annual carbon di-
oxide exchange in irrigated and rainfed maize-based agroecosystems. Ag-
ric. Forest Meteorol. 131, 77-96.

Webb, E.K., Pearman, G.I., Leuning, R., 1980. Correction of flux measure-
ments for density effects due to heat and water vapor transfer. Q. J. R. Me-
teorol. Soc. 106, 85-100.

Wofsy, S.C., Goulden, M.L., Munger, J.W., Fan, S.M., Bakwin, P.S., Daube,
B.C., Bassow, S.L., Bazzaz, F.A., 1993. Net exchange ofCO2 in a mid-lat-
itude forest. Science 260, 1314-1317.

Wofsy, S.C., Harriss, R.C., 2002. The North American Carbon Program
(NACP). Report of the NACP Committee of the US Interagency Carbon
Cycle Science Program. Washington, DC, US Global Change Research
Program.

Xiao, X., Zhang, Q., Hollinger, D., Aber, J., Moore, B., 2005. Modeling gross
primary production of an evergreen needle-leaf forest using MODIS and
climate data. Ecol. Appl. 15, 954-969.

Xu, L., Baldocchi, D.D., 2003. Seasonal variation in carbon dioxide exchange
over a Mediterranean annual grassland in California. Agric. Forest Mete-
orol. 123, 79-96.

Yuan, W., Liu, S., Yu, G., Bonnefond, J.-M., Chen, J., Davis, K., Desai, A.R.,
Goldstein, A.H., Gianelle, D., Rossi, F., Suyker, A.E., Verma, S.B., 2010.
Global estimates of evapotranspiration and gross primary production
based on MODIS and global meteorology data. Remote Sens. Environ.
114, 1416-1431.



