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ABSTRACT

To decrease negative environmental impacts associated with row crop agriculture, the conversion of conven-
tional agricultural lands to no-till with cover crops or to restored prairie in the Midwest U.S. has been proposed
and has the potential to alter hydrologic behavior. Our understanding of the impacts of this conversion on water
and carbon fluxes from (agro-)ecosystems, however, is limited. We deployed eddy covariance systems in a
business-as-usual (BAU) tilled cropping system, an aspirational (ASP) no-till cropping system with cover crops,
and a native tallgrass prairie (TP) ecosystem to measure evapotranspiration (ET) and carbon dioxide exchange
with the atmosphere. Measurements began in 2015 and we have at least 4 complete years of observations at each
site. The average annual ET is higher at the TP site than the BAU site, but not significantly different from the ASP
site. The gross primary production and ecosystem respiration are highest at the ASP site. Average annual net
ecosystem exchange is negative (carbon uptake) at both agricultural sites (-305 + 25 and -311 + 31 gCm 2 yr "
at ASP and BAU, respectively) and neutral in the prairie (-11 + 10 gC m~2 yr~! at TP). We evaluate the sensi-
tivity of fluxes to environmental conditions including soil water content, vapor pressure deficit, air temperature,
and photosynthetic photon flux density and find that the BAU site is the most sensitive to changes in environ-
mental conditions while the TP site is the most resilient to changes. The interannual variability in ET is
accentuated by agricultural management and because of the more diverse cropping system, is highest at the ASP
site. The interannual variability in carbon fluxes, however, is not increased by agricultural management. Our
findings illustrate how conservation practices impact the water budget and highlights the value of these practices
in a changing climate.

1. Introduction

Global food demand is expected to double by 2050, relative to 2005

addition to influencing the carbon budget, croplands in the Corn Belt
modify the water and energy fluxes from the land surface, with far
ranging impacts to the regional climate, groundwater contamination,

levels, thereby increasing demand for ecosystem services from agro-
ecosystems (Tilman et al., 2011). Globally, agricultural crops cycle large
amounts of carbon through carbon uptake to produce food, fiber, and
seed, which is eventually returned to the atmosphere via decomposition
and respiration (Snyder et al., 2009). During the growing season, the
Corn Belt in the Midwestern United States has the highest rate of Gross
Primary Productivity (GPP) in the world (Guanter et al., 2014). This
high GPP, along with increased global efforts to limit global warming,
has generated interest in using agricultural lands to sequester carbon
from the atmosphere, though evidence for the effectiveness of this
strategy is mixed (Baker et al., 2007a; Baker and Griffis, 2005). In
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streamflow, and flooding (Al-Qudah et al., 2016; Alter et al., 2018; Kelly
et al., 2017).

In the U.S. Corn Belt, a large fraction of the land is used for agri-
culture, most of which is in a rotation of maize (Zea mays L.) and soybean
(Glycine max L.), and this area is expanding (Lark et al., 2020). Histor-
ically, however, much of this land was covered with tallgrass prairie
where a vast land conversion effort in the 19™ century was one of the
most rapid land transformations in the history of mankind (Robertson
et al., 1997). The transition from native prairie to agricultural lands is
estimated to have resulted in the depletion of 20 to 25% of soil carbon
across the U.S. Corn Belt (Allmaras et al., 2000; Baker and Griffis, 2005).
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This carbon loss has led many to propose efforts to sequester atmo-
spheric carbon in agricultural soils (Al-Kaisi and Yin, 2005; Follett et al.,
2012; Ogle et al., 2019; Sun et al., 2020), though the long-term efficacy
of this idea to combat global warming is debatable (Baker et al., 2007b).
While the conversion of land from cropland back to prairie and forest
has been limited (Rhemtulla et al., 2007), recent efforts to restore
prairies are accelerating (Schilling and Drobney, 2014). Efforts to
incorporate prairie strips into agricultural fields show promise to
improve multiple ecosystem services delivered by the agro-ecosystem
(Schulte et al., 2017). Maize and soybean are the two most common
crops in the United States. Thus, understanding carbon flux dynamics in
maize/soybean rotations and prairie in the Corn Belt is an important
challenge if carbon sequestration is to be considered.

Recent efforts to quantify the carbon budget of different crop types in
the U.S. Corn Belt using eddy covariance (EC) systems have resulted in
considerable progress in our understanding of how these agro-
ecosystems function. Previous studies have shown that net ecosystem
exchange (NEE) in soybean is either carbon neutral or a small carbon
source, while maize is a carbon sink, but this does not account for carbon
removed as yield (Dold et al., 2017, 2019; Gebremedhin et al., 2012).
Crop growth in the Corn Belt is generally energy limited, rather than
water limited (Hernandez-Ramirez et al., 2011). Maize has been shown
to use more water than soybean as well as having higher carbon uptake
(Prueger et al., 2004),meaning that maize generally has a higher water
use efficiency (WUE = GPP/ET) than soybean (Anapalli et al., 2019).
Prueger et al. (2004) also find that the daily fluxes of carbon and water
vapor depend primarily on the incoming solar radiation, whereas the
seasonal fluxes are controlled by the water holding capacity of the soil.
Dold et al. (2017) demonstrate that GPP and WUE are both linearly
related to precipitation, soil water content, and maximum air temper-
ature. The differences between how carbon and water fluxes of managed
and natural ecosystems respond to interannual climate variability,
however, has not been widely explored. Measurements of evapotrans-
piration (ET) found that growing season water use is not significantly
different between maize and tallgrass prairie at a study site in Michigan
(Hamilton et al., 2015). Similar ET for maize, soybean and reconstructed
prairie in Iowa has been found based on chamber measurements (Luo
et al., 2018) and remote sensing (Bacumler et al., 2019).

The AmeriFlux network contains various sites to measure water and
carbon fluxes in agricultural settings. Results from these sites have been
used to examine fluxes in maize/soybean rotations, but there is a lack of
understanding of how land management practices alter the agro-
ecosystem response to climate conditions. Tillage practices can influ-
ence the carbon and water fluxes, though reduced tillage has little
impact (Baker and Griffis, 2005). No-till agriculture results in more
carbon uptake than conventional tillage practices (Chi et al., 2016;
Wagle et al., 2019). No-till practices can limit soil CO5 emissions and
evaporation in agro-ecosystems (Feiziene et al., 2011; Hu et al., 2013;
Ward et al., 2012). Cover crops have also been shown to alter the COy
fluxes and evapotranspiration. For soybean crops, which have a positive
or near-zero NEE, a cover crop allows the cropping system to have a
negative NEE (Gebremedhin et al., 2012). Nevertheless, our under-
standing of how fluxes from current and aspirational cropping practices
and prairie ecosystems behave under a variety of environmental con-
ditions is limited. Wagle et al. (2019) examined the optimal environ-
mental conditions to maximize carbon fluxes in the southern Great
Plains, but little is known about how cropping practices affect ecosystem
resilience to changes in environmental conditions. In the U.S. Corn Belt,
climate change is expected to result in wetter spring months and drier
summer months, which poses a challenge for rainfed agriculture (Byun
and Hamlet, 2018; Chen and Ford, 2022). (Agro)-ecosystems that utilize
multiple portions of the year for growth may be more resilient to these
precipitation shifts, but quantifying this resilience requires long-term
observations. The Long-Term Agroecosystem Research (LTAR)
network is a relatively new research initiative that is contributing up to
18 new sites to the AmeriFlux network (Menefee et al., 2022). These
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sites will be funded long-term to research systems level agricultural
questions, making them valuable contributions to the AmeriFlux
network (Sadler et al., 2015; Wallbridge and Shafer, 2011).

As part of the LTAR network, we installed EC towers at three loca-
tions at the Central Mississippi River Basin (CMRB) Long Term Agro-
ecosystem Network (LTAR) site located in central Missouri. The three
sites consist of a conventionally managed agricultural field, an aspira-
tionally managed field using no-till and cover crops, and a native prairie
that has never been tilled. We use these observations to compare the
sites at a systems level to understand how two important cropping ro-
tations impact water and carbon fluxes in the U.S. Corn Belt. Because of
how no-till and cover crops individually impact agricultural fluxes we
hypothesize that (1) water and carbon fluxes are highest in aspirational
agriculture, relative to conventional agriculture and prairie. Previous
work has found that the ET and NEE depend heavily on the crop type, so
we hypothesize that (2) interannual variability in water and carbon
fluxes is accentuated by more complex cropping systems, relative to a
native prairie. Finally, (3) because the native prairie has more than 100
species of plants, we hypothesize that it maintains GPP over a wider
range of environmental conditions than the agricultural fields.

2. Methods
2.1. Study sites

The LTAR network was developed in part to provide information
about how different cropping systems behave (Kleinman et al., 2018).
Within the LTAR network, the croplands common experiment aims to
evaluate strategies to sustainably intensify agricultural production by
comparing aspirational (ASP) and business-as-usual (BAU) cropping
systems. In this study, we present observations from the CMRB LTAR site
located in central Missouri, USA. Observations at the site began in 1971
when streamflow and rain gauges were installed, and several climato-
logical variables were measured (Baffaut et al., 2015). An automated
weather station was installed in 1993 and has been run continuously
since (Sadler et al., 2015). Beginning in 2015, eddy covariance (EC)
towers were installed in the ASP and BAU fields, as well as at a tallgrass
prairie, Tucker Prairie (TP) to quantify the fluxes of CO2 and water vapor
(Fig. 1).

The TP site is a remnant tallgrass prairie that was bought by the
University of Missouri in 1957 and has never been plowed and contains
over 100 different vegetation species (Li et al., 2021). At the TP site,
winter or early spring burns were conducted annually from 1958 to
2002. Since 2002, it has been divided into 5 units, where a burn rotation
is applied, and each unit is burned twice in a 5-year period. The BAU
agricultural site is managed by a local farmer who employs a maize/-
soybean rotation which generally consists of two years of soybean fol-
lowed by one year of maize. The field is conventionally tilled, and no
cover crops are used. Nitrogen fertilizer is applied at a constant rate
across the entire field. The ASP field, in contrast, uses a more complex
cropping system and is managed by USDA-ARS. Beginning in 2015, a
3-year cropping system consisting of wheat-maize-soybean was applied.
In 2019, the maize crop failed and soybean was planted. At the same
time, the cropping system was extended to a 4-year system consisting of
maize-soybean-wheat-hay (Table 1). The ASP site also utilizes cover
crops, no-till, and precision fertilizer application (Yost et al., 2017). A
timeline of management activities at the two agricultural sites is dis-
played in Table 1.

The three study sites have similar climate and geologic conditions.
Topographic relief is minimal with slopes at each of the three sites
ranging from 0-3%. Runoff potential, however, remains high because of
the presence of claypan restrictive layers between 10-50 cm depth that
limit infiltration (Baffaut et al., 2015; Sadler et al., 2015). Soils at the
ASP and BAU sites include Adco silt loam (fine, smectitic, mesic Vertic
Albaqualfs) in summit positions with 0% to 1% slopes, and Mexico silt
loam (fine, smectitic, mesic Vertic Epiaqualfs) in backslope (1% to 3%)
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Fig. 1. The (a) three study sites located within central Missouri, USA including photographs of the EC deployments at (b) the business-as-usual (BAU) field (July 24,
2020), (c) the aspirational management (ASP) field (May 25, 2021), and (d) tallgrass prairie (TP; December 9, 2021).

Table 1
Dates when crop transitions occur, typically seeding or harvest (month/day), and management activities at the ASP and BAU fields.
Site Year Crop Crop Start Crop End Fertilizer Tillage Herbicide
ASP 2016 Maize 4/15/2016 9/30/2016 4/15, 6/3, 6/22 5/23,6/8
2017 Soybean 5/17/2017 10/19/2017 10/18, - 5/10, 6/19, 7/10, 10/18
2018 Wheat 10/19/2017 7/2/2018 3/21, 4/30 - 8/8,
2019* Soybean 6/10/2019 10/23/2019 5/16, 10/19 6/11,7/16
2020 Wheat 10/23/2019 7/8/2020 3/6, 5/6, 9/22
2021 Hay 3/6/2020 10/5/2021 4/5
BAU 2016 Soybean 5/22/2016 10/25/2016 11/21, 5/5,
2017 Maize 4/19/2017 10/13/2017 2/14, 4/19,11/2,11/6 5/3,
2018 Soybean 5/12/2018 10/30/2018 4/27, 5/8,6/7
2019 Soybean 6/4/2019 10/18/2019 10/25, 6/3,10/25
2020 Maize 5/10/2020 10/31/2020 4/8,11/20 4/15, 5/10 5/31,11/21
2021 Soybean 5/19/2021 11/10/2021

*In 2019 the cropping system at ASP was changed from a 3-year wheat-maize-soybean rotation to a 4-year maize-soybean-wheat-hay rotation. The maize crop in 2019

failed at the ASP site due to poor germination, and soybean was planted instead.

and footslope (1% to 2%) positions (Veum et al., 2015). The poorly
drained soils cause challenges for crop grown and lead to soil degra-
dation and water quality problems (Baffaut et al., 2020). Soils at the TP
site have lower bulk density and higher infiltration rates at the surface
than either of the agricultural sites (Mudgal et al., 2010). Detailed de-
scriptions of the vegetation and soils at the TP site can be found in
(Kucera, 1956, 1958).

2.2. Eddy covariance data collection and processing

An EC tower was installed at each site; data collection began at the
ASP field on October 1, 2015, the BAU field on June 1, 2016, and the TP
site on January 1, 2018. At both ASP and BAU sites, the EC system
consists of an integrated infrared gas analyzer and 3D sonic anemometer
(IRGASON, Campbell Scientific Inc., Logan, UT) while the TP site uses a
separate 3D sonic anemometer (WindMaster Pro, Gill Instruments Ltd.,

Lymington, UK) and gas analyzer (LI-7500A, LI-Cor Inc., Lincoln, NE).
At the TP site, the installation height is constant 3.4 m with a maximum
canopy height of 1.4 m that is reduced following management burns. At
both BAU and ASP sites, the height of the EC instruments is varied be-
tween 1.8 and 3.6 m in response to crop growth in order to preserve a
consistent measurement footprint that does not intersect the edge of the
field. Stabilizer arms are built into each tower to prevent movement of
EC instruments in the wind. To measure the energy balance, a four-
component net radiometer measures incoming and outgoing compo-
nents of both short and longwave radiation (CNR-4, Kipp and Zonen USA
Inc. Bohemia, NY). Additionally, incoming and outgoing photosynthet-
ically active radiation is measured with a quantum sensor (LI-190R, LI-
Cor Inc.). Ground heat flux (G) is measured at 5 cm depth using four heat
flux plates at each site (HFPO1, Huskeflux USA, Center Moriches, NY).
The G at the soil surface was computed using the calorimetric method
and taken as the sum of G measured at a depth of 5 cm using a soil heat
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flux plate (Hukseflux USA, East Moriche NY) and heat storage above the
plate. Heat storage above the plate was determined from the time de-
rivative of soil temperature measurements at 2 and 4 cm depth, and heat
capacity estimated based on observed volumetric water content (CS615,
Campbell Scientific). This setup was replicated 4 times (with the
exception of the water content reflectometer as there is only 1 at each
site), and we report mean values of G at the surface. Ancillary mea-
surements of air temperature and relative humidity are taken using a
heat shielded sensor (HC2A, Rotronic Measurement Solutions USA,
Hauppauge, NY) above the canopy height and varied between 1.5 and
3.3 m height with the EC instruments. Precipitation is measured with a
tipping bucket rain gauge located at the ASP site (TI-525, Texas Elec-
tronics, Dallas TX). Finally, canopy temperatures are measured with an
infrared thermometer at each site (SI-111-SS, Apogee Instruments Inc.,
Logan, UT).

The EC systems measure high frequency data at 10 Hz resolution,
from which covariances are computed at 30-minute time steps. We
perform 2-D coordinate rotation into the natural wind coordinate
because the height of the EC instruments is adjusted as the crops grow
(Finnigan, 2004). This approach is appropriate for systems such as this
one with flat topography and homogeneous land cover (Rannik et al.,
2020). Finally, we apply the ‘WPL’ terms to account for air density ef-
fects due to heat and water vapor transfer (Webb et al., 1980). Spikes in
measurements are filtered at the 30-minute time step when the signal
strength of the gas analyzer measurement is less than 80% at the ASP
and BAU sites and less than 100% at the TP site. The stricter threshold at
the TP site is due to the different gas analyzer and was selected based on
a visual inspection of the data; lower thresholds resulted in unrealistic
spikes in carbon fluxes. An additional filter removes net ecosystem ex-
change (NEE) values where NEE < -90 or > 60 umol m~2 s’l, and latent
heat (LE) or sensible heat (H) values when LE or H < -200 W m ™2 or >
800 W m™2. Open path EC systems are less likely to suffer from high
frequency losses than closed path systems, and our spectral analysis
confirmed that these losses are not important at any of the three sites.
Further filtering, gap-filling and partitioning of NEE is accomplished
using in-house scripts developed using the REddyProc program (Wut-
zler et al., 2018). Periods of insufficient turbulence representing con-
ditions for which EC assumptions fail are identified using an objective
friction velocity (u-) filtering method (Papale et al., 2006). Determina-
tion of the u- threshold is accomplished using the moving point method
(Papale et al., 2006; Wutzler et al., 2018). Nighttime data (incoming
solar radiation < 10 W m~2) are split into different times of the year
(‘seasons’) based on the surface roughness. These ‘seasons’ are delin-
eated at the ASP and BAU sites with images from PhenoCams, harvest
and planting dates, and crop height measurements, while at the TP site
‘seasons’ are not delineated because the vegetation height remains
relatively constant. From here, the u- threshold is determined following
Wautzler et al. (2018). The percent of missing data due to gaps from all
sources is 16%, 21%, and 21% at ASP, BAU, and TP, respectively, which
is a relatively low amount comparted to previous EC studies. Gaps in the
turbulent fluxes are filled using the marginal distribution sampling
(MDS) method with default parameters (Wutzler et al., 2018). Finally,
the net ecosystem exchange (NEE) is separated into GPP and ecosystem
respiration (Re,) using the nighttime partitioning method (Reichstein
et al., 2005).

We assess the EC measurements with the energy balance closure. The
energy balance closure is calculated as (LE + H + G)/Rj, at each site and
has values of 0.79, 0.73, and 0.84 at the ASP, BAU, and TP sites,
respectively. This closure at the sites is within the range of reported
values across the globe, where the energy balance closure for crops and
wetlands is generally lower than other land cover classes and in the 0.7 —
0.78 range (Stoy et al., 2013; Wilson et al., 2002). Additionally, we
assess the partitioning of carbon fluxes using the daytime partitioning
method (Lasslop et al., 2010) and compare the results to the nighttime
partitioning method. Finally, we assess the uncertainty in the EC mea-
surements arising from three sources: random instrument error,
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uncertainty in the selection of u* thresholds, and the lack of energy
budget closure. We assess the uncertainty due to random error in annual
sums of NEE using the daily differencing approach (Hollinger and
Richardson, 2005). We compute the uncertainty associated with the
selection of u* thresholds following Wutzler et al. (2018). For carbon
flux measurements, the random measurement error and the uncertainty
from the selection of u* thresholds are summed in quadrature for each
30-minute observation and propagated into annual sums following the
approach laid out for autocorrelated measurements (Zicba and Ramza,
2011). For measurements of ET, we also consider the uncertainty from
lack of energy budget closure by applying the Bowen ratio method to
force energy budget closure (Twine et al., 2000).

2.3. Analysis techniques

We define several periods of analysis to draw robust conclusions. The
initial data is collected at 30-minute resolution. We aggregate this data
to the daily scale to examine inter-annual patterns in fluxes. Addition-
ally, we examine inter-annual patterns by dividing the year into seasons.
We define climatological seasons following divisions based on months;
winter consists of JFM, spring is AMJ, summer is JAS, and fall is OND.
We also define growing and non-growing seasons based on crop planting
and harvest dates. Precise planting and harvest dates vary between the
ASP and BAU files, so we define the growing season as May 15 — October
31. We use this definition to calculate the growing season ET (ETgs) and
non-growing season ET (ETygs). We present the standard error of the
mean annual ET and carbon fluxes. We apply an ANOVA test with a
Tukey HSD post-hoc test to test for statistically significant differences in
the mean annual values of ET and carbon flux. We calculate the evap-
orative fraction (EF) at an annual and growing vs. non-growing season
scale as the sum of the latent heat flux (LE) divided by the sum of the
turbulent energy fluxes (latent heat and sensible heat, H). We calculate
the albedo for each day of the study period using noontime observations
of incoming and reflected outgoing shortwave solar radiation.

To assess resilience of the ecosystems to environmental conditions,
we apply a threshold-based approach on binned data. We bin the ET and
carbon flux data based on the environmental condition in question (e.g.,
soil moisture) and calculate the bin with the maximum magnitude of the
flux and define this as the optimum value of that environmental con-
dition. Then, we find the continuous range of that environmental con-
dition where the bin average flux magnitudes are within 50% of the
maximum value and define this as the range of values over which fluxes
are resilient to changes in the condition. Sites with a larger range of
resiliency are defined as more resilient to changes in that environmental
condition. To test for differences between the three study sites, we
perform one-way ANOVA tests to determine if bin means have statisti-
cally significant differences between the three treatments. To determine
if flux values are changing with environmental conditions, we perform
repeated measures ANOVA within each site to test that the flux in
question (ET, NEE, GPP, or Reco) does vary with changes in environ-
mental conditions. We also calculate the ecosystem water use efficiency
(EWUE) at the annual scale as the GPP/ET.

3. Results
3.1. Temporal trends in land surface fluxes

An ANOVA test showed that there were significant differences in the
mean annual ET (p = 0.005). The post-hoc Tukey HSD test showed that
the ET at the TP site was significantly larger than the BAU site, while the
ASP site was not significantly different from either TP or BAU at a sig-
nificant level of p < 0.05. The lack of significance in differences between
ASP and TP is partially attributable to the small sample size of 4 years.
The TP site has perennial coverage, the ASP site also has perennial
coverage, but plants are harvested or killed multiple times per year, and
the BAU site has bare soil for roughly half the year. The observed
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differences in annual ET, however, are not because the ETygs is higher at
sites with perennial coverage, indeed the ETygs is lowest at the TP site
and the ANOVA analysis reveals that it is significantly less than ETygs at
the ASP site (Table 2). The plants at the TP site have mature root sys-
tems, however, and this allows them to take advantage of the growing
season and have higher ETgg than either the ASP or BAU sites (demon-
strated by ANOVA). Additionally, the soil permeability is 1 to 2 orders of
magnitude higher at the TP site than the ASP site, and various soil health
indicators, such as bulk density and soil organic carbon, show that soils
at the TP site can absorb more water than the ASP or BAU sites. (Mudgal
et al., 2010; Veum et al., 2015). The uncertainty in annual estimates of
ET resulting from random measurement error and the lack of energy
budget closure is presented in Table 3. The primary component of un-
certainty results from the lack of energy budget closure. Because of this,
we repeated the ANOVA and post-hoc Tukey HSD tests described above
using ET estimates with forced energy budget closure. None of the sig-
nificant results change when values of ET are calculated with the energy
budget forced closed.

The full year EF is similar at the two agricultural sites (i.e., no sig-
nificant difference) indicating that the higher ET at the ASP site is a
result of more energy available for the turbulent fluxes. This energy
availability is primarily caused by lower ground heat flux; the ASP site
has a slightly higher average albedo (0.218) than the BAU site (0.211),
leading to only negligible differences in R,,. The low EF at the TP site,
relative to the agricultural sites, however, is due to low ET during the
non-growing season and higher H throughout the year. The low ETygs is
likely caused by a lower average albedo (0.19) and the insulating effect
of the vegetation mat at the site. The annual ET values are higher at the
ASP site than the BAU site for all years except 2018 and 2019. At the ASP
site, wheat and soybean were planted in 2018 and 2019, respectively,
while soybean was planted both years at the BAU site. It is noteworthy
that at the BAU site, the years with soybean have higher ET than years
with maize (soybean years had 641 mm/yr while maize years had 583
mm/yr), as this is contrary to previous findings (Prueger et al., 2004).
Due to crop rotations, however, our study period is not long enough to
draw robust interpretations regarding which crop uses more water.

The average annual carbon fluxes at the agricultural sites show more
active carbon cycles with both ASP and BAU sites having higher
magnitude of NEE than at the TP site, and the ASP site has higher GPP,

Table 2
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Table 3
Sources of uncertainty in annual estimates of ET including random error and
uncertainty from the lack of energy budget closure.

Site Year ET ET Closure Random Total
Forced Uncertainty Uncertainty Uncertainty
Closure

ASP 2015 91 106 15 1 15
2016 648 747 99 4 100
2017 684 766 82 5 82
2018 630 717 87 5 87
2019 671 776 105 4 105
2020 766 893 127 5 127
2021 788 918 131 5 131

BAU 2015 - - - -
2016 482 582 100 3 100
2017 556 667 111 4 111
2018 644 772 129 3 129
2019 713 859 146 5 146
2020 602 721 119 5 119
2021 582 685 103 4 104

TP 2015 - - - -
2016 - -
2017 - - - - -
2018 659 759 100 4 100
2019 724 841 117 4 117
2020 702 817 115 5 115
2021 684 739 55 5 56

and both ASP and BAU have higher R, than the TP site (Table 4).
Average annual NEE is near zero at the TP site (-11 g m 2 yr ") and a t-
test reveals that it is not significantly different from 0. The ASP site has
higher GPP and R,, than the BAU site while the NEE values are similar
(-305 and -311 gCm 2 yr! at the ASP and BAU sites, respectively). The
number of days with NEE<O is lowest at the TP site. This low number of
days is likely due to the annual average NEE being near-zero so that GPP
is balanced with R,.

The annual cumulative sums of ET, NEE, GPP, and R, are presented
in Fig. 2 and we describe the general patterns observed, we do not test
for statistical significance when discussing differences in single year
values. The ET at the TP site is higher than the BAU site in every year, but
the ASP site has the highest annual ET in 2020 and 2021 when wheat
and hay were planted, respectively. During the growing season, the ET is

Annual, growing season, and non-growing season sums of observed evapotranspiration (ET) and evaporative fraction (EF). Uncertainty in annual estimates is presented
as the random measurement errors propagated into the annual sum in ET for each year. The uncertainty in the annual average is presented as the standard error of the

mean values.

Variable [unit] 2015* 2016 2017 2018 2019 2020 2021 Average
ASP ET [mm] 91+1 648+4 68445 630+5 672+4 766+5 78745 698+10
ETgs [mm] 32+1 422+4 445+4 378+5 44243 486+5 478+4 442+6
ETygs [mm] 58+1 22142 23742 246+2 226+2 275+2 306+3 25245
ET/P - 0.75 0.83 0.64 0.60 0.80 0.68 0.72
EF [-] 0.84 0.68 0.69 0.64 0.74 0.81 0.86 0.74
EFgs [-] 0.61 0.70 0.69 0.59 0.78 0.78 0.79 0.72
EFngs [-] 0.99 0.70 0.76 0.78 0.73 0.90 0.98 0.81
BAU' ET [mm] - 482+3 556+4 644+3 713+5 602+5 582+4 619+11
ETgs [mm] - 439+3 36143 450+3 490+4 373+3 376+3 410+10
ETygs [mm] - 42+1 194+2 188+2 219+2 225+3 203+2 206+3
ET/P - - 0.68 0.65 0.64 0.63 0.51 0.62
EF [-] - 0.86 0.66 0.74 0.81 0.72 0.68 0.72
EFgs [-] - 0.85 0.67 0.79 0.82 0.70 0.68 0.73
EFygs [-] - 0.90 0.65 0.65 0.78 0.75 0.68 0.70
TP* ET [mm] - - 685+4 773+4 751+£5 711+£5 730+9
ETGs [mm] - - - 511+4 554+4 537+5 51345 529+4
ETyngs [mm] 168+2 211+2 211+2 195+3 196+4
ET/P 0.70 0.69 0.78 0.62 0.70
EF [-] - - - 0.65 0.76 0.73 0.68 0.71
EFgs [-] - - - 0.77 0.83 0.83 0.77 0.80
EFgs [-] 0.44 0.61 0.56 0.52 0.53

! Data available 6/1/2016 — 9/30/2021
2 Data available 1/1/2018 — 9/30/2021
" Data collection began 9/30/2015
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Table 4
Annual sums of observed CO, fluxes from the three study sites, as well as the average values. Carbon fluxes are reported with units of g C m~2 yr~!. Uncertainty in NEE

is presented as the random measurement and u* errors, propagated into the sum for each year. The uncertainty value associated with annual averages is the standard
error of the mean values.

Variable 2015* 2016 2017 2018 2019 2020 2021 Average
ASP! NEE -25+7 -362+17 -331+£17 -282+31 -34+41 -533+18 -338+34 -305+25
GPP 206+4 1522425 1472+16 1426+36 1342+52 1876+18 1944+19 1566+38
Reco 181+8 1160+33 1141+16 1144454 1308190 1343+16 160612 1261+28
Days NEE<0 65 165 206 197 104 255 235 196+8
BAU” NEE - -274+12 -400+£13 -290+14 -195+13 -513+15 -68+10 -311+£31
GPP - 1277+10 123611 103617 1253+11 1240+14 917+12 1246+27
Reco - 1003+10 836+7 746116 1058+4 72748 85010 935+34
Days NEE<0 - 106 128 145 131 139 114 137+2
TP® NEE - - - 8+17 -7+14 -77+40 33+19 -11+10
GPP - - - 969143 1158+13 1383186 1174455 1171437
Reco - - - 975+43 1102+17 1305+121 1208+63 1147431
Days NEE<0 - - - 107 120 125 107 115+2

! Data available 9/30/2015 — 12/31/2021
2 Data available 6/1/2016 — 12/31/2021
3 Data available 1/1/2018 — 12/31,/2021

Fig. 2. Annual cumulative sums of (a) evapotranspiration, (b) net ecosystem CO, exchange, (c) gross primary productivity, and (d) ecosystem respiration from each
of the three study sites. Annual values are defined by the calendar year (January 1 — December 31) and all available data are presented. See Table 1 for crop types
planted during each year.

6% higher at the ASP site (442 mm/GS) than the BAU site (415 mm/GS), site has higher ET. But it is noteworthy that the TP site has lower ET

and during the non-growing season the ET is 18% higher at the ASP site during the non-growing season than both the agricultural sites, even
(252 mm/NGS) than the BAU site (206 mm/NGS). As the BAU field is though the TP site has perennial vegetation cover. During the NGS most
fallow during the non-growing season, it is not surprising that the ASP of the vegetation at the TP site goes dormant, leaving behind a 0.5-1 m
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thick layer of dried grass and plant stems, some of which remain
standing, some of which lie flat on the soil surface. This dormant
vegetation creates a higher albedo surface, relative to bare soil, and
although wind can travel through the standing plant stems, they form a
semi-permeable barrier to mass transfer from soil to atmosphere. Similar
patterns are observed in the carbon fluxes, where carbon uptake via GPP
at the ASP site is greater than the GPP at the BAU site during both the
growing and the non-growing season, but the difference is larger in the
non-growing season. The high GPP at the ASP site for 2020 and 2021 is
noteworthy. In both years crop growth starts early in the year and is
sustained throughout the year. The crops are winter wheat (2020) and
hay (2021). The R, at all sites is the highest during the warm, humid
summer period (July-September). The high levels of GPP at the ASP site
are indicative of higher rates of metabolism and thus autotrophic
respiration, as well as production of substrate for heterotrophic respi-
ration, which collectively sustain the highest levels of Rec,.

The average annual cycle of water and carbon fluxes, using all
available data at each site, supports the above finding that the sites with
agricultural management have higher carbon fluxes, but lower water
flux, than the prairie site (Fig. 3). Daily values of LE are highly variable
as they are affected by several factors including temperature, soil water
availability, and incoming radiation. The carbon cycle shows differences
between the behavior of the three sites. The differences are most obvious
during the agricultural growing season when carbon uptake at the two
agricultural sites peaks (Fig. 3b). The TP site has perennial vegetation,
but GPP is negligible during the winter, when temperatures are often
below freezing, but the warm season carbon uptake is similar to the
agricultural sites (Fig. 3c). The ASP and BAU sites have high carbon
uptake during the growing season, consistently higher than 10 g C m~2
d~!. The ASP field has considerable carbon uptake during the period
from approximately day of year (DOY) 50 through DOY 150 when a
cover crop is growing, that is not present at the BAU site. The drop in
GPP at the ASP field between DOY 150 and DOY 175 is due to herbicide
applications to kill the cover crop. The higher GPP at the ASP field is
balanced by higher R, particularly during the period from DOY 75
through DOY 200, resulting in a total NEE that is similar to the BAU
field.

In addition to the annual cycle of water and carbon fluxes, land use
practices impact the annual average diel cycles of energy fluxes from the
land surface. The net radiation (R,,) is similar across the three sites with
minor differences during the peak daytime hours (Fig. 4a). These
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differences are caused by small differences in the albedo between the
sites; the mean albedo at the ASP site (0.218) is higher than that of the
BAU (0.211) or TP sites (0.19). The timing of peak values and diel
patterns of latent energy (LE) and sensible heat (H) are similar across the
three sites, with the primary difference being the magnitude of the en-
ergy fluxes. As noted above, the TP site has the highest LE but more of
the available radiation is directed to H than at the two agricultural sites,
resulting in a lower evaporative fraction (Fig. 4 b,c). The ASP site has
higher average values of both LE and H than the BAU site, which is partly
explained by higher values of G at the BAU site (Fig. 4). The G has larger
differences in the temporal dynamics than the other values. At the TP
site, the peak flux occurs at 13:00 (1 PM), 1 hour later than at the two
agricultural sites, and G is elevated at the TP site throughout the after-
noon, evening, and night. This delay is likely caused by the dense grassy
vegetation at the site which provides shading and thermal buffering.
Differences in the energy budget closure across the sites result in some
uncertainty in direct comparisons. We examined the diel cycles in the
energy budget for the growing and non-growing seasons separately
(data not shown), and for each season, the patterns are very similar to
those for the full year. During the non-growing season, the TP site has
the lowest peak LE of the three sites and significantly higher peak values
of H.

3.2. Factors affecting land surface fluxes

As the three study sites are located near each other, the average
annual environmental conditions are similar (Table 5). Precipitation
measurements are only available at the ASP site and average precipi-
tation is assumed to be representative for all sites and is 983 mm/yr
during the study period. Differences in the average conditions between
the sites are minor and are partially attributable to different measure-
ment periods. During the time periods with available data, the TP site
has the highest average T, lowest VPD and Ty, and highest SWC,
which is consistent with its higher H and lower LE than the other sites.
The primary difference between the two agricultural sites is that the
BAU site has a higher PPFD than the ASP site.

We use the temporal variability in environmental conditions that are
observed at each site to assess the sensitivity of land surface fluxes to
different conditions. The analyses presented use all years available, so
environmental relationships in the managed systems average over
different crop types. Fig. 5 presents binned average values of water and

Fig. 3. Average annual pattern of daily fluxes of latent energy (a), net ecosystem exchange (b), gross primary productivity (c), and ecosystem respiration (d). Values
are the average flux on each day of the year (Jan. 1 — Dec. 31) for all years with available data.
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Fig. 4. Annually averaged diel cycle in surface energy fluxes for the aspirational (ASP), business as usual (BAU), and Tucker Prairie (TP) sites. Net radiation (a),

latent energy (b), sensible energy (c), and ground heat flux (d) are presented.

Table 5

Annual average and standard error of the mean of precipitation, daytime
photosynthetic photon flux density (PPFD), air temperature (Tg;), daytime vapor
pressure deficit (VPD), soil water content at 12.5 cm depth (SWC), and soil
temperature at 12.5 cm depth (T,y) for the three study sites. Precipitation is only
recorded at the ASP site.

Meteorological Variable [unit] ASP BAU TP
Precipitation [mm/yr] 983 + 53

PPFD [umol m~2571] 643 + 18 707 + 21 620 + 6

T [°C] 13.0 + 0.14 13.1 + 0.08 13.8 + 0.4
VPD [kPa] 0.93 + 0.1 0.93 + 0.02 0.35 + 0.003
SWC at 12.5 cm [m®/m®] 0.33 + 0.01 0.35 + 0.01 0.37 + 0.01
Tyoi at 12.5 cm [C] 13.3 + 0.2 13.9 + 0.2 12.9 + 0.1

carbon fluxes during the growing season across a variety of soil moisture
conditions, measured at 12.5 cm depth. A repeated measures ANOVA
determines that there are significant differences between bin mean
values within each site, for each of ET, NEE, GPP, and R,,. Generally, the
fluxes are lowest at both low (<15%) and high (>35%) soil moisture and
peak between 20-25% SWC. Water and carbon fluxes remain relatively
constant for SWC values between 12-40% at the TP site, suggesting that
it is the least sensitive to changes in soil moisture. This is observed as
decreases relative to the peak value at each site when soil water is either
too low or too high for the crops to grow. We test the hypothesis that the
BAU site is least resilient to changes in soil moisture by quantifying the
range of soil moisture values where fluxes remain within 25% of the
maximum flux. The BAU site has ET and the three carbon fluxes above
this threshold for a 5.1%, and 8.1% range of soil moisture, respectively.
At the TP site, ET and all three carbon fluxes are above that threshold for
an 18% range of soil moisture and at the ASP site ET is above the

Fig. 5. Soil water content (SWC, at 12.5 cm)
impacts on measured water and CO, fluxes; (a)
evapotranspiration (ET), (b) net ecosystem ex-
change (NEE), (c) gross primary productivity
(GPP), and (d) ecosystem respiration (Reco)-
Data from the growing season only is binned by
soil water content (SWC). Standard error bars
are not presented, but across the three sites the
standard error for any bin does not exceed
0.0059 mmol H,0 m~2 57 for ET, 0.0194 pmol
CO, m 257! for NEE, 0.0234 ymol CO, m 25!
for GPP, and 0.0076 pmol CO; m 2 57! for Rec.
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threshold for a 16.5% range in soil moisture and NEE, GPP, and R, are
above the threshold for ranges of soil moisture of 9.9%, 13.2%, and
19.8%, respectively. Similar results are obtained when data from the full
year is analyzed; the TP site has the largest range of resiliency and the
BAU site has the smallest (data not shown).

Photosynthesis is controlled by light; therefore, we present light re-
sponses in Fig. 6. The response of ET to different values of PPFD is
similar, and significantly different according to a repeated measures
ANOVA, across the three sites (Fig. 6a), though differences exist. For
values of PPFD > 1,800 umol photon m~2 5™}, the ET decreases at all
three sites. The ASP site has higher ET than the BAU site when PPFD is
between 200 — 1,600 umol photon m 2 s1. The differences in NEE to
PPFD are smaller between the three sites, however, and differences in
the carbon cycle are primarily expressed in the components GPP and R,
(Fig. 6). Like the ET, the repeated measures ANOVA finds significant
differences in carbon flux for changes in PPFD at all three sites, and the
ASP site has larger carbon uptake than the BAU site for values of PPFD
between 200 - 1,600 pmol photon m 2 s~ (Fig. 6¢). When PPFD > 1,600
pmol photon m~2 s~!, however, the two agricultural sites have similar
values of GPP. The R, is lowest at the BAU site across all values of PPFD,
which makes the total carbon uptake of the BAU site higher than the ASP
site when PPFD > 1,600 umol photon m~2 s7L. It should be noted that
the bin for PPFD between 1,800 — 2,000 ymol m~2 s~! has considerably
fewer data points than other bins and results there may be less reliable.

Two important environmental controls on water and carbon fluxes
are TA and VPD. In Fig. 7, we present water and carbon fluxes with
changes in TA or VPD, using data from the full year. At all three sites, the
repeated measures ANOVA reveals that there are significant differences
between bin means for all fluxes and both VPD and TA. At all three sites,
increases in air temperature result in increasing GPP and ET, and
increasingly negative NEE, but when TA is greater than 33° C, fluxes
decline at the ASP and TP sites (Fig. 7). The TP site has the highest ET of
the three sites only when TA is greater than 20° C, highlighting that its
higher annual average ET is a function of higher ET during the warm
season. When TA is below 0° C, all sites have negligible carbon fluxes
and ET is less than 1 mmol H,0 m~2 s~ !, Between temperatures of 0 and
20° C, carbon uptake, and to a lesser degree ET, is higher at the ASP site
than the BAU site. This higher carbon uptake is in part because these
temperatures are common during the spring and fall when the BAU field
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is fallow. The VPD has a more complex relationship with water and
carbon fluxes. When VPD is lowest, there is not sufficient atmospheric
demand for water and both water and carbon fluxes are minimal. Flux
magnitudes increase at all three sites as VPD increases to ~1.75 kPa. The
peak fluxes at the ASP site occur at a slightly higher VPD (1.61 kPa for
NEE and GPP; 2.07 kPa for ET) than at the BAU site (1.54 kPa for NEE,
GPP, and ET) while the peak fluxes are at the highest VPD for the TP site
(1.98 kPa for NEE and GPP; 3.3 for ET). When VPD is greater than 2 kPa,
the behavior of the three sites diverges. Both GPP and ET decrease at the
BAU site. The GPP falls by greater than 50% from a high of 12.8 umol
m~2 s~! when VPD is 1.54 kPa to approximately 6 umol m~2 s~! when
VPD is greater than 3.3 kPa. The GPP at the ASP site, however, only
drops by 30% from a high of 14.5 ymol m~2 57! to 10.0 ymol m~2 5!
while the GPP at the TP site decreases by 22% from its peak. The
response of ET to increases in VPD is similar to the patterns in GPP for the
agricultural sites, but ET does not decrease at high VPD for the TP site.
The patterns observed suggest that prairie is the most resilient to high
VPD and TA as plants continue to exchange water and carbon dioxide
with the atmosphere and that a perennial agricultural site (ASP site)
mimics this resilience, but to a lesser degree.

To check that the differences between ASP and BAU are not simply
due to observations occurring when cover crops are present and/or
better environmental conditions at the ASP and TP sites, we plot the
relations between TA and VPD and the fluxes during the growing season
when optimal environmental conditions occur (Fig. 8). Fig. 5 demon-
strates that fluxes are highest when soil moisture values are between 15
and 35%; therefore, we limit the analysis to periods with 15%<
SWC<35% and high light availability, defined as incoming solar radi-
ation > 300 W/m?. Fig. 8 reveals that the patterns observed in Fig. 7 for
the full year are reproduced during the growing season when there is
sufficient light and soil water availability. The ASP system is more
resilient to TA that is lower than the optimum values as evidenced by the
higher GPP and ET than the BAU site when the TA is in the 5-20° C range.
The TP site is the least sensitive to high values of VPD, but its GPP is
reduced at values of VPD < 1.5 kPa (Fig. 8d). The BAU site exhibits
sensitivity to VPD higher than ~1.5 kPa, after which the GPP and ET
both decline. These values decline at the ASP site when VPD is greater
than ~1.5 kPa as well, but the impact is smaller, which suggests that the
ASP cropping system is more resilient to adverse environmental

Fig. 6. Photosynthetic photon flux density
(PPFD) controls on measured water and CO,
fluxes; (a) evapotranspiration (ET), (b) net
ecosystem exchange (NEE), (c) gross primary
productivity (GPP), and (d) ecosystem respira-
tion (Reco)- Only daytime (R, > 10 W/m?) data
that has not been gap-filled is used. Data from
the growing season only is binned by PPFD.
Standard error bars are not presented, but
across the three sites the standard error for any
bin does not exceed 0.108 mmol H,O m 2 s~ !
for ET, 0.249 ymol CO, m~2s~! for NEE, 0.306
pmol CO, m~2 57! for GPP, and 0.072 ymol CO,
m~2 s for R,,. Asterisks denote bins where no
significant difference between the three sites
was observed.
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conditions even during the growing season when sufficient light and soil
water are available.

3.3. Interannual variability in fluxes is affected by management

To assess the degree to which land management practices affect
interannual variability in water and carbon fluxes we present metrics
demonstrating the variability in annual fluxes in Fig. 9. We present data
from 2018 — 2021, when data are available at all three sites simulta-
neously, so that we do not bias the results. The precipitation (P) has a
range of 432 mm/yr during the study period, and the C.V. is 0.19.
Irrespective of the metric (range, standard deviation, or C.V.), vari-
ability in P is larger than variability in ET at each of the three sites. The
lower variability in ET may be caused by energy limitations to the ET, or
it may be because the runoff-prone soils have higher proportions of P go
to runoff during wetter than average years. Of the three sites, the ASP
site has the highest interannual variability in ET. This is unsurprising
because the ASP site has a wider variety of crops than the BAU site. The
TP site has the lowest interannual variability in ET of the three sites (C.
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Fig. 7. Response of net ecosystem CO, ex-
change (NEE), gross primary production (GPP),
soil respiration (R.c,) and evapotranspiration
(ET) to air temperature (TA) and vapor pressure
deficit (VPD). Daytime NEE, GPP, and ET were
aggregated in classes of increasing air temper-
ature or VPD for the period with data available
at each site. Data from the full year is binned by
TA and VPD. Standard error bars are not pre-
sented, but across the three sites the standard
error for any bin does not exceed 0.161 mmol
H,O0 m~2 57! for ET, 0.333 umol CO, m2s?!
for NEE, 0.39 umol CO, m~2 s~! for GPP, and
0.109 pmol CO; m™2 s7! for Ree. Asterisks
denote bins where no significant difference be-
tween the three sites was observed.

V. = 0.05). In contrast, the TP site has higher C.V. for NEE than either of
the agricultural sites and a slightly higher C.V. for GPP than the BAU site
(Fig. 9b). The ASP site has the highest range for all of the carbon fluxes,
which is a result of the higher annual values of carbon fluxes at the site
(Fig. 2). Additionally, the high C.V. of NEE at the TP site is misleading
because the mean value is close to 0. The interannual variability of Reco,
however, is lowest at the TP site and highest at the BAU site. It is not
surprising that the BAU site has high variability in R, because
following years when maize was planted there is a large amount of
additional crop residue left on the field compared to years when soy-
beans are planted, leading to interannual variability. Additionally, the
ecosystem water use efficiency (EWUE) is most variable at the BAU site.
The C.V. of EWUE is 0.19, 0.10, and 0.07 at the BAU, TP, and ASP sites,
respectively.
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4. Discussion
4.1. Water and carbon fluxes from important Corn Belt land use types

Despite the poorly drained soils in the claypan region, the carbon
budget observed at the three study sites has similar values to other
Midwestern sites with maize, soybean, and/or prairie (Chen et al., 2018;
Dold et al., 2017; Gilmanov et al., 2013, 2014; Wagle et al., 2015). In
this study we measure fluxes from cropping systems, which makes direct
comparison to previous studies that have focused on carbon fluxes of
specific crop types uninformative. Other studies have found that GPP for
maize ranges from 731 to 1,525 g C m~2 yr~! (Gilmanov et al., 2013)
and 1,305, 630, and 916 g C m~2 yr’1 for a maize, soybean, and prairie
site, respectively (Dold et al., 2017). So, generally, the maize/soybean
rotations at the sites observed here have higher magnitudes of annual
GPP and NEE than other sites in the U.S. Corn Belt as maize is planted
relatively infrequently in the cropping systems in this study (Dold et al.,
2017; Gilmanov et al., 2013). All the values discussed do not account for
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Fig. 8. Response of net ecosystem CO, ex-
change (NEE), gross primary production (GPP),
soil respiration (R), and evapotranspiration
(ET) to air temperature (TA) and vapor pressure
deficit (VPD). Values of NEE, GPP, and ET dur-
ing the growing season with optimum growing
conditions (R, > 300 W/m?  and
0.15<SWC<0.35) were aggregated in classes of
increasing TA or VPD for the period with data
available at each site. Standard error bars are
not presented, but across the three sites the
standard error for any bin does not exceed
0.091 mmol H,0 m~2 s™! for ET, 0.163 pmol
CO, m 257! for NEE, 0.397 ymol CO, m 2571
for GPP, and 0.23 pmol CO; m 2 57! for Rec.
Asterisks denote bins where no significant dif-
ference between the three sites was observed.

carbon removal as crop yield, erosion, or prairie burning. In contrast, the
annual ET at the sites in this study is similar to other sites in the U.S.
Corn Belt, where values range from approximately 550 — 850 mm yr !
(Suyker and Verma, 2009; Zeri et al., 2013). As the spatial variations in
carbon fluxes in the U.S. Corn Belt are largely controlled by temperature
and precipitation (Hernandez-Ramirez et al., 2011), the relatively warm
temperatures in Missouri allow for higher NEE despite the presence of a
claypan layer and low values of 15 measured soil health indicators
(Veum et al., 2015). Due to the long-term nature of the LTAR project,
this study allows a comparison of two different cropping systems, rather
than a simpler comparison of different crop types. The incorporation of
long-term research sites from LTAR into the Ameriflux network will
facilitate further studies regarding the impact of agricultural land use on
water resources in the U.S. Corn Belt.

Of the three study sites, the TP site had the highest annual average ET
(730 mm/yr), which was significantly higher than the BAU site (641
mm/yr), but not distinguishable from the ASP site (684 mm/yr). Thus
hypothesis 1 is partially substantiated, the ASP site had the highest
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Fig. 9. Interannual variability in precipitation (P; mm/yr), evapotranspiration (ET; mm/yr), net ecosystem exchange (NEE; gC m~2 yr~ 1), gross primary productivity
(GPP; gC m? yr’l), and ecosystem respiration (Reco; gC m~? yr’l). Metrics provided are (a) Annual values (grey dots) and mean values (black line) and (b) the

coefficient of variation (C.V.). Data from 2018-2021 is presented.

magnitude of carbon fluxes, but not the highest ET. The three sites in our
study represent major land use classes in the Midwest U.S.; the BAU site
represents current land use, while the ASP represents a potential future
cropping system. Prairie restoration is a commonly proposed conser-
vation technique, and the TP site allows us to quantify how these sites
might behave after they are restored. The sites have varied amounts of
perennialization where the TP site is perennial, the ASP site has
perennial cover but not perennial plants, and the BAU site is not
perennial. The ASP site always has vegetation cover, but it is killed or
harvested and reseeded twice per year, so unlike the TP site, the ASP site
does not have mature plants at all times of the year. Previous research
shows that perennial vegetation does not always increase ET (Abraha
et al., 2015). The ET during the non-growing season is similar at the TP
and BAU sites, even though the BAU site is fallow; the higher annual ET
at the TP site occurs during the growing season. This difference suggests
that the higher ET at the TP site is not simply due to vegetation cover
during the non-growing season. Soil infiltration rates vary between the
three sites with the highest infiltration at the TP site and the lowest at
the BAU site, resulting in the most water available for ET at the TP site
and the least at the BAU site (Baffaut et al., 2020). Between the two
agricultural sites, the difference in ET is significant during the
non-growing season but not during the growing season, suggesting that
the cover crops play a role in increasing the annual ET at the ASP site.
Research on the impact of cover crops on ET and soil water storage in the
Midwest is limited (Sharma et al., 2017). The increase in ETngs at the
ASP site suggests that within agricultural lands, adding cover crops to a
traditional cropping system should increase ET, which is consistent with
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remote sensing results (Hankerson et al., 2012). This further suggests
that if the ASP practices become widely adopted, there may be increased
ET at the regional scale, which can further alter regional climate as
water vapor is a potent greenhouse gas (Alter et al., 2018). More data is
required to quantify the impact of aspirational cropping systems that
include cover crops on annual ET.

Calls to store carbon in agricultural soils to mitigate climate change
have resulted in increased research interest in the ability of agricultural
soils to store carbon (Chenu et al., 2019; Dold et al., 2021). Both agri-
cultural fields have carbon uptake of approximately 300 g G m~2 yr~!
and there is not a significant difference between the two. In this study,
we do not account for carbon that is removed as grain yield, so average
carbon uptake does not necessarily mean that the soils are storing more
carbon at each site. As a result, further research is required to under-
stand carbon storage in agricultural fields. The TP site, however, is on
average, net carbon neutral and not significantly different from 0 (NEE
=-11 g Cm 2 yr 1. It does not accumulate or release carbon from the
soils on a long-term basis because the GPP is consumed by the R,,. This
demonstrates that even if carbon storage practices are implemented in
agricultural fields, there is a limit to the amount of carbon that ecosys-
tems can store in the soil. Additionally, the TP site has never been
plowed. Tillage alters soil properties, particularly the bulk density, in
ways that may take decades to recover if conservation practices are
enacted (Bugeja and Castellano, 2018; O’Brien and Jastrow, 2013). This
makes the site valuable as a true end member of what conservation
practices are capable of. Early on, a reconstructed prairie might present
a misleading picture of the effect of conservation practices. Finally,
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increased carbon uptake by ecosystems does not necessarily lead to
increased carbon storage in soils. The response of heterotrophic respi-
ration to rising global temperatures can negate long term gains of soil
carbon (Naidu and Bagchi, 2021).

Unlike the ET, the ASP site has the highest carbon fluxes of the three
sites. The GPP at the ASP site averaged 1,566 g C m~2 yr !, approxi-
mately 300 g C m~2 yr~! higher than at the BAU site, and approximately
396 g Cm~2 yr ! higher than the TP site. It should be noted that we do
not directly measure GPP, we estimate it using common empirical ap-
proaches. Like previous studies, we find that a no-till cropping system
had more carbon uptake than R, (Chi et al., 2016; Gebremedhin et al.,
2012). In this study, the BAU field had lower GPP and R,, than the ASP
site, which is in contrast with Baker and Griffis (2005). This lower plant
uptake of carbon is likely because the cropping system at the BAU field
in this study uses two years of soybean and one year of maize, and
soybean has lower values of GPP (and therefore less crop residue
available for R,.,) than maize.

Uncertainty in our measurements is difficult to precisely quantify
because secondary techniques to measure field-scale water and carbon
fluxes over a long term do not exist. We estimate uncertainty in the eddy
covariance method by checking the energy budget closure, results of
which are presented in Table 3. Compared to global networks of flux
measurements, the energy balance closure at the study sites is slightly
below average (Reed et al., 2018; Wilson et al., 2002). This is somewhat
surprising considering the sites are flat, homogeneous fields ideal for EC
measurements. We do not measure all of the energy storage, such as
canopy storage, which reduces the energy budget closure. We attribute a
portion of the uncertainty to measurements of ground heat flux. Ground
heat flux plates were installed at 5 cm depth, which in a humid region is
shallow enough that wetting fronts frequently hit the plate and disrupt
measurements. Additionally, because gaps in measurements of turbulent
fluxes typically occur at night when there is not solar radiation, we use
gap-filled values of LE and H to calculate the energy budget closure. The
gap filling process adds further uncertainty to the measured turbulent
fluxes. At the BAU site, both GPP and R, derived from the daytime
partitioning method are within 2% of the values derived with the
nighttime partitioning method. At the ASP site, the daytime partitioning
method results in a 24% decrease in R, and a 9% decrease in GPP,
relative to the nighttime partitioning method. The daytime partitioning
method does not force GPP + R,., = NEE and at the ASP site GPP — R,
from the daytime partitioning method is -461 g C m~2 yr~!, while the
observed NEE is -305 g C m ™2 yr 1. As a result, we believe that the
nighttime partitioning method is more accurate. At the TP site the dif-
ference between the daytime and nighttime partitioning methods is
negligible. Finally, we assess the uncertainty in NEE caused by random
errors with the daily differencing approach. The mean annual uncer-
tainty in NEE is 25, 13, and 23 g C m 2 yr! for the ASP, BAU, and TP
sites, respectively. The uncertainty in measurements is not accounted for
when we perform statistical tests to test for differences in annual mean
values of fluxes between the sites.

4.2. Resilience of land use classes to changes in environmental conditions

Our findings show that the BAU site is most affected by changes to
environmental conditions including soil water availability and atmo-
spheric demand for water while the TP site is the least affected. These
findings suggest a continuum of sensitivity of fluxes to environmental
conditions with the diversity of plant types within the (agro-)ecosystem,
which affirms our hypothesis 3. The TP site has a highly diverse plant
community comprised of over 100 species present (Kucera, 1956), and is
perennial with continuous ground cover. The ASP site also has contin-
uous ground cover and a more diverse ecosystem than the BAU site. As a
result, vegetation at the ASP site continues to transpire and uptake
carbon at a higher rate than the BAU site when the VPD is greater than
~2 kPa, when TA is 5-20 ° C, when PPFD is 200 — 1,600 ymol m~2 s,
and when SWC > 30%. Additionally, the annual values of EWUE are
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most stable (i.e., least variable) at the ASP site and least stable at the
BAU site. By mimicking some of the behavior of the native prairie, the
ASP site is more resilient to changes in the environment. A conventional
agricultural system relies on the summer months to grow maize and
soybean crops. As the climate warms and precipitation patterns shift,
summer droughts become more likely and maize and soybean crops are
more susceptible to failure due to water and heat stress (Chen and Ford,
2022). By incorporating wheat and hay crops, the ASP system uses a
variety of seasons to grow crops and utilizes the wetter spring conditions
that hinder a BAU system.

Some of this improved resilience is likely due to improved soil con-
ditions in perennial systems. Higher levels of soil organic matter have
been reported under no-till management with cover crops (Nunes et al.,
2020; Sainju et al., 2002). Additionally, the ‘effective storage capacity’
of soil water can be conceptualized as the storage capacity of water
within the root zone (Baker et al., 2012). Maize and soybean crops both
have relatively short growing seasons, and their rooting depths do not
reach maximum levels until late in their growing season (Kirkham et al.,
1998). Perennial vegetation cover, especially at the prairie site, there-
fore, increases the effective storage capacity of soils by increasing the
average rooting depth throughout the year, which allows vegetation to
better utilize soil water for growth. A larger effective capacity also
makes an (agro-)ecosystem more resilient to short drought periods. The
finding that the ASP system is more resilient to changes in environ-
mental conditions is primarily based on binned average values of fluxes
presented in Figs. 5-8. The low standard error values in all the plots
highlight the statistical precision of the binned mean values. Addition-
ally, statistically significant differences between bin mean values (p <
0.05) of different treatments support the conclusions we have drawn.
We note, however, that the uncertainty estimates that we have pre-
sented throughout this manuscript are calculated using the random error
of measurements. This does not represent a full accounting of the un-
certainty, which is not fully understood for eddy covariance measure-
ments. Sources of error arising from instrument bias and energy balance
closure are not included, other than presenting the calculated energy
balance closure.

4.3. Land management impacts interannual variability in carbon and
water fluxes

The interannual variability in ET is highest at the ASP site and lowest
at the TP site, providing evidence that partially supports hypothesis 2.
This result is intuitive because, while the biodiversity is clearly highest
at the TP site, the species composition is consistent year after year.
Whereas at the agricultural sites, crop rotation is performed at an annual
scale and results in higher interannual variability in ET. Because the
BAU site crop rotation is only maize and soybean, while the ASP site
includes wheat and hay as well, the ASP site has more interannual
variability in ET. There has been recent debate about whether climate or
land cover changes are the dominant cause of hydrologic trends in the
Midwest (Frans et al., 2013; Mishra et al., 2010; Xu et al., 2013). While
we do not attempt to answer that question, our results suggest that land
cover and land management might have a larger impact, relative to
climate, than has been suggested (Sun et al., 2017). The interannual
variability in ET at the TP site is roughly half that of either the ASP or
BAU sites (C.V. is 0.053 at TP, 0.091 at BAU, and 0.105 at ASP).
Therefore, the interannual variability induced by cropping practices is
similar to the variability created by annual variations in weather con-
ditions. This suggests that land use management has a larger impact on
ET than climate variability. Drawing the conclusion that land use
management has a larger impact on ET than climate variability assumes
that the response of a prairie ecosystem to climate variability is repre-
sentative of all ecosystems, which is not necessarily true.

The interannual variability of carbon fluxes do not follow a consis-
tent pattern across the three study sites. The range and standard devi-
ation of NEE, GPP, and R, are all highest at the ASP site. This is not
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surprising because the ASP site has the highest average values of those
fluxes. When the variability is normalized by the average fluxes, the
story is less clear. The C.V. of NEE is higher at the BAU site than the ASP
site and highest at the TP site. This is because the mean NEE is close to
0 at the TP site, making the high C.V. somewhat misleading. However,
the TP site has the highest amount of soil carbon of the three sites. As a
result, it is likely that carbon fluxes, particularly respiration, at TP site
respond primarily to environmental conditions that vary from year to
year, while the agricultural sites respond to management practices more
than climate variability. The C.V. of the GPP is higher at the TP site than
the BAU site, though all sites have very similar C.V. of GPP. The high
variability in GPP at the TP site is noteworthy because the TP site has the
same vegetation every year, and the lowest interannual variability in ET.
The TP site has the lowest ecosystem water use efficiency (EWUE),
defined as GPP/ET, and because interannual variability in ET is low at
the TP site, variability in EWUE results in the similar variability in GPP
with the agricultural sites. That the EWUE is higher and less variable at
the ASP site than the BAU site could be attributed to improved soil
health and cover crops at the ASP site.

5. Conclusions

In this study, we deployed eddy covariance towers in three (agro-)
ecosystems important to the Midwest U.S., a business-as-usual maize/
soybean cropping rotation (BAU), an aspirational maize/soybean/
wheat/hay cropping system with cover crops (ASP), and a native tall-
grass prairie (TP). This provides a comparison of energy, water, and
carbon fluxes from three land cover classes that are currently or pro-
jected to be important in the U.S. Corn Belt. The observations demon-
strate that on average, the TP site has higher annual ET than the BAU site
while the average ET at the ASP site is between the two, but not
significantly different. The ASP site had the highest values of GPP and
Reco- Both agricultural sites were carbon sinks, but this does not account
for carbon removed as grain yield.

We find that the TP site fluxes are most resilient to changes in
environmental conditions, defined as a lower sensitivity to changes.
Fluxes at the ASP site are less sensitive to changes in environmental
conditions than at the BAU site. We attribute the higher resilience of
carbon uptake and water use at the TP and ASP sites to a combination of
perennial vegetation cover and improved soil health relative to the BAU
site. The interannual variability in water fluxes is consistent with this
framework. The TP site has the lowest interannual variability in ET,
which can be attributed to both the lack of sensitivity to environmental
conditions and the consistent vegetation at the site. By changing the
vegetation cover, agriculture increases the interannual variability in ET.
The ASP site, with the higher variety of crop types has the highest
interannual variability in ET. The impact of agricultural management on
carbon fluxes is less clear, however. The TP site has the highest coeffi-
cient of variation in NEE and similar variability in GPP and R, is seen at
all three sites. This variability is likely because the TP site is carbon
neutral, making the annual carbon balance depend on the environ-
mental conditions. Results from this study highlight the value of
perennial vegetation cover in the Corn Belt. This study also offers in-
sights into the carbon and water fluxes of different (agro-)ecosystems in
the Midwest and how they react to changing environmental conditions.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data is available from the AmeriFlux website.

14

Agricultural and Forest Meteorology 333 (2023) 109420
Acknowledgments

We are grateful for the help of many dedicated staff who have helped
install and maintain the instrument networks and agricultural fields. We
are particularly grateful for Ed Winchester, Seth Green, Teri Oster, and
Pat Nash for their help to install and maintain the instrument networks
and data streams. We thank the many other USDA-ARS employees who
made this work possible. This research was supported in part by the U.S.
Department of Agriculture, Agricultural Research Service (project
number 5070-12130-006-001-D). This research was a contribution from
the Long-Term Agroecosystem Research (LTAR) network. LTAR is sup-
ported by the United States Department of Agriculture. Mention of trade
names or commercial products in this publication is solely for the pur-
pose of providing specific information and does not imply recommen-
dation or endorsement by the U.S. Department of Agriculture. USDA is
an equal opportunity provider and employer.

References

Abraha, M., Chen, J., Chu, H., Zenone, T., John, R., Su, Y. J., Hamilton, S. K., &
Robertson, G. P. (2015). Evapotranspiration of annual and perennial biofuel crops in
a variable climate. GCB Bioenergy, 7(6), 1344-1356. doi:10.1111/gcbb.12239.

Al-Kaisi, M.M., Yin, X., 2005. Tillage and Crop Residue Effects on Soil Carbon and Carbon
Dioxide Emission in Corn-Soybean Rotations. J. Environ. Qual. 34 (2), 437-445.
https://doi.org/10.2134/jeq2005.0437.

Allmaras, R.R., Schomberg, H.H., Douglas, C.L., Dao, T.H., 2000. Soil organic carbon
sequestration potential of adopting conservation tillage in U.S. croplands. J. Soil
Water Conserv. 55 (3), 365-373.

Al-Qudah, O.M.,, Liu, F., Lerch, R.N., Kitchen, N., Yang, J., 2016. Controls on nitrate-N
concentrations in groundwater in a Missourian claypan watershed. Earth Space Sci. 3
(3), 90-105. https://doi.org/10.1002/2015EA000117.

Alter, R.E., Douglas, H.C., Winter, J.M., Eltahir, E.A.B., 2018. Twentieth Century
Regional Climate Change During the Summer in the Central United States Attributed
to Agricultural Intensification. Geophys. Res. Lett. 45 (3), 1586-1594. https://doi.
org/10.1002/2017GL075604.

Anapalli, S.S., Fisher, D.K., Reddy, K.N., Krutz, J.L., Pinnamaneni, S.R., Sui, R., 2019.
Quantifying water and CO 2 fluxes and water use efficiencies across irrigated C 3 and
C 4 crops in a humid climate. Sci. Total Environ. 663, 338-350. https://doi.org/
10.1016/j.scitotenv.2018.12.471.

Baeumler, N.W., Kjaersgaard, J., Gupta, S.C., 2019. Evapotranspiration from corn,
soybean, and prairie grasses using the METRIC model. Agron. J. 111 (2), 770-780.
https://doi.org/10.2134/agronj2018.08.0506.

Baffaut, C., Ghidey, F., Lerch, R.N., Veum, K.S., Sadler, E.J., Sudduth, K.A., Kitchen, N.R.,
2020. Effects of combined conservation practices on soil and water quality in the
Central Mississippi River Basin. J. Soil Water Conserv. 75 (3), 340-351. https://doi.
org/10.2489/JSWC.75.3.340.

Baffaut, C., Sadler, E.J., Ghidey, F., 2015. Long-Term Agroecosystem Research in the
Central Mississippi River Basin: Goodwater Creek Experimental Watershed Flow
Data. J. Environ. Qual. 44 (1), 18-27. https://doi.org/10.2134/jeq2014.01.0008.

Baker, J.M., Griffis, T.J., 2005. Examining strategies to improve the carbon balance of
corn/soybean agriculture using eddy covariance and mass balance techniques. Agric.
For. Meteorol. 128 (3-4), 163-177. https://doi.org/10.1016/j.
agrformet.2004.11.005.

Baker, J.M., Griffis, T.J., Ochsner, T.E., 2012. Coupling landscape water storage and
supplemental irrigation to increase productivity and improve environmental
stewardship in the U.S. Midwest. Water Res. Res. (5), 48. https://doi.org/10.1029/
2011WR011780.

Baker, J.M., Ochsner, T.E., Venterea, R.T., Griffis, T.J., 2007a. Tillage and soil carbon
sequestration-What do we really know?. In: Agric. Ecosyst. Environ., 118 Elsevier,
pp. 1-5. https://doi.org/10.1016/j.agee.2006.05.014. Issues.

Baker, J.M., Ochsner, T.E., Venterea, R.T., Griffis, T.J., 2007b. Tillage and soil carbon
sequestration-What do we really know?. In: Agric. Ecosyst. Environ., 118 Elsevier,
pp. 1-5. https://doi.org/10.1016/j.agee.2006.05.014. Issues.

Bugeja, S.M., Castellano, M.J., 2018. Physicochemical Organic Matter Stabilization
across a Restored Grassland Chronosequence. Soil Sci. Soc. Am. J. 82 (6),
1559-1567. https://doi.org/10.2136/ss5aj2018.07.0259.

Byun, K., Hamlet, A.F., 2018. Projected changes in future climate over the Midwest and
Great Lakes region using downscaled CMIP5 ensembles. Int. J. Climatol. 38,
e531-e553. https://doi.org/10.1002/joc.5388.

Chen, L., Ford, T.W., 2022. Future changes in the transitions of monthly-to-seasonal
precipitation extremes over the Midwest in Coupled Model Intercomparison Project
Phase 6 models. Int. J. Climatol. https://doi.org/10.1002/joc.7756.

Chen, M., Griffis, T.J., Baker, J.M., Wood, J.D., Meyers, T., Suyker, A., 2018. Comparing
crop growth and carbon budgets simulated across AmeriFlux agricultural sites using
the Community Land Model (CLM). Agric. For. Meteorol. 256-257, 315-333.
https://doi.org/10.1016/j.agrformet.2018.03.012.

Chenu, C., Angers, D. A, Barré, P., Derrien, D., Arrouays, D., & Balesdent, J. (2019).
Increasing organic stocks in agricultural soils: Knowledge gaps and potential
innovations. Soil and Tillage Research, 188, 41-52. doi:10.1016/j.5till.2018.04.011.


https://doi.org/10.1111/gcbb.12239
https://doi.org/10.2134/jeq2005.0437
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0003
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0003
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0003
https://doi.org/10.1002/2015EA000117
https://doi.org/10.1002/2017GL075604
https://doi.org/10.1002/2017GL075604
https://doi.org/10.1016/j.scitotenv.2018.12.471
https://doi.org/10.1016/j.scitotenv.2018.12.471
https://doi.org/10.2134/agronj2018.08.0506
https://doi.org/10.2489/JSWC.75.3.340
https://doi.org/10.2489/JSWC.75.3.340
https://doi.org/10.2134/jeq2014.01.0008
https://doi.org/10.1016/j.agrformet.2004.11.005
https://doi.org/10.1016/j.agrformet.2004.11.005
https://doi.org/10.1029/2011WR011780
https://doi.org/10.1029/2011WR011780
https://doi.org/10.1016/j.agee.2006.05.014
https://doi.org/10.1016/j.agee.2006.05.014
https://doi.org/10.2136/sssaj2018.07.0259
https://doi.org/10.1002/joc.5388
https://doi.org/10.1002/joc.7756
https://doi.org/10.1016/j.agrformet.2018.03.012
https://doi.org/10.1016/j.still.2018.04.011

A.P. Schreiner-McGraw et al.

Chi, J., Waldo, S., Pressley, S., O’Keeffe, P., Huggins, D., Stockle, C., Pan, W.L.,
Brooks, E., Lamb, B., 2016. Assessing carbon and water dynamics of no-till and
conventional tillage cropping systems in the inland Pacific Northwest US using the
eddy covariance method. Agric. For. Meteorol. 218-219, 37-49. https://doi.org/
10.1016/j.agrformet.2015.11.019.

Dold, C., Biiyiikcangaz, H., Rondinelli, W., Prueger, J. H., Sauer, T. J., & Hatfield, J. L.
(2017). Long-term carbon uptake of agro-ecosystems in the Midwest. Agric. For.
Meteorol., 232, 128-140. doi:10.1016/j.agrformet.2016.07.012.

Dold, C., Hatfield, J.L., Prueger, J.H., Moorman, T.B., Sauer, T.J., Cosh, M.H., Drewry, D.
T., Wacha, K.M., 2019. Upscaling gross primary production in corn-soybean rotation
systems in the Midwest. Remote Sens. (14), 11. https://doi.org/10.3390/
rs11141688.

Dold, C., Wacha, K.M., Sauer, T.J., Hatfield, J.L., Prueger, J.H., 2021. Measured and
Simulated Carbon Dynamics in Midwestern U.S. Corn-Soybean Rotations. Global
Biogeochem. Cycles (1), 35. https://doi.org/10.1029/2020GB006685.

Feiziene, D., Feiza, V., Slepetiene, A., Liaudanskiene, 1., Kadziene, G., Deveikyte, I.,
Vaideliene, A., 2011. Long-Term Influence of Tillage and Fertilization on Net Carbon
Dioxide Exchange Rate on Two Soils with Different Textures. J. Environ. Qual. 40
(6), 1787-1796. https://doi.org/10.2134/jeq2011.0180.

Finnigan, J.J., 2004. A Re-Evaluation of Long-Term Flux Measurement Techniques Part
II: Coordinate Systems. Boundary-Layer Meteorol. 113 (1), 1-41. https://doi.org/
10.1023/B:BOUN.0000037348.64252.45.

Follett, R.F., Vogel, K.P., Varvel, G.E., Mitchell, R.B., Kimble, J., 2012. Soil Carbon
Sequestration by Switchgrass and No-Till Maize Grown for Bioenergy. Bioenergy
Res. 5 (4), 866-875. https://doi.org/10.1007/s12155-012-9198-y.

Frans, C., Istanbulluoglu, E., Mishra, V., Munoz-Arriola, F., Lettenmaier, D.P., 2013. Are
climatic or land cover changes the dominant cause of runoff trends in the Upper
Mississippi River Basin? Geophys. Res. Lett. 40 (6), 1104-1110. https://doi.org/
10.1002/gr1.50262.

Gebremedhin, M.T., Loescher, H.W., Tsegaye, T.D., 2012. Carbon balance of no-till
soybean with winter wheat cover crop in the Southeastern United States. Agron. J.
104 (5), 1321-1335. https://doi.org/10.2134/agronj2012.0072.

Gilmanov, T.G., Baker, J.M., Bernacchi, C.J., Billesbach, D.P., Burba, G.G., Castro, S.,
Chen, J., Eugster, W., Fischer, M.L., Gamon, J.A., Gebremedhin, M.T., Glenn, A.J.,
Griffis, T.J., Hatfield, J.L., Prueger, J.H., Heuer, M.W., Howard, D.M., Leclerc, M.Y.,
Loescher, H.W., Wylie, B.K., 2014. Productivity and carbon dioxide exchange of
leguminous crops: Estimates from flux tower measurements. Agron. J. 106 (2),
545-559. https://doi.org/10.2134/agronj2013.0270.

Gilmanov, T.G., Wylie, B.K., Tieszen, L.L., Meyers, T.P., Baron, V.S., Bernacchi, C.J.,
Billesbach, D.P., Burba, G.G., Fischer, M.L., Glenn, A.J., Hanan, N.P., Hatfield, J.L.,
Heuer, M.W., Hollinger, S.E., Howard, D.M., Matamala, R., Prueger, J.H.,

Tenuta, M., Young, D.G., 2013. CO2 uptake and ecophysiological parameters of the
grain crops of midcontinent North America: Estimates from flux tower
measurements. Agric. Ecosyst. Environ. 164, 162-175. https://doi.org/10.1016/j.
agee.2012.09.017.

Guanter, L., Zhang, Y., Jung, M., Joiner, J., Voigt, M., Berry, J.A., Frankenberg, C.,
Huete, A.R., Zarco-Tejada, P., Lee, J.E., Moran, M.S., Ponce-Campos, G., Beer, C.,
Camps-Valls, G., Buchmann, N., Gianelle, D., Klumpp, K., Cescatti, A., Baker, J.M.,
Griffis, T.J., 2014. Global and time-resolved monitoring of crop photosynthesis with
chlorophyll fluorescence. Proceedings of the National Academy of Sciences of the
United States of America (14), 111. https://doi.org/10.1073/pnas.1320008111.

Hamilton, S.K., Hussain, M.Z., Bhardwaj, A.K., Basso, B., Robertson, G.P., 2015.
Comparative water use by maize, perennial crops, restored prairie, and poplar trees
in the US Midwest. Environ. Res. Lett. (6), 10. https://doi.org/10.1088/1748-9326/
10/6/064015.

Hankerson, B., Kjaersgaard, J., Hay, C., 2012. Estimation of evapotranspiration from
fields with and without cover crops using remote sensing and in situ methods.
Remote Sens. 4 (12), 3796-3812. https://doi.org/10.3390/1s4123796.

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 U.S.: Inter- and
intra-annual variations, and biophysical controls. Agric. For. Meteorol. 151 (12),
1831-1842. https://doi.org/10.1016/j.agrformet.2011.07.017.

Hollinger, D.Y., Richardson, A.D., 2005. Uncertainty in eddy covariance measurements
and its application to physiological models. Tree Physiol. 25 (7), 873-885. https://
doi.org/10.1093/treephys/25.7.873.

Hu, Z.H., Ling, H., Chen, S.T., Shen, S.H., Zhang, H., Sun, Y.Y., 2013. Soil Respiration,
Nitrification, and Denitrification in a Wheat Farmland Soil under Different
Managements. Commun. Soil Sci. Plant Anal. 44 (21), 3092-3102. https://doi.org/
10.1080/00103624.2013.832290.

K Webb, B.E., Pearman, G.I., Leuning, R., 1980. Correction of flux measurements for
density effects due to heat and water vapour transfer 106.

Kelly, S.A., Takbiri, Z., Belmont, P., Foufoula-Georgiou, E., 2017. Human amplified
changes in precipitation-runoff patterns in large river basins of the Midwestern
United States. Hydrol. Earth Syst. Sci. 21 (10), 5065-5088. https://doi.org/10.5194/
hess-21-5065-2017.

Kirkham, M.B., Grecu, S.J., Kanemasu, E.T., 1998. European Journal of Agronomy
Comparison of minirhizotrons and the soil-water-depletion method to determine
maize and soybean root length and depth. Eur. J. Agron. 8.

Kleinman, P.J.A., Spiegal, S., Rigby, J.R., Goslee, S.C., Baker, J.M., Bestelmeyer, B.T.,
Boughton, R.K., Bryant, R.B., Cavigelli, M.A., Derner, J.D., Duncan, EW.,
Goodrich, D.C., Huggins, D.R., King, K.W., Liebig, M.A., Locke, M.A., Mirsky, S.B.,
Moglen, G.E., Moorman, T.B., Walthall, C.L., 2018. Advancing the Sustainability of
US Agriculture through Long-Term Research. J. Environ. Qual. 47 (6), 1412-1425.
https://doi.org/10.2134/jeq2018.05.0171.

Kucera, C.L., 1956. Grazing Effects on Composition of Virgin Prairie in North-Central
Missouri. Ecol. 37 (2), 389-391.

15

Agricultural and Forest Meteorology 333 (2023) 109420

Kucera, C.L., 1958. Some Changes in the Soil Environment of a Grazed-Prairie
Community in Central Missouri. Ecol. 39 (3), 538-540. https://doi.org/10.2307/
1931767.

Lark, T.J., Spawn, S.A., Bougie, M., Gibbs, H.K., 2020. Cropland expansion in the United
States produces marginal yields at high costs to wildlife. Nat. Commun. (1), 11.
https://doi.org/10.1038/541467-020-18045-z.

Lasslop, G., Reichstein, M., Papale, D., Richardson, A., Arneth, A., Barr, A., Stoy, P.,
Wohlfahrt, G., 2010. Separation of net ecosystem exchange into assimilation and
respiration using a light response curve approach: Critical issues and global
evaluation. Global Change Biol. 16 (1), 187-208. https://doi.org/10.1111/j.1365-
2486.2009.02041.x.

Li, C., Veum, K.S., Goyne, K.W., Nunes, M.R., Acosta-Martinez, V., 2021.

A chronosequence of soil health under tallgrass prairie reconstruction. Appl. Soil
Ecol. 164 https://doi.org/10.1016/j.aps0il.2021.103939.

Luo, C., Wang, Z., Sauer, T.J., Helmers, M.J., Horton, R., 2018. Portable canopy chamber
measurements of evapotranspiration in corn, soybean, and reconstructed prairie.
Agric. Water Manage. 198, 1-9. https://doi.org/10.1016/j.agwat.2017.11.024.

Menefee, D., Scott, R.L., Abraha, M., Alfieri, J.G., Baker, J., Browning, D.M., Chen, J.,
Gonet, J., Johnson, J.M.F., Miller, G.R., Nifong, R., Robertson, P., Russell, E.S.,
Saliendra, N., Schreiner-Mcgraw, A.P., Suyker, A., Wagle, P., Wente, C., White, P.M.,
Smith, D., 2022. Unraveling the effects of management and climate on carbon fluxes
of U.S. croplands using the USDA Long-Term Agroecosystem (LTAR) network. Agric.
For. Meteorol. 326, 109154 https://doi.org/10.1016/j.agrformet.2022.109154.

Mishra, V., Cherkauer, K.A., Niyogi, D., Lei, M., Pijanowski, B.C., Ray, D.K., Bowling, L.
C., Yang, G., 2010. A regional scale assessment of land use/land cover and climatic
changes on water and energy cycle in the upper Midwest United States. Int. J.
Climatol. 30 (13), 2025-2044. https://doi.org/10.1002/joc.2095.

Mudgal, A., Anderson, S.H., Baffaut, C., Kitchen, N.R., Sadler, E.J., 2010. Effects of long-
term soil and crop management on soil hydraulic properties for claypan soils. J. Soil
Water Conserv. 65 (6), 393-403. https://doi.org/10.2489/jswc.65.6.393.

Naidu, D.G.T., Bagchi, S., 2021. Greening of the earth does not compensate for rising soil
heterotrophic respiration under climate change. Global Change Biol. 27 (10),
2029-2038. https://doi.org/10.1111/gcb.15531.

Nunes, M.R., Karlen, D.L., Veum, K.S., Moorman, T.B., Cambardella, C.A., 2020.
Biological soil health indicators respond to tillage intensity: A US meta-analysis.
Geoderma 369, 114335. https://doi.org/10.1016/j.geoderma.2020.114335.

O’Brien, S.L., Jastrow, J.D., 2013. Physical and chemical protection in hierarchical soil
aggregates regulates soil carbon and nitrogen recovery in restored perennial
grasslands. Soil Biol. Biochem. 61 https://doi.org/10.1016/j.50ilbi0.2013.01.031.

Ogle, S.M., Alsaker, C., Baldock, J., Bernoux, M., Breidt, F.J., McConkey, B., Regina, K.,
Vazquez-Amabile, G.G., 2019. Climate and Soil Characteristics Determine Where No-
Till Management Can Store Carbon in Soils and Mitigate Greenhouse Gas Emissions.
Sci. Rep. 9 (1) https://doi.org/10.1038/541598-019-47861-7.

Papale, D., Reichstein, M., Aubinet, M., Canfora, E., Bernhofer, C., Kutsch, W.,
Longdoz, B., Rambal, S., Valentini, R., Vesala, T., Yakir, D., 2006. Towards a
standardized processing of Net Ecosystem Exchange measured with eddy covariance
technique: algorithms and uncertainty estimation. Biogeosci. 3. www.biogeoscien
ces.net/3/571/2006/.

Prueger, J.H., Hatfield, J.L., Parkin, T.B., Kustas, W.P., Kaspar, T.C., 2004. Carbon
dioxide dynamics during a growing season in midwestern cropping systems. Environ.
Manage. 33 (SUPPL. 1) https://doi.org/10.1007/500267-003-9142-1.

Rannik, U., Vesala, T., Peltola, O., Novick, K. A., Aurela, M., Jirvi, L., Montagnani, L.,
Molder, M., Peichl, M., Pilegaard, K., & Mammarella, I. (2020). Impact of coordinate
rotation on eddy covariance fluxes at complex sites. Agric. For. Meteorol., 287. doi:10
.1016/j.agrformet.2020.107940.

Reed, D. E., Frank, J. M., Ewers, B. E., & Desai, A. R. (2018). Time dependency of eddy
covariance site energy balance. Agric. For. Meteorol., 249, 467-478. doi:10.1016/j.ag
rformet.2017.08.008.

Reichstein, M., Subke, J.-A., Angeli, A.C., Tenhunen, J.D., 2005. Does the temperature
sensitivity of decomposition of soil organic matter depend upon water content, soil
horizon, or incubation time? Global Change Biol. 11 (10), 1754-1767. https://doi.
org/10.1111/j.1365-2486.2005.001010.x.

Rhemtulla, J.M., Mladenoff, D.J., Clayton, M.K., 2007. Regional land-cover conversion in
the U.S. upper Midwest: Magnitude of change and limited recovery (1850-1935-
1993). Landscape Ecol. 22 (SUPPL. 1), 57-75. https://doi.org/10.1007/s10980-007-
9117-3.

Robertson, K.R., Anderson, R.C., Schwartz, M.W., 1997. The Tallgrass Prairie Mosaic.
Conserv. Highly Fragmented Landscapes. Springer, New York. https://doi.org/
10.1007/978-1-4757-0656-7_3.

Sadler, E.J., Lerch, R.N., Kitchen, N.R., Anderson, S.H., Baffaut, C., Sudduth, K.A.,
Prato, A.A., Kremer, R.J., Vories, E.D., Myers, D.B., Broz, R., Miles, R.J., Young, F.J.,
2015. Long-Term Agroecosystem Research in the Central Mississippi River Basin:
Introduction, Establishment, and Overview. J. Environ. Qual. 44 (1), 3-12. https://
doi.org/10.2134/jeq2014.11.0481.

Sadler, E.J., Sudduth, K.A., Drummond, S.T., Vories, E.D., Guinan, P.E., 2015. Long-Term
Agroecosystem Research in the Central Mississippi River Basin: Goodwater Creek
Experimental Watershed Weather Data. J. Environ. Qual. 44 (1), 13-17. https://doi.
org/10.2134/jeq2013.12.0515.

Sainju, U.M., Singh, B.P., Whitehead, W.F., 2002. Long-term effects of tillage, cover
crops, and nitrogen fertilization on organic carbon and nitrogen concentrations in
sandy loam soils in Georgia, USA. Soil Tillage Res. 63 (3), 167-179. https://doi.org/
10.1016/50167-1987(01)00244-6.

Schilling, K.E., Drobney, P., 2014. Restoration of prairie hydrology at the watershed
scale: Two decades of progress at Neal Smith National Wildlife Refuge, Iowa. Land 3
(1), 206-238. https://doi.org/10.3390/1and3010206.


https://doi.org/10.1016/j.agrformet.2015.11.019
https://doi.org/10.1016/j.agrformet.2015.11.019
https://doi.org/10.1016/j.agrformet.2016.07.012
https://doi.org/10.3390/rs11141688
https://doi.org/10.3390/rs11141688
https://doi.org/10.1029/2020GB006685
https://doi.org/10.2134/jeq2011.0180
https://doi.org/10.1023/B:BOUN.0000037348.64252.45
https://doi.org/10.1023/B:BOUN.0000037348.64252.45
https://doi.org/10.1007/s12155-012-9198-y
https://doi.org/10.1002/grl.50262
https://doi.org/10.1002/grl.50262
https://doi.org/10.2134/agronj2012.0072
https://doi.org/10.2134/agronj2013.0270
https://doi.org/10.1016/j.agee.2012.09.017
https://doi.org/10.1016/j.agee.2012.09.017
https://doi.org/10.1073/pnas.1320008111
https://doi.org/10.1088/1748-9326/10/6/064015
https://doi.org/10.1088/1748-9326/10/6/064015
https://doi.org/10.3390/rs4123796
https://doi.org/10.1016/j.agrformet.2011.07.017
https://doi.org/10.1093/treephys/25.7.873
https://doi.org/10.1093/treephys/25.7.873
https://doi.org/10.1080/00103624.2013.832290
https://doi.org/10.1080/00103624.2013.832290
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0036
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0036
https://doi.org/10.5194/hess-21-5065-2017
https://doi.org/10.5194/hess-21-5065-2017
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0038
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0038
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0038
https://doi.org/10.2134/jeq2018.05.0171
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0040
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0040
https://doi.org/10.2307/1931767
https://doi.org/10.2307/1931767
https://doi.org/10.1038/s41467-020-18045-z
https://doi.org/10.1111/j.1365-2486.2009.02041.x
https://doi.org/10.1111/j.1365-2486.2009.02041.x
https://doi.org/10.1016/j.apsoil.2021.103939
https://doi.org/10.1016/j.agwat.2017.11.024
https://doi.org/10.1016/j.agrformet.2022.109154
https://doi.org/10.1002/joc.2095
https://doi.org/10.2489/jswc.65.6.393
https://doi.org/10.1111/gcb.15531
https://doi.org/10.1016/j.geoderma.2020.114335
https://doi.org/10.1016/j.soilbio.2013.01.031
https://doi.org/10.1038/s41598-019-47861-7
http://www.biogeosciences.net/3/571/2006/
http://www.biogeosciences.net/3/571/2006/
https://doi.org/10.1007/s00267-003-9142-1
https://doi.org/10.1016/j.agrformet.2020.107940
https://doi.org/10.1016/j.agrformet.2020.107940
https://doi.org/10.1016/j.agrformet.2017.08.008
https://doi.org/10.1016/j.agrformet.2017.08.008
https://doi.org/10.1111/j.1365-2486.2005.001010.x
https://doi.org/10.1111/j.1365-2486.2005.001010.x
https://doi.org/10.1007/s10980-007-9117-3
https://doi.org/10.1007/s10980-007-9117-3
https://doi.org/10.1007/978-1-4757-0656-7_3
https://doi.org/10.1007/978-1-4757-0656-7_3
https://doi.org/10.2134/jeq2014.11.0481
https://doi.org/10.2134/jeq2014.11.0481
https://doi.org/10.2134/jeq2013.12.0515
https://doi.org/10.2134/jeq2013.12.0515
https://doi.org/10.1016/S0167-1987(01)00244-6
https://doi.org/10.1016/S0167-1987(01)00244-6
https://doi.org/10.3390/land3010206

A.P. Schreiner-McGraw et al.

Schulte, L.A., Niemi, J., Helmers, M.J., Liebman, M., Arbuckle, J.G., James, D.E.,
Kolka, R.K., O’Neal, M.E., Tomer, M.D., Tyndall, J.C., Asbjornsen, H., Drobney, P.,
Neal, J., van Ryswyk, G., Witte, C, 2017. Prairie strips improve biodiversity and the
delivery of multiple ecosystem services from corn-soybean croplands. Proceedings of
the National Academy of Sciences of the United States of America 114 (42),
11247-11252. https://doi.org/10.1073/pnas.1620229114.

Sharma, V., Irmak, S., Sharma, V., Djaman, K., Odhiambo, L., 2017. Soil-Water
Dynamics, Evapotranspiration, and Crop Coefficients of Cover-Crop Mixtures in Seed
Maize Cover-Crop Rotation Fields. I: Soil-Water Dynamics and Evapotranspiration.
J. Irrig. Drain. Eng. 143 (9), 04017032 https://doi.org/10.1061/(asce)ir.1943-
4774.0001214.

Snyder, C.S., Bruulsema, T.W., Jensen, T.L., Fixen, P.E., 2009. Review of greenhouse gas
emissions from crop production systems and fertilizer management effects. Agric.
Ecosyst. Environ. 133 (3-4), 247-266. https://doi.org/10.1016/j.agee.2009.04.021.

Stoy, P.C., Mauder, M., Foken, T., Marcolla, B., Boegh, E., Ibrom, A., Arain, M.A.,
Arneth, A., Aurela, M., Bernhofer, C., Cescatti, A., Dellwik, E., Duce, P., Gianelle, D.,
van Gorsel, E., Kiely, G., Knohl, A., Margolis, H., Mccaughey, H., Varlagin, A., 2013.
A data-driven analysis of energy balance closure across FLUXNET research sites: The
role of landscape scale heterogeneity. Agric. For. Meteorol. 171-172, 137-152.
https://doi.org/10.1016/j.agrformet.2012.11.004.

Sun, J., Twine, T.E., Hill, J., Noe, R., Shi, J., Li, M., 2017. Effects of land use change for
crops on water and carbon budgets in the Midwest USA. Sustainability (Switzerland)
9 (2). https://doi.org/10.3390/5u9020225.

Sun, W., Canadell, J.G., Yu, L., Yu, L., Zhang, W., Smith, P., Fischer, T., Huang, Y., 2020.
Climate drives global soil carbon sequestration and crop yield changes under
conservation agriculture. Global Change Biol. 26 (6), 3325-3335. https://doi.org/
10.1111/gcb.15001.

Suyker, A.E., Verma, S.B., 2009. Evapotranspiration of irrigated and rainfed maize-
soybean cropping systems. Agric. For. Meteorol. 149 (3-4), 443-452. https://doi.
org/10.1016/j.agrformet.2008.09.010.

Tilman, D., Balzer, C., Hill, J., Befort, B.L., 2011. Global food demand and the sustainable
intensification of agriculture. Proceedings of the National Academy of Sciences of
the United States of America 108 (50), 20260-20264. https://doi.org/10.1073/
pnas.1116437108.

Twine, T.E., Kustas, W.P., Norman, J.M., Cook, D.R., Houser, P.R., Meyers, T.P.,
Prueger, J.H., Starks, P.J., Wesley, M.L., Wesely, M.L., 2000. Correcting eddy-
covariance flux underestimates over a grassland. Agric. For. Meteorol. 103. http://di
gitalcommons.unl.edu/nasapub/11http://digitalcommons.unl.edu/nasapub/11.

Veum, K.S., Kremer, R.J., Sudduth, K.A., Kitchen, N.R., Lerch, R.N., Baffaut, C., Stott, D.
E., Karlen, D.L., Sadler, E.J., 2015. Conservation effects on soil quality indicators in

16

Agricultural and Forest Meteorology 333 (2023) 109420

the Missouri Salt River Basin. J. Soil Water Conserv. 70 (4), 232-246. https://doi.
org/10.2489/jswc.70.4.232.

Wagle, P., Gowda, P.H., Manjunatha, P., Northup, B.K., Rocateli, A.C., Taghvaeian, S.,
2019. Carbon and water dynamics in co-located winter wheat and canola fields in
the U.S. Southern Great Plains. Agric. For. Meteorol. 279 https://doi.org/10.1016/j.
agrformet.2019.107714.

Wagle, P., Xiao, X., Scott, R.L., Kolb, T.E., Cook, D.R., Brunsell, N., Baldocchi, D.D.,
Basara, J., Matamala, R., Zhou, Y., Bajgain, R., 2015. Biophysical controls on carbon
and water vapor fluxes across a grassland climatic gradient in the United States.
Agric. For. Meteorol. 214-215, 293-305. https://doi.org/10.1016/j.
agrformet.2015.08.265.

Wallbridge, M.R., Shafer, S.R., 2011. A long-term agro-ecosystem research (LTAR)
network for agriculture. In: Proceedings of the Fourth Interagency Conference on
Research in the Watersheds, pp. 26-30.

Ward, P.R., Flower, K.C., Cordingley, N., Weeks, C., Micin, S.F., 2012. Soil water balance
with cover crops and conservation agriculture in a Mediterranean climate. Field
Crops Res. 132, 33-39. https://doi.org/10.1016/].fcr.2011.10.017.

Wilson, K., Goldstein, A., Falge, E., Aubinet, M., Baldocchi, D., Berbigier, P.,
Bernhofer, C., Ceulemans, R., Dolman, H., Field, C., Grelle, A., Ibrom, A., Law, B.E.,
Kowalski, A., Meyers, T., Moncrieff, J., Monson, R., Oechel, W., Tenhunen, J.,
Verma, S., 2002. Energy balance closure at FLUXNET sites. Agric. For. Meteorol.
113.

Wutzler, T., Lucas-Moffat, A., Migliavacca, M., Knauer, J., Sickel, K., Sigut, L.,

Menzer, O., Reichstein, M., 2018. Basic and extensible post-processing of eddy
covariance flux data with REddyProc. Biogeosci. 15 (16), 5015-5030. https://doi.
org/10.5194/bg-15-5015-2018.

Xu, X., Scanlon, B.R., Schilling, K., Sun, A., 2013. Relative importance of climate and
land surface changes on hydrologic changes in the US Midwest since the 1930s:
Implications for biofuel production. J. Hydrol. 497, 110-120. https://doi.org/
10.1016/j.jhydrol.2013.05.041.

Yost, M.A., Kitchen, N.R., Sudduth, K.A., Sadler, E.J., Drummond, S.T., Volkmann, M.R.,
2017. Long-term impact of a precision agriculture system on grain crop production.
Precis. Agric. 18 (5), 823-842. https://doi.org/10.1007/511119-016-9490-5.

Zeri, M., Hussain, M.Z., Anderson-Teixeira, K.J., Delucia, E., Bernacchi, C.J., 2013. Water
use efficiency of perennial and annual bioenergy crops in central Illinois. J. Geophys.
Res.: Biogeosci. 118 (2), 581-589. https://doi.org/10.1002/jgrg.20052.

Zigba, A., Ramza, P., 2011. Starndard deviation of the mean of autocorrelated
observations estimates with the use of the autocorrelation function estimated from
the data. Metrol. Meas. Syst, XVIII (4), 529-542. www.metrology.pg.gda.pl.


https://doi.org/10.1073/pnas.1620229114
https://doi.org/10.1061/(asce)ir.1943-4774.0001214
https://doi.org/10.1061/(asce)ir.1943-4774.0001214
https://doi.org/10.1016/j.agee.2009.04.021
https://doi.org/10.1016/j.agrformet.2012.11.004
https://doi.org/10.3390/su9020225
https://doi.org/10.1111/gcb.15001
https://doi.org/10.1111/gcb.15001
https://doi.org/10.1016/j.agrformet.2008.09.010
https://doi.org/10.1016/j.agrformet.2008.09.010
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1073/pnas.1116437108
http://digitalcommons.unl.edu/nasapub/11http://digitalcommons.unl.edu/nasapub/11
http://digitalcommons.unl.edu/nasapub/11http://digitalcommons.unl.edu/nasapub/11
https://doi.org/10.2489/jswc.70.4.232
https://doi.org/10.2489/jswc.70.4.232
https://doi.org/10.1016/j.agrformet.2019.107714
https://doi.org/10.1016/j.agrformet.2019.107714
https://doi.org/10.1016/j.agrformet.2015.08.265
https://doi.org/10.1016/j.agrformet.2015.08.265
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0076
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0076
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0076
https://doi.org/10.1016/j.fcr.2011.10.017
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0078
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0078
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0078
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0078
http://refhub.elsevier.com/S0168-1923(23)00112-0/sbref0078
https://doi.org/10.5194/bg-15-5015-2018
https://doi.org/10.5194/bg-15-5015-2018
https://doi.org/10.1016/j.jhydrol.2013.05.041
https://doi.org/10.1016/j.jhydrol.2013.05.041
https://doi.org/10.1007/s11119-016-9490-5
https://doi.org/10.1002/jgrg.20052
http://www.metrology.pg.gda.pl

	Agriculture accentuates interannual variability in water fluxes but not carbon fluxes, relative to native prairie, in the U ...
	1 Introduction
	2 Methods
	2.1 Study sites
	2.2 Eddy covariance data collection and processing
	2.3 Analysis techniques

	3 Results
	3.1 Temporal trends in land surface fluxes
	3.2 Factors affecting land surface fluxes
	3.3 Interannual variability in fluxes is affected by management

	4 Discussion
	4.1 Water and carbon fluxes from important Corn Belt land use types
	4.2 Resilience of land use classes to changes in environmental conditions
	4.3 Land management impacts interannual variability in carbon and water fluxes

	5 Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


