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Abstract

Maize, in rotation with soybean, forms the largest continuous ecosystem in temperate North America, therefore

changes to the biosphere-atmosphere exchange of water vapor and energy of these crops are likely to have an impact

on the Midwestern US climate and hydrological cycle. As a C4 crop, maize photosynthesis is already CO2-saturated

at current CO2 concentrations ([CO2]) and the primary response of maize to elevated [CO2] is decreased stomatal

conductance (gs). If maize photosynthesis is not stimulated in elevated [CO2], then reduced gs is not offset by greater

canopy leaf area, which could potentially result in a greater ET reduction relative to that previously reported in

soybean, a C3 species. The objective of this study is to quantify the impact of elevated [CO2] on canopy energy and

water fluxes of maize (Zea mays). Maize was grown under ambient and elevated [CO2] (550 lmol mol�1 during 2004

and 2006 and 585 lmol mol�1 during 2010) using Free Air Concentration Enrichment (FACE) technology at the

SoyFACE facility in Urbana, Illinois. Maize ET was determined using a residual energy balance approach based on

measurements of sensible (H) and soil heat fluxes, and net radiation. Relative to control, elevated [CO2] decreased

maize ET (7–11%; P < 0.01) along with lesser soil moisture depletion, while H increased (25–30 W m�2; P < 0.01)

along with higher canopy temperature (0.5–0.6 °C). This reduction in maize ET in elevated [CO2] is approximately

half that previously reported for soybean. A partitioning analysis showed that transpiration contributed less to total

ET for maize compared to soybean, indicating a smaller role of stomata in dictating the ET response to elevated

[CO2]. Nonetheless, both maize and soybean had significantly decreased ET and increased H, highlighting the critical

role of elevated [CO2] in altering future hydrology and climate of the region that is extensively cropped with these

species.
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Introduction

Atmospheric carbon dioxide concentration ([CO2]) is

expected to double by the end of this century (Meehl

et al., 2007) and will likely have significant impacts on

the growth and yield of many important agricultural

crops (Long et al., 2006). Decreased stomatal conduc-

tance (gs) is one of the most consistent responses of

leaves to growth at elevated [CO2] (Medlyn et al., 2001;

Zheng & Peng, 2001; Ainsworth et al., 2002; Wullschleg-

er et al., 2002; Long et al., 2004; Ainsworth & Long,

2005; Yoshimoto et al., 2005; Kim et al., 2006; Leipprand

& Gerten, 2006; Bernacchi et al., 2007). This decrease in

gs can alter the partitioning of available energy in and

out of an ecosystem primarily by altering fluxes of sen-

sible (H) and latent heat (kET; Sellers et al., 1997). These
energy fluxes dominate the influence of vegetation on

biosphere-atmosphere exchange; therefore the stomatal

response to rising [CO2] may alter the climate and

hydrological cycle of a given region, especially for con-

tinental interiors (Sellers et al., 1997; Arnell et al., 2001;

Berry et al., 2010).

The response of canopy evapotranspiration (ET) to

elevated [CO2] has been examined in growth chamber

studies for various crops and has been found to vary

with some showing an increase (Chaudhuri et al.,

1990; Hui et al., 2001), no change (Jones et al., 1985;

Hileman et al., 1994; Ellsworth, 1999) and a decrease

(Burkart et al., 2004; Li et al., 2004; Kim et al., 2006;

Chun et al., 2011) in ET under elevated [CO2]. In con-

trast, numerous Free Air Concentration Enrichment
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(FACE) studies have shown a consistent ET reduction

in irrigated crops grown under elevated [CO2], rang-

ing from 4% to 8% for wheat (Kimball et al., 1999;

Burkart et al., 2011) and rice (Yoshimoto et al., 2005);

to 9–12% for winter barley (Burkart et al., 2011); to 10

–12% for sorghum (Conley et al., 2001; Triggs et al.,

2004) and potato (Magliulo et al., 2003); and up to

18% for sugar beet (Burkart et al., 2011) with only

one study showing no change for cotton (Kimball

et al., 1994).

Combined, these studies present strong evidence of

decreased water loss from well-watered crop canopies

as atmospheric [CO2] continues to increase. It is less

known, however, what the response might be for much

larger rain-fed ecosystems such as maize in the Mid-

western US. To date, the measurement of ET responses

for C4 crop species to growth in elevated [CO2] has only

been characterized for irrigated sorghum growing in an

arid environment (Conley et al., 2001; Triggs et al.,

2004). While the response of sorghum ET was relatively

similar to that observed for many C3 species (Kimball

& Bernacchi, 2006), photosynthetic and growth charac-

teristics of C4 species generally do not respond to ele-

vated [CO2], except during drought conditions (Leakey

et al., 2009). Decreased ET could increase soil moisture

availability and delay the onset of water stress during

dry periods (e.g., Bernacchi et al., 2007; Markelz et al.,

2011), however, stomatal closure also decreases transpi-

rational cooling, resulting in warmer canopy tempera-

tures (Tc) and an increased vapor pressure deficit (VPD;

Kimball et al., 1999).

Photosynthesis for C4 species grown in elevated

[CO2] has only been shown to be stimulated under

water stressed conditions (Leakey et al., 2006, 2009; de

Souza et al., 2013). Therefore, in the absence of drought,

reduced gs in elevated [CO2] is not likely to be offset by

greater canopy leaf area (Leakey et al., 2006) as has

been noted for soybean (Dermody et al., 2006; Kimball

& Bernacchi, 2006; Bernacchi et al., 2007). As a conse-

quence, reductions in ET as well as changes in water

relations have the potential to be greater for maize and

other C4 species than for C3 species such as soybean

(Dermody et al., 2006; Kimball & Bernacchi, 2006; Ber-

nacchi et al., 2007). Data on the interaction of [CO2]

with canopy water fluxes are very limited for rain-fed

ecosystems, with only one study showing a 9–16%
reduction in ET for soybean grown at elevated [CO2]

over five growing seasons (Bernacchi et al., 2007). As

maize comprises more than half of the land area in the

expansive US Corn Belt (over 45 million ha, http://

www.nass.usda.gov) it is a critical component of the

overall ecosystem. If elevated [CO2]-induced decreases

in ET for maize are similar to that observed for soy-

bean, then it is likely that these responses will influence

the climate and hydrological cycle of the Midwest

region.

The main objectives of this study were to assess the

impact of future [CO2] on maize canopy energy fluxes

over diel and seasonal time scales, and to assess the

interaction of ET and soil water content. We hypothe-

size that elevated [CO2] will reduce ET and increase H

and Tc, with the largest changes occurring during mid-

day; this will result in less soil water depletion in ele-

vated [CO2]. We also hypothesize that there will be a

greater decrease in ET under elevated [CO2] for maize

than was observed for soybean. This hypothesis is

based on the lack of photosynthetic stimulation

observed for elevated [CO2]-grown maize relative to

the control (e.g., Leakey et al., 2006), whereas the

increased carbon assimilation of soybean can result in

greater leaf area (Dermody et al., 2006), and hence more

evapotranspiring surfaces that could offset gs decreases

in elevated [CO2] (Bernacchi et al., 2007). We tested

these hypotheses at the Soybean Free Air Concentration

Enrichment (SoyFACE) facility located within the Mid-

western US Corn Belt in central Illinois, USA. Canopy

fluxeswere determined using the residual energy balance

approach, and soil moisture measurements were col-

lected for maize grown under ambient and elevated

[CO2] during the 2004, 2006 and 2010 growing seasons.

This is the first study presenting canopy scale responses

to elevated [CO2] for a C4 crop under rain-fed, open-air

conditions. This study also builds upon the observed

responses of soybean ET to growth in elevated [CO2] at

the same research site (Bernacchi et al., 2007), thus com-

pleting the investigation of the two major species that are

grown as part of the dominant ecosystem in the region.

Materials and methods

Field site, maize cultivation, and FACE setup

The SoyFACE facility is situated in a 32 ha (80 acre) field at the

University of Illinois at Urbana-Champaign (40°03′21.3″N;

88°12′3.4″W, 230 m elevation). At SoyFACE, maize and soybean

are grown in annual rotation between the eastern and western

halves of the field. The soil texture is classified as the Flanagan/

Drummer soil series, that can be described as wet, dark-colored

‘prairie soils’ (fine silty, mixed, mesic Typic Endoaquoll) and

organically rich and highly productive, which is typical for

northern and central Illinois. The field is tile-drained.

Maize cv 34B43 (Pioneer Hi-Bred International, Inc., IA,

USA) was planted on April 29 (day of year 119), April 28 (day

of year 118) and April 28 (day of year 118), and emerged on

May 9 (day of year 130), May 8 (day of year 128) and May 8

(day of year 128) for 2004, 2006 and 2010, respectively. The

agronomic practices were typical of the region, as described

previously (Leakey et al., 2004, 2006). Four experimental

blocks (n = 4) in the maize portion of the site contained two
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20-m diameter octagonal plots. One plot in each block was

maintained at ambient [CO2] concentrations that corre-

sponded to roughly global mean concentrations of 376, 382

and 390 μmol mol�1 for 2004, 2006, and 2010, respectively

(ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/co2_mm_mlo.txt),

and the second plot in each block was fumigated during the

daylight hours from planting until harvest with elevated

[CO2] using FACE technology. The elevated [CO2] in 2004 and

2006 was targeted for the year 2050 (550 lmol mol�1) accord-

ing to Intergovernmental Panel on Climate Change (Houghton

et al., 2001) and the target concentration in 2010 was

200 μmol mol�1 above mean global background concentra-

tions. The average [CO2] levels in the fumigated plots during

the growing seasons in 2004, 2006, and 2010 were

541.5 lmol mol�1, 545.8 lmol mol�1, and 585.0 lmol mol�1,

respectively, and values were within �20% of the target 92–

94% of the time. A complete description of the SoyFACE oper-

ational procedures has been described in several studies (Lea-

key et al., 2004, 2006; Markelz et al., 2011).

Climate information

Hourly measurements of precipitation, air temperature, and

relative humidity were collected from nearby weather stations

as described previously (VanLoocke et al., 2010). Palmer crop

moisture index (PCMI) is an estimate of short-term moisture

conditions determined from temperature, precipitation, and

estimated soil water content (Palmer, 1968). When PCMI is

lower than 0, it indicates conditions where crop water demand

exceeds supply. The long-term (30 year) PCMI data for East

Central Illinois were provided by the Climate Operation

Branch of the National Oceanic and Atmospheric Administra-

tion (http://www.usda.gov/oce/waob/jawf/). The 30-year

(1970–2000) mean growing season (May to August) climate

data were downloaded from the Midwestern Regional Cli-

mate Center (MRCC), at the Illinois State Water Survey

(http://mrcc.isws.illinois.edu/).

Micrometeorological measurements

The micrometeorological measurements began ca. 40 days

after seedling emergence during 2004 and 2006 and 20 days

after emergence in 2010. Measurements continued until crop

senescence which corresponded to day of year 245 for all

years. Maize ET was determined using a residual energy bal-

ance approach based on the micrometeorological measure-

ments of H, soil heat flux (G0) and net radiation (Rn) from

individual plots. Evapotranspiration was estimated according

to the following energy balance equation:

kET ¼ Rn � G0 �H ð1Þ
where k is latent heat of vaporization of water (J kg�1), ET is

evapotranspiration (kg m�2 s�1; positive upward), Rn is net

radiation (W m�2; positive downward), G0 is soil surface heat

flux (W m�2; positive downward), and H is sensible heat flux

(W m�2; positive upward).

The development and validation of the residual energy

balance method has been described previously (Huband

& Monteith, 1986; Jackson et al., 1987; Kimball et al., 1994,

1999; Triggs et al., 2004) and has been implemented previously

for measurements over soybean (Bernacchi et al., 2007, 2011)

at the SoyFACE site and over short and tall grass stands,

which are in close proximity to the site (Hickman et al., 2010).

Although the residual energy balance approach does not

measure ET directly, it is the only available effective technique

for FACE experiments (Kimball et al., 1999). Other techniques

such as eddy covariance or flux gradient analysis (Baldocchi

et al., 1988) while providing a more direct measure of ET,

require a much larger fetch than can be provided using FACE

technology. The energy balance approach does not include

energy fluxes due to photosynthesis, respiration and heat stor-

age, however, these fluxes represent a very small fraction of

incoming solar radiation (Meyers & Hollinger, 2004) and dif-

ferences in energy partitioned to these components between

the control and elevated [CO2] plots are negligible relative to

the overall energy balance of the ecosystem. Each plot was

equipped with micrometeorological sensors to measure the

three major fluxes in Eqn (1). Each sensor recorded an obser-

vation every 10 s and was averaged over 10-min intervals.

Net radiation, Rn

Net radiation in 2004 and 2006 was measured using single

channel net radiometers (Models Q*6 or Q*7, Radiation and

Energy Balance Systems [REBS], Inc., Seattle, WA, USA) and it

was measured using dual channel (long- and short-wave) net

radiometer (CNR2, Kipp and Zonen, Delft, Holland) in 2010.

The net radiometers in 2004 and 2006 were equipped with

ventilators obviating the need for wind corrections and to

minimize condensation on the net radiometer domes. Net

radiometers were placed 1.0 m above the crop canopy and

were raised as the crop canopy grew. A cross-calibration was

performed prior to, or immediately after the 2004 and 2006

growing seasons as described previously (Bernacchi et al.,

2007, 2011). The net radiometers used in 2010 were factory cal-

ibrated immediately prior to installation in the field. In one of

the elevated [CO2] plots during 2006, the net radiometer expe-

rienced irreconcilable technical difficulties and thus the values

for Rn in remaining three plots in the elevated [CO2] treatment

were averaged and used to replace the data from the missing

sensor.

Soil heat flux, Go

Soil heat flux is the conduction of energy per unit area of soil

surface in response to an air/soil temperature gradient and

was measured by soil heat flux plates (Model HFT-3, REBS,

Inc.) buried at 10 cm. Heat storage in the soil above the heat

flux plates was calculated following Kimball et al. (1994),

which requires the measurement of soil temperature (type-T

thermocouple; Omega Engineering, Inc., Stamford, CT USA).

Sensible heat flux, H

Sensible heat is the heat energy transferred between the can-

opy surface and air when there is a difference in temperature

© 2013 Blackwell Publishing Ltd, Global Change Biology, 19, 1572–1584
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between them. The determination of H depends on several

micrometeorological sensors and was calculated as

H ¼ qacp
Tc � Ta

ra
ð2Þ

where qa is the air density (kg m�3), cp is the heat capacity of

the air (J kg�1 °C�1), Tc and Ta are the respective canopy and

air temperatures (°C), and ra is the aerodynamic resistance (s/

m). Air temperature was measured using a thermistor (Model

107; Campbell Scientific, Inc., Logan UT, USA) mounted in a

radiation shield (Model 41303-5A Radiation Shield; Campbell

Scientific, Inc.) located at 4.0 m above ground level in each

plot. Surface temperatures were measured using infrared

thermometers (IRTs) in 2004 and 2006 (IRT, IRT-P; Apogee

Instruments, Inc., Logan, UT, USA) and infrared radiometers

(IRRs, model IRR-PN; Apogee Instruments, Inc.) in 2010

mounted facing South at an angle 25° from vertical to mini-

mize the influence of exposed soil on the canopy temperature

measurement by decreasing the portion of the field of view

that is soil. When soil was exposed before canopy closure,

canopy surface temperatures included both leaf and soil sur-

face temperatures. Measurements began at or near canopy

closure (i.e., between 20 and 40 days after emergence depend-

ing on year), thus the soil effect was primarily constrained to

the early portions of the measurement period. Furthermore,

given the similarity in canopies between treatments, the influ-

ence of exposed soil likely had a negligible effect on determin-

ing differences in H. The calculation of ra was based on the

wind speed, Ta, Tc, dew point temperature, and canopy

height following a previously described method (Jackson

et al., 1987; Kimball et al., 1994, 1999; Triggs et al., 2004). Wind

speed (Model 12102D; R. M. Young Company, Traverse City,

MI, USA) and humidity (Model HMP-45C; Campbell Scien-

tific Inc.) were measured at 4.0 m above ground level in each

plot. The canopy height was measured biweekly for each plot,

and fitted using a sigmoidal function as described previously

(Bernacchi et al., 2007).

Soil moisture data

Soil volumetric water content was measured every 10-cm

between depths of 5 and 105 cm using a capacitance probe

(Diviner-2000; Sentek Sensor Technologies, Stepney, SA,

Australia). Data were collected starting on 30th June at 4

locations within each plot (2 within crop rows, 2 between

crop rows) every 4–5 days over the growing season until

senescence. Raw data from the probe were calibrated against

gravimetric data using the method of Paltineanu & Starr

(1997). Data from 2004 were previously published as aver-

ages for soil layers of 5–25 and 25–55 cm depth in Leakey

et al. (2006).

Leaf gas exchange

The diurnal course of gas exchange of the youngest fully

expanded leaf in each experimental plot was measured

on 5 days in 2004 and 6 days in 2010 using four leaf gas

exchange systems (LI-6400, LI-COR, Inc., Lincoln, NE, USA);

measurements were not collected in 2006. The dates of mea-

surements in both years corresponded to a range of vegetative

and reproductive crop growth stages. For each date, measure-

ments were performed at 2-h intervals from sunrise to sunset.

The schedule of gas exchange measurements from the experi-

mental plots has been described previously (Leakey et al.,

2006). For each interval, three plants in each plot were mea-

sured for gas exchange parameters. Leaf A and gs were calcu-

lated using the equations of von Caemmerer & Furbank

(2003). The VPD was determined from the leaf temperature

and the external air humidity.

Data analysis

Diel patterns of micrometeorology. For 2004, the 10 min data

were statistically analyzed (SAS v. 9.1; The SAS Institute,

Raleigh, NC, USA) using analysis of variance with blocks as

random factors, treatment as a main effect and time of day as

a repeated measure. This analysis was done for clear (212

DOY in 2004) and overcast (243 DOY in 2004) days that were

chosen based on the highest and lowest radiation input avail-

able for those periods.

Differences (elevated CO2 minus control) in the 10-min data

over the diel course were statistically analyzed using analysis

of variance with time of the day as a repeated measure in such

a way that each 10-min record throughout the 24-h time

course was averaged across each growing season and this

analysis was done for all years.

Seasonal patterns of micrometeorology. The 10-min data

between 8:00 hours and 20:00 hours for the four energy fluxes

were averaged for each day across several days of measure-

ments and analyzed using analysis of variance with blocks as

random factors, treatment as a main effect and day of the year

as a repeated measure and this was done separately for each

year.

Seasonal crop water use. The 10-min kET (W m�2) flux data

were converted to their equivalent water depth in mm using

latent heat of water vaporization as described previously

(Chavez et al., 2009) and summed to provide the total sea-

sonal crop water use (mm). The daily values of ET (mm)

were analyzed using analysis of variance with blocks as ran-

dom factors, treatment as a main effect and day of the year

as a repeated measure and were done separately for each

year.

Soil moisture content. Plot means (n = 4) were analyzed

using the MIXED procedure in SAS (SAS 9.2, SAS Institute,

Cary, NC, USA), with the Kenward-Rogers option, to perform

a complete block analysis of variance in which [CO2] treat-

ment was a fixed effect and block was a random factor. Struc-

ture in the covariance-variance matrix required day of year

(DOY) to be treated as a repeated measure. At each soil depth,

saturated H2O%v/v in each plot at the beginning of the season

was treated as a covariate. A probability threshold of 0.10

was used to minimize type II errors, as in prior studies (e.g.,

Leakey et al., 2006; Markelz et al., 2011).
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Results

Climate and meteorological conditions

The daily average temperature between planting and

harvest in 2004 was 20.8 °C, which is very similar to

the 30-year mean temperature for the same time per-

iod. With the exception of 1 day in 2004, the maxi-

mum daily high temperatures were rarely above

30 °C. Daily low temperatures seldom fell below

10 °C. The mean temperature over the 2006 growing

season was 23.0 °C with a larger number of days

when the temperature exceeded 30 °C (Fig. 1). The

daily average temperature over 2010 growing period

was warmer than the other growing periods and

4.0 °C higher than 30-year long-term average temper-

ature (Fig. 1).

The mean daily total solar radiation was 21.4, 18.6,

and 22.5 (MJ d�1), for 2004, 2006, and 2010, respec-

tively. Vapor pressure deficit was slightly higher in

2010 compared with the other 2 years (Fig. 1). The

total precipitation recorded during the 2004, 2006, and

2010 growing seasons were 426, 487, and 424 mm,

respectively, which were ca. 93%, 106%, and 92% of

the long-term climate average (458 mm for 30-year

average; MRCC; Fig. 1). The PCMI for the SoyFACE

site during the study years was greater than �1 in all

years indicating that the water stress was minimal

(Fig. 2).

Ecosystem energy fluxes and soil moisture

Two contrasting days in 2004 were selected to illustrate

the diel course of ecosystem energy fluxes for relatively

clear and overcast conditions (Fig. 3). On both days, the

differences over the diel time course between ambient

and elevated [CO2] plots were small for both Rn and G0.

Both the clear and the overcast day had significantly

higher (P < 0.001 in both cases) sensible heat flux (H),

Fig. 1 Daily integrated incoming solar radiation and precipitation (top panel), and daily mean temperatures including temperature

range (error bars), and daily average vapor pressure deficit (bottom panel) for the 2004, 2006, and 2010 growing seasons at the

SoyFACE facility.

Fig. 2 Weekly mean Palmer Crop Moisture Index (PCMI; Pal-

mer, 1968) and the 30-year long-term average of PCMI value

(dotted line) for Illinois climate division 5, which includes

SoyFACE.
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while significantly lower (P < 0.001) kET in elevated

[CO2] relative to control.

Over much of the diel period and throughout three

growing seasons, kET was lower in the elevated [CO2]

plots relative to the control with the exception of the

first ca. 15 days of measurements in 2006 (DOY 170–
185) when the control plots had lower kET. The ele-

vated [CO2] plots also had higher H and Tc relative to

control, again with exception of the beginning of the

2006 growing season (Fig. 4). In 2004 and 2010, the

observed responses of kET, Tc and H were greatest at

the beginning of the measurement period but gradually

diminished throughout the growing season (Fig. 4). In

2006, the differences for kET, Tc, and H switched sign

ca. 15 days into the measurement period (Fig. 4) and

did not diminish as in other years. In 2004 and 2010, the

largest differences due to elevated [CO2] consistently

occurred during midday (10:00 hours to 3:00 hours

Central US daylight savings time) while in 2006, the

largest differences occurred from midday to early even-

ing after the first ca. 15 days. Overall, the maximum dif-

ferences in Tc were up to 3 °C, which corresponded to

150 W m�2 differences in both H and kET (Fig. 4).

Despite substantial day to day variability in the major

fluxes (Fig. 5), daytime mean values of kET were signif-

icantly lower and those of Tc and H were significantly

higher in the elevated [CO2] relative to the control plots

in all years (Table 1). Sensible heat flux was signifi-

cantly higher in the elevated [CO2] relative to ambient,

with seasonal mean increase of 25, 30, and 28 W m�2

for 2004, 2006, and 2010, respectively (Table 1). Across

treatments the majority of energy entering the ecosys-

tem as Rn was partitioned to kET for the majority of

growing seasons with an overall seasonal mean of ca.

(a) (b)

Fig. 3 Ten minute mean net radiation (Rn), soil heat flux (G0), latent heat flux (kET), and sensible heat flux (H) for an example sunny

day (day of year 212, 2004) and cloud cover day (day of year 243, 2004) for the control and elevated [CO2] and difference (D) due to

elevated [CO2]. Bars indicate standard error of mean.
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290 W m�2 (Fig. 5; Table 1). The standard deviation of

net radiation measurements for the individual plots dif-

fered by no more than 1% over the different growing

seasons. Differences in daytime mean Rn, while statisti-

cally different between control and elevated [CO2],

were relatively small (Fig. 5; Table 1). Daytime mean

H, while variable from day to day (Fig. 5) was

significantly higher in elevated [CO2] relative to the

control for all years (Table 1). The smallest flux was G0

which, while statistically different between the treat-

ment and control, showed very small [CO2]-induced

differences. The overall seasonal mean difference in Tc

between ambient and elevated [CO2] was small

(ca. 0.5 °C) (Table 1), but as expected the biggest

Fig. 4 The difference (elevated [CO2] – control) in canopy temperature (DTc; top row), sensible heat flux (DH; middle row), and latent

heat flux (DkET; bottom row), over the diel time course (X-axes) and throughout the growing season (Y-axes) for 3 years. Standard

errors are not graphed here, but range from 0.09 °C to 0.04 °C, 2.58–5.20 W m�2, 3.52–5.43 W m�2 for Tc, H, and kET, respectively

depending on the year.

Table 1 Seasonal mean energy fluxes (� standard errors) over 3 years of measurement of maize grown in control and elevated

[CO2] at SoyFACE. Each value represents the mean of 10 min data between 08:00 hours and 20:00 hours over the replicated plots

(n = 4)

Year Treatment Rn (W m�2) G0 (W m�2) H (W m�2) kET (W m�2) Tc (°C) Tc* (°C)

2004 Control 279 � 0.5 18.1 � 1.5 55.9 � 1.7 205 � 3.3 24.6 � 0.03 26.7 � 0.04

Elevated 285 � 0.5 18.2 � 1.5 80.6 � 1.8 186 � 3.4 25.1 � 0.03 27.3 � 0.04

P value <0.0001 <0.002 <0.0001 <0.0001 <0.0001 <0.0001
2006 Control 301 � 2.5 18.2 � 1.3 67.0 � 8.0 216 � 9.7 27.3 � 0.2 29.3 � 0.1

Elevated 292 � 2.6 17.2 � 1.2 97.4 � 8.1 177 � 9.7 27.9 � 0.2 29.5 � 0.1

P value <0.0001 <0.001 <0.003 0.0001 <0.0001 <0.0001
2010 Control 300 � 3.8 13.5 � 1.7 19.3 � 2.8 267 � 5.8 27.0 � 0.06 29.2 � 0.05

Elevated 304 � 3.8 14.6 � 0.5 47.2 � 2.8 242 � 5.9 27.5 � 0.06 29.9 � 0.06

P value <0.0001 <0.004 <0.003 <0.0001 <0.0001 <0.0001
Mean ↑ 25–30 ↓ 19–39 ↑ 0.5–0.6 ↑ 0.2–0.7

Tc*- canopy temperature averaged between midday hours (12:00 hours–16:00 hours).
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differences during midday were observed in 2004 and

2010 while the midday difference was smallest in 2006

(Table 1). The total reduction in daytime ET for maize

grown in elevated [CO2] was 22, 36 and 47 mm in 2004,

2006, and 2010, respectively, which corresponded to an

average decrease of ca. 9% over the 3 years (Table 2).

Soil moisture measurements began 2 weeks prior to

the initiation of micrometerological measurements.

There were no differences in volumetric soil water con-

tent at the beginning of each growing season (Fig. 6).

Overall, the top 50 cm experienced the greatest vari-

ability as a result of crop water use during periods of

lower rainfall inputs and rewetting after significant

rainfall events (Fig. 6; Table 3). Beyond 50-cm depth,

there were no large-scale changes in soil volumetric

water content over time in either ambient or elevated

[CO2]. In 2004, there was greater volumetric soil water

content in elevated [CO2] compared to ambient [CO2]

from DOY 190 to 243, which corresponded with a pro-

longed period in which relatively little precipitation fell

(Fig. 1). The difference in soil water content between

ambient [CO2] and elevated [CO2] declined with depth

from the surface to about 35–45 cm, depending on date.

The difference in soil water content between control

and elevated [CO2] in 2006 was initially restricted to

shallow soil layers (5–25 cm), although soil moisture in

the elevated [CO2] plots was about 10% higher than the

control to depths of ca. 65 cm during a relatively dry

period at the beginning of the season. In 2010, there

were consistent periods of drawdown and recharge of

soil moisture depending on precipitation input, with

greater soil volumetric water content in elevated [CO2]

observed between DOY 220 and 250. An increase of

about 10–15% of soil moisture in the elevated [CO2]

plots was apparent in 15–65-cm soil depth (Fig. 6).

Table 2 Comparison of evapotranspiration (mm) in different

growing periods. Each value represents the sum of 10 min

data over the replicated plots across several days of measure-

ments

Year Control Elevated [CO2] Difference

2004 316.6 � 4.8 294.4 � 9.5 �22.2 (7%)

2006 336.9 � 2.6 300.7 � 10.7 �36.2 (11%)

2010 564.3 � 0.03 517.0 � 0.01 �47.2 (8%)

Mean �35.2 (9%)

Fig. 5 Seasonal course of daytime mean values of latent heat flux (kET), net radiation (Rn), sensible heat flux (H), and soil heat flux (G0)

for control and elevated [CO2] (n = 4) for 2004, 2006, and 2010 growing seasons. Each mean value represents the average 10-min data

between 08:00 hours and 20:00 hours. Bars indicate one standard error of mean.
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Comparison of ET response to gs between maize and
soybean

Data for both ET (this study for maize; Bernacchi et al.,

2007 for soybean) and gs (Leakey et al., 2006 for maize;

Bernacchi et al., 2007 for soybean) were available for the

2004 growing season. The gs data of maize and soybean

for each plot were averaged across daylight hours and

several days of measurement (ca. biweekly), and plot-

ted against its respective seasonal ET for control and

elevated [CO2] (Fig. 7). Total growing season ET dif-

fered by only ca. 1% between maize and soybean in the

ambient plots (Table 4). However, compared to maize,

ET was reduced more than twice as much for soybean

in elevated [CO2] relative to ambient. There was a linear

relationship of ET with gs (r2 = 0.59; Table 4) in both

Fig. 6 Soil volumetric moisture content (H2O%v/v) for three growing seasons. On all three panels, the y-axis represents day of year

(DOY), the x-axis soil depth (cm), and the z-axis soil volumetric moisture content (H2O%v/v). The color scale represents the % change

in soil volumetric moisture content in elevated [CO2] compared to ambient [CO2], with the blue coloring representing greater soil volu-

metric moisture content in the elevated [CO2] treatment.
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maize and soybean regardless of [CO2], with lower val-

ues for both ET and gs in elevated [CO2] relative to

ambient (Fig. 7). In absolute terms, the reduction in gs
in elevated [CO2] compared to ambient was very simi-

lar for maize and soybean, however, on a percentage

basis, maize had a larger reduction in gs than soybean

(Table 4). The linear relationship of gs to ET suggests

that for a 20% decrease in gs, there was 16% decrease in

ET in soybean, while 29% gs decrease had a 7% corre-

sponding decrease in ET in maize (Table 4).

Discussion

The objectives of this study were to evaluate the impact

of elevated [CO2] on ecosystem energy fluxes, and to

examine the seasonal changes in maize water use and

soil water content under open-air conditions. Our

results indicated that elevated [CO2] reduced maize ET

by about 9% over three growing seasons which is smal-

ler than that reported for soybean (Bernacchi et al.,

2007), but consistent with the range of values reported

for other crops in other FACE studies (e.g., Kimball

et al., 1999; Burkart et al., 2011). This is the first study to

evaluate the effects of elevated [CO2] on crop water use

for a rain-fed C4 agro-ecosystem using micrometeoro-

logical techniques. While previous experiments show

ET reductions under elevated [CO2] for maize (King &

Greer, 1986; Kim et al., 2006; Chun et al., 2011), these

Table 3 Probabilities associated with treatment effects (day

of year = DOY; [CO2] = CO2; day of year by [CO2] interac-

tion = DOY 9 CO2) from complete-block repeated measures

analysis of variance for soil moisture in 10-cm increments

from depths of 5–105 cm in plots of maize during the 2004

and 2006 growing seasons. Significant effects (P < 0.1) of CO2

or DOY 9 CO2 are shaded gray

Depth Effect 2004 2006 2010

5–15 cm DOY <0.001 <0.001 <0.001
CO2 0.369 0.695 0.503

DOY 9 CO2 0.073 0.064 0.988

15–25 cm DOY <0.001 <0.001 <0.001
CO2 0.694 0.276 0.081

DOY 9 CO2 0.006 0.080 0.030

25–35 cm DOY <0.001 <0.001 <0.001
CO2 0.322 0.971 0.044

DOY 9 CO2 0.099 0.531 0.701

35–45 cm DOY <0.001 <0.001 <0.001
CO2 0.063 0.247 0.331

DOY 9 CO2 0.444 0.593 0.999

45–55 cm DOY <0.001 <0.001 <0.001
CO2 0.052 0.728 0.567

DOY 9 CO2 0.382 0.124 0.995

55–65 cm DOY <0.001 <0.001 <0.001
CO2 0.454 0.852 0.419

DOY 9 CO2 0.274 0.622 0.998

65–75 cm DOY <0.001 <0.001 <0.001
CO2 0.446 0.814 0.266

DOY 9 CO2 0.262 0.911 0.007

75–85 cm DOY <0.001 <0.001 <0.001
CO2 0.728 0.602 0.195

DOY 9 CO2 0.493 0.886 0.009

85–95 cm DOY <0.001 <0.001 <0.001
CO2 0.862 0.448 0.900

DOY 9 CO2 0.171 0.440 0.443

95–105 cm DOY <0.001 <0.001 <0.001
CO2 0.217 0.877 0.683

DOY 9 CO2 0.002 0.665 1.000

Fig. 7 The linear relationship of ET to gs based on the several

days of measurements in 2004 growing season for soybean and

maize. Stomatal conductance of the upper leaves was averaged

across the daylight hours and days of measurement for soybean

(Bernacchi et al., 2007) and maize (Leakey et al., 2006) and plot-

ted against its corresponding ET for control and elevated CO2

plots.

Table 4 The parameters of linear regression between ET and

gs (Fig. 7) based on several days of ca. biweekly measurements

across 2004 growing season

Parameters Maize Soybean

gs (mol m�2 s�1)

Control 0.24 � 0.01 0.41 � 0.02

Elevated CO2 0.17 � 0.01 0.33 � 0.01

Difference 0.07 (29%) 0.08 (19.5%)

ET (mm season�1)

Control 316 � 4.9 312 � 11.6

Elevated CO2 294 � 9.5 261 � 5.4

Difference 22 (7.2%) 51 (16%)

r2 0.57 0.60

Intercept 245 117

Slope 294 450

� indicates standard errors of mean.
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studies were conducted in irrigated systems and cannot

be expected to quantitatively represent the rain-fed

conditions of the Midwestern US. The [CO2] enrich-

ment significantly conserved soil moisture content at

shallower soil layers supporting previous findings and

discussion in FACE and other studies with maize (Mar-

kelz et al., 2011; Manderscheid et al., 2012) and other

crops (Kang et al., 2002; Triggs et al., 2004; Bernacchi

et al., 2007; Burkart et al., 2011; Manderscheid et al.,

2012). The observed response of ET to elevated [CO2]

coupled with the changes in soil moisture supports the

assertion that elevated [CO2] can lead to conservation

of soil moisture especially in the upper layers. Evidence

also shows that increased soil moisture may help in

delaying the onset of drought stress during the periods

of low rainfall (Samarakoon & Gifford, 1995; Conley

et al., 2001; Wall et al., 2001; Bernacchi et al., 2007;

Markelz et al., 2011).

The reduction in kET in elevated [CO2] is most likely

attributed to reduced stomatal conductance. Maize

photosynthesis under non-stressed conditions is

already saturated at present [CO2] due to the CO2-con-

centrating mechanism of the C4 photosynthetic path-

way. Therefore, under non-stressed conditions, the

elevated [CO2] had no or little change in leaf area, plant

biomass or grain yield in maize (Leakey et al., 2006;

Chun et al., 2011; Vanaja et al., 2011) and in other C4

species (Dippery et al., 1995; Owensby et al., 1997; de

Souza et al., 2013). As previously shown at the Soy-

FACE site for 2004 (Leakey et al., 2006) and measured

in our experimental plots in 2010 (data not shown), LAI

did not differ with [CO2] for maize. Because of this, we

hypothesized that maize ET would decrease more in

elevated [CO2] than observed previously for C3 plants

such as soybean (Bernacchi et al., 2007). However, this

hypothesis was not supported by the data; the maize

response of ET to elevated [CO2] (ca. 7%) was less than

the average observed for soybean (16%; Table 4). While

significant reductions in stomatal conductance at ele-

vated [CO2] were observed during the 2004 (Leakey

et al., 2006) and 2010 growing seasons from the same

experimental plots used in this study (data not shown),

other factors may be responsible for maize ET respond-

ing less to [CO2] than soybean.

One factor that could explain the smaller response

for maize could be differences in the size and distribu-

tion of the maize rooting system with growth in ele-

vated [CO2]. So far, little is known about the root

characteristics of maize grown in FACE conditions,

however, growth chamber studies suggest that maize

grown in elevated [CO2] can extract more water from

deeper layers due to increased root length (Vanaja

et al., 2011) and increased root capacity for water

absorption (Wall et al., 2001). Our results do not

support these findings, as the largest relative differ-

ences in soil moisture between treatments occurred at

shallow depths (<55 cm). Another factor could be that

the stomata of elevated [CO2]-grown maize respond

differently to changing environmental conditions such

as VPD compared with control plants. Our results show

no evidence for a differential response of gs to VPD

across the range of growing season conditions (data not

shown); this is consistent with a previous study on

maize (Morison & Gifford, 1983).

A factor that does appear to be supported by our data

is the possibility that the stomatal control over ET is

smaller for maize compared to soybean (Fig. 7;

Table 4). While the relative decrease in gs was greater

for maize than soybean, in absolute terms, the response

was similar (Table 4). This may be primarily due to the

lower inherent rate of gs for C4 compared to C3 plants

(Taylor et al., 2010). Approximating the partitioning of

ET into the evaporation and transpiration components

using LAI data after canopy closure and before the

onset of senescence (between DOY 152 and DOY 249;

method provided by Kang et al., 2003), our analysis

revealed that the seasonal transpiration in maize

accounted for ca. 80% of growing season ET (data not

shown). A similar analysis on soybean, however, indi-

cates that transpiration accounts for ca. 90% of ET

(Sauer et al., 2007). Thus, evaporation could account for

a greater portion of total ET for maize than for soybean

which could reduce the role of stomata in maize ET

responses to elevated [CO2].

Our results show a strong dynamic relationship

between soil moisture and canopy ET. When soil mois-

ture was similar for the control and elevated [CO2]

treatment, there was a consistent reduction in kET for

elevated [CO2]. There was no indication of water stress,

with PCMI values greater than �1 (Fig. 2), however, as

soil moisture was depleted more rapidly in the ambient

plots, kET in elevated [CO2] approached or even

exceeded rates of water use in the control plots (e.g.,

DOY 170 to 190 in 2006; Figs 4 and 5). Based on the

observed differences in volumetric water content for

the profile at key dates in each of the growing seasons,

the elevated [CO2] plots had ca. 13, 15, and 15 mm of

additional water available at the time of greatest draw-

down of soil moisture in 2004 (DOY 230), 2006 (DOY

223), and 2010 (DOY 184), respectively (Fig. 6). Consid-

ering an average water withdrawal rate of ca. 5 mm

per day, the elevated [CO2] plots would have had

enough additional moisture to support approximately

3 days of normal plant growth. During the 2004 and

2010 growing seasons, the differences in ET between

the control and elevated [CO2] plots were largest dur-

ing the midday; however, in 2006 there was a shift to

much greater differences during the early evening.
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While it is not clear what could be driving this response

in 2006, a potential explanation could involve the sig-

nificantly higher overall canopy temperatures in 2006

relative to 2004 and 2010 (Table 1). It is possible that

higher heat storage of the canopy in the elevated CO2

plots results in a slower dissipation of the heat during

the evening relative to the control in 2006.

In addition to having significant implications on the

hydrologic cycle, reduced ET under elevated [CO2]

could have a large impact on regional climate. The diel

differences due to elevated [CO2] resulted in increased

H (up to 150 W m�2) and Tc (up to 3 °C) during mid-

day (Fig. 4). This finding is in agreement with previous

FACE studies in elevated [CO2], although the magni-

tude of [CO2] related canopy temperature increase

varies according to the species and experimental

conditions (Kimball et al., 1995; Triggs et al., 2004;

Bernacchi et al., 2007).

Of particular importance is the lower observed

responses of ET for maize in this study to the responses

observed for soybean over four growing seasons (Ber-

nacchi et al., 2007). Consequently, the prediction that C4

species, with a lack of increased growth in elevated

[CO2], would yield greater decreases in ET than C3 spe-

cies is not supported by the data. Maize together with

soybean forms the single largest continuous ecosystem

in the continental United States and vegetation has a

strong influence on the climate of continental interiors

such as the Midwestern US (Sellers et al., 1997). There-

fore, as predicted by regional scale simulations (Sellers

et al., 1996; Bounoua et al., 1999), ET reduction from

maize/soybean agro-ecosystem at future elevated

[CO2] concentration may result in lower growing sea-

son precipitation in the Midwestern US. Because maize

ET responses to elevated [CO2] are less than that for

soybean, extrapolating soybean responses to the Mid-

western US are potentially misleading. As a result,

accurate prediction of the impact of rising [CO2] on cli-

mate and hydrologic processes requires explicit repre-

sentation of key mechanisms that drive differences

between C4 and C3 species.
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