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Abstract

Rising atmospheric CO, concentration ([CO,]) and attendant increases in growing season temperature are expected
to be the most important global change factors impacting production agriculture. Although maize is the most highly
produced crop worldwide, few studies have evaluated the interactive effects of elevated [CO,] and temperature on
its photosynthetic physiology, agronomic traits or biomass, and seed yield under open field conditions. This study
investigates the effects of rising [CO,] and warmer temperature, independently and in combination, on maize grown
in the field throughout a full growing season. Free-air CO, enrichment (FACE) technology was used to target atmo-
spheric [CO,] to 200 ymol mol ' above ambient [CO,] and infrared heaters to target a plant canopy increase of
3.5 °C, with actual season mean heating of ~2.7 °C, mimicking conditions predicted by the second half of this century.
Photosynthetic gas-exchange parameters, leaf nitrogen and carbon content, leaf water potential components, and
developmental measurements were collected throughout the season, and biomass and yield were measured at the
end of the growing season. As predicted for a C4 plant, elevated [CO,] did not stimulate photosynthesis, biomass, or
yield. Canopy warming caused a large shift in aboveground allocation by stimulating season-long vegetative biomass
and decreasing reproductive biomass accumulation at both CO, concentrations, resulting in decreased harvest index.
Warming caused a reduction in photosynthesis due to down-regulation of photosynthetic biochemical parameters
and the decrease in the electron transport rate. The reduction in seed yield with warming was driven by reduced pho-
tosynthetic capacity and by a shift in aboveground carbon allocation away from reproduction. This field study por-
tends that future warming will reduce yield in maize, and this will not be mitigated by higher atmospheric [CO,]
unless appropriate adaptation traits can be introduced into future cultivars.
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Introduction

The atmospheric concentration of CO, ([CO,)) is
increasing at an annual average rate of over
2 umol mol ! and is the main driver of global warming
(Hartmann et al., 2013). The C, photosynthetic pathway
is generally insensitive to increases in [CO,] as the con-
centration inside the bundle sheath cells is maintained
many times higher than atmospheric effectively saturat-
ing Rubisco and minimizing the competing oxygena-
tion reactions (Furbank & Hatch, 1987; Hatch, 1992,
2002; He & Edwards, 1996; Kiirats et al., 2002; von
Caemmerer & Furbank, 2003). Plants utilizing the C,4
photosynthetic pathway are, however, sensitive to tem-
perature and in general are predicted to exhibit a ther-
mal optimum well above that observed for C; species
(Sage & Kubien, 2007). Zea mays (maize), a C4 crop, is
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the most highly produced crop worldwide (FAOSTAT,
2014). In the United States, the largest maize producer
globally (USDA-FAS, 2014), an area of ~35 million Ha
of harvested maize produces ~274 million metric tons
of grain per annum (2012 data; USDA-NASS, 2013).
Given the global importance of maize, it is critical to
understand the interactive effects of rising [CO,] and
warming temperature on photosynthetic physiology,
biomass, and seed yield.

Results from free-air CO, enrichment (FACE) experi-
ments on maize confirm the prediction that elevated
[CO,] does not enhance photosynthetic carbon assimi-
lation (A), aboveground biomass (AGB), or yield in
maize under nonwater limited conditions (Leakey et al.,
2004, 2006; Markelz et al., 2011). Evidence from experi-
ments that tested the photosynthetic responses of maize
to increases in temperature (e.g., Labate et al., 1990;
Crafts-Brandner & Salvucci, 2002; Kim et al., 2007; Ben-
Asher et al., 2008; Zheng et al., 2013) has demonstrated
that photosynthesis of maize has a thermal optimum
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near 34 °C (Edwards & Baker, 1993; Kim et al., 2007;
Hatfield et al., 2011). However, the high photosynthetic
rate for maize at warmer temperatures may not neces-
sarily result in increased yield because warming can
shorten the grain filling period (from ~18 days after
silking until leaf senescence, Badu-Apraku et al., 1983)
and because some reproductive processes can be more
sensitive to temperature than photosynthesis (Hatfield
et al., 2011). Previous research addressing warming
effects on maize yield using modeling and time series
techniques predict negative effects of warming on
growth and yields (Kucharik & Serbin, 2008; Schlenker
& Roberts, 2009; Urban et al., 2012). Schlenker &
Roberts (2009), assuming a cumulative effect of temper-
ature over time, showed a temperature threshold of
~29 °C, well below the thermal optimum of photosyn-
thesis, above which maize yields began to decline. At
high water availability, models predict yield reductions
of up to 8% for every 2 °C rise in growing season mean
temperature in the Corn Belt central region, currently
around 23 °C (Hatfield et al., 2011). Warming coupled
with drought can result in greater yield decreases given
the influence of higher vapor pressure deficits (D) on
productivity (Lobell et al., 2014). Previous research in
maize using growth chambers showed a curvilinear
response of A and a negative correlation for AGB with
increasing temperatures regardless of [CO,] (Kim ef al.,
2007). In that study, elevated [CO,] did not affect A or
AGB but growth at elevated [CO,] decreased the foliar
concentration and the maximum activity of phospho-
enolpyruvate carboxylase (PEPCase; Vpmax), which is
the limiting biochemical parameter of C, photosynthe-
sis at low C;. In contrast, results from FACE experi-
ments found no CO, effect on Vpmax or foliar
concentration of PEPCase (Leakey et al., 2006; Markelz
et al., 2011). Currently, no open-air manipulative stud-
ies exist testing the interactive effects of rising [CO,]
and temperature on field-grown maize.

In this study, a temperature by free-air [CO,] enrich-
ment (T-FACE) experiment was conducted during the
2010 growing season in Champaign, Illinois, USA, to
understand and quantify the effects of increasing [CO,]
(target of 200 gmol mol ' above ambient) and/or tem-
perature (target of 3.5 °C above ambient) on maize pho-
tosynthesis, biomass, and yield. Both the [CO,] and
temperature targets are within the range predicted for
the second half of the century (Rowlands et al., 2012;
Collins et al., 2013). Although 3.5 °C is at the higher
end of predictions (Rowlands et al., 2012), global
anthropogenic carbon emissions are presently surpass-
ing the higher end emissions scenarios suggesting
greater warming potential (Peters et al., 2013). We pre-
dicted that (i) elevated [CO,] would not affect photo-
synthetic rate, aboveground biomass, or yield within a

temperature treatment; (ii) despite model predictions
that show increases in C4 photosynthesis with instanta-
neous increases in temperature (e.g., von Caemmerer,
2000; Sage, 2002; Sage & Kubien, 2007), maize grown at
elevated temperature would have lower photosynthetic
rates driven by the down-regulation of key photosyn-
thetic biochemical parameters such as Vpma and the
[CO,l-saturated rate of A (V.); and (iii) the lower
photosynthetic rates associated with higher tempera-
tures would decrease both aboveground biomass and
seed vyield. Additional gas-exchange parameters,
including the quantum efficiency of photosystem II
(Ppsyy), gs, intercellular [CO,] (C;) and additional bio-
mass and yield variables were taken to help decipher
the mechanisms and implications of the results.

Materials and methods

Site description and experimental design

This experiment was conducted during the 2010 growing season
on maize (Zea mays cv. 34b43, Pioneer Hi-Bred International)
grown at the soybean free-air CO, enrichment (SoyFACE)
research facility (Champaign, Illinois, USA: 40°2'30.5"N,
88°13/58.8"W, 230 m a.s.l.). Nested within the 16 Ha field were
four ambient and four elevated [CO,] octagonal plots, each 20 m
across. Heated subplots, coupled with adjacent nonheated refer-
ence areas, were located within each of the ambient and elevated
[CO,] plots to provide a full factorial [CO,] by temperature inter-
action study. The ambient [CO,] was ~390 umol mol~}, and the
elevated [CO,] was ~585 ymol mol~!. The treatments were as
follows: control (ambient [CO,] & nonheated), eT (ambient [CO,]
& heated), eC (elevated [CO,] & nonheated), and eT+eC (ele-
vated [CO,] & heated). Site and management descriptions of the
FACE experiment have been published previously (Ainsworth
et al., 2004; Leakey et al., 2004; Rogers et al., 2004; Bernacchi et al.,
2006).

The design of the heating array was similar to that used in
Ruiz-Vera et al. (2013) over soybean (Glycine max) except that
the current experiment used a telescoping mast system to ori-
ent the heaters 1.2 m above the much taller maize canopy
(Fig. S1). Heating occurred continuously throughout the grow-
ing season except due to occasional technical problems or dur-
ing precipitation events when the heaters were programmed
to maintain ~10% output to minimize energy wasted on evap-
orating water. Because of technical issues and precipitation
events, the daytime mean canopy temperature for the treat-
ments was lower than the target set point: 22.7 & 1.6 °C for
control, 254 + 1.6 °C for eT, 22.8 £ 1.7 °C for eC, and
255 £ 1.6 °C for eT+eC, which gave a mean temperature
increment of 2.64 + 0.33 °C (n = 4) for eT vs. control and of
2.73 £ 043 °C (n = 3) for eT+eC vs. eC (Fig. 52).

Meteorological data

Hourly temperature, humidity, and solar radiation data were
collected from a station located ~10 km (40°30'0"N, 88°22'12"
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W) from the experimental site using the Surface Radiation
Network (http:/ /www.srrb.noaa.gov/surfrad /index.html)
and processed as described in Vanloocke ef al. (2010). Vapor
pressure deficit (D; kPa) was calculated from the temperature
and humidity data. The precipitation for 2010 was taken from
the University of Illinois Willard Airport weather station,
which is located ~1 km from SoyFACE (40°2'24"N, 88°16'12"
W, http://cdo.ncdc.noaa.gov/qcled/QCLCD). Temperature
and precipitation monthly means for historical records (1978—
2007) and for the 2010 growing season (2010) in Champaign
were obtained from the Midwestern Regional Climate Center
(MRCC, http:/ /mrcc.isws.illinois.edu/CLIMATE/).

Diurnal photosynthesis measurements

Leaf level gas-exchange measurements were collected using a
total of four open gas-exchange systems (LI-6400; LI-COR,
Inc., Lincoln, NE, USA) with integrated chlorophyll fluorome-
ters (LI-6400-40 Leaf Chamber Fluorometer; LI-COR, Inc.). At
the beginning of the growing season, each gas-exchange sys-
tem was calibrated and routine checks were performed as in
Bernacchi et al. (2006). The gas-exchange system software cal-
culates leaf gas-exchange fluxes and concentrations using the
von Caemmerer & Farquhar (1981) equations and ®pg; using
the Genty et al. (1989) equations.

Diurnal photosynthesis measurements were collected on
five dates during the 2010 growing season at approximately 2-
week intervals, thus representing the full range of develop-
mental stages (Table S1). The physiological variables mea-
sured were A (umolm?s'), g (molm?s™),
(umol mol ™), the ratio of C; to the atmospheric [CO,] (C;/C,),
and @pg;. Measurements on diurnal days were collected at 2-
h intervals from 0800 to 1800 h. On most days, six time points
were obtained but occasional inclement weather or instrument
problems resulted in fewer diurnal time points. The measure-
ments were taken from the youngest fully expanded leaves of
three plants per plot. Four gas-exchange systems were used
simultaneously, one per experimental block. The blocks and
order of treatments to be measured for each gas-exchange
instrument were randomly assigned for each time point. At
the beginning of each measurement period, the values for the
photosynthetically active radiation (PAR) and the chamber
block temperature in the gas-exchange systems were set to the
prevailing photosynthetic photon flux density (PPFD; LI-190;
LI-COR, Inc.) and to a thermometer (HMP-45C; Campbell Sci-
entific, Inc.) mounted in the aspirated temperature shield
model (076B; Met One Instruments, Grants Pall, OR, USA) at
the SoyFACE facility. The block temperature was set 3.5 °C
higher than ambient for the heated plots. The reference [CO,]
in the gas-exchange system was set to 400 ymol mol~ " for
control and eT, and 600 umol mol™! for eC and eC+eT. The
daily means for the relative humidity in the leaf sample cham-
ber (H,) ranged between 55 and 66%, and the daily means for
the vapor pressure deficit calculated from the measured leaf
temperature (D) ranged between 1.6 and 2.5 kPa. The season
mean values for D; were as follows: 1.9 kPa for control,
2.2 kPa for eT, 2.1 kPa for eC, and 2.2 kPa for eT+eC. The
intrinsic water use efficiency iWUE) was calculated as A/gs.
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The percent deviation of A and of ®pgy; between all the pair-
wise treatment comparisons were calculated using the hourly
plot means data from all the diurnals. The percent deviations
of A were plotted with their corresponding percent deviations
of @pgy.

Photosynthetic response curves to changes in intercellular
[CO,] concentrations

Photosynthetic [CO,] (A/C;) response curves were measured
four times throughout the growing season within 2 days of
the diurnal measurements (Table S1). Beginning at dawn, four
gas-exchange systems with integrated chlorophyll fluorome-
ters were used in each block to measure A/C; curves on the
youngest fully expanded leaf on one plant per plot. PAR was
maintained at 1500 gmol mol ' and the leaf temperature at
25 °C. The conditions within the chamber were held constant
throughout the measurements with the exception of the refer-
ence [CO,l, which was incremented sequentially from 400,
300, 200, 100, 75, 50, 25, 400, 600, 800, and 1200 gmol mol .
The daily means for Hg ranged between 59 and 77%, and Dy,
ranged between 1.1 and 2.1 kPa. Vpmax (umol m2s ) was
obtained by fitting the measured data below a C; of
50 pmol mol ™! to the kinetic equation representing the rate of
PEP carboxylation (von Caemmerer, 2000):

o Cm meax

AC_Cm-s-KlD

= R + (86sCm) (1)

where A. (umol m~2 s7') is the Rubisco-limited rate of CO,
assimilation, C,,, (ubar) is the mesophyll CO, partial pressure,
K}, (ubar) is the Michelis-Menten constant of PEPcase for CO,,
Ry, (umol m2s1) is the mitochondrial respiration in the
mesophyll cells, and g, (mol m 2 s~ ") is the bundle sheath
conductance to CO,. In this study, the gpsCy, term in Eqn (1)
was ignored because gy, is low (von Caemmerer, 2000). Vinax,
which can represent the maximum carboxylation rate of
Rubisco and/or the regeneration of PEP, was calculated from
the horizontal asymptote of a nonrectangular hyperbola with
four parameters as indicated in Markelz et al. (2011):

aCi + Amax — \/(ﬂC,’ + Amax)2 — 40aC; Amax

Vmax = Rm + 20

where a is the initial slope, A,y is the horizontal asymptote, and 0
is the curvature factor. Equation (2) was fit using values from the
A/C; curves. Because Eqn (2) extrapolates values to infinite Ci,
which can inflate estimates of key parameters due to small ran-
dom variation in measured data, these parameters were con-
strained to a maximum value of C;= 2000 umol mol},
symbolized as Vnax@oo0)- For both Eqns (1) and (2), the data were
fit using SigmaPlot 12.5 (Systat Software Inc., San Jose, CA, USA).

Plant development and harvesting

Maize was planted on April 28, day of year (DOY) 118. Plant
developmental stage was recorded every 2-3 days beginning
with emergence of the first leaf (V1) and until physiological
maturity (R6), following the descriptions outlined in Ritchie
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et al. (1993). Aboveground biomass (AGB; stem + leaves +
husk + cob + kernels), stem biomass (SB; stem +leaves), and
seed yield (SY; kernels) were obtained from two adjacent 1 m
rows (representing 0.73 m?) per plot after the R6 reproductive
stage and when kernels were dry enough for harvesting (DOY
257). Plants were cut at the base of the stalk ~0.5 cm above-
ground. Plant material was dried for 1 week in a forced air
oven at 65 °C, after which the biomass components were
recorded. The individual kernel weight was calculated as the
mean of 200 randomly selected seeds per plot. Cob length,
number of kernels per cob, and harvest index (HI, HI = SY/
AGB) were recorded.

Plant tissue sampling and volumetric soil moisture
content measurements

Plant tissue was collected midday on five plants per plot from
the youngest fully expanded leaves on gas-exchange measure-
ment days to obtain leaf percentage of nitrogen (%N) and car-
bon (%C) and leaf water potential components. Two disks
(~1.9 cm diameter) per plant were collected for the N and C
content analysis, were oven-dried at ~60 °C for 96 h, ground
to a fine powder and ~2.0 mg of each sample processed in an
elemental analyzer (Elemental Combustion System CHNS-O,
Costech ECS 4010, Valencia, CA, USA). Three leaf tissue disks
per plant of ~1.2 cm diameter were collected to determine
water potential (WP). Immediately after collection, these disks
were enclosed within psychrometric chambers (C-30; Wescor,
Inc.,, Logan, UT, USA), transported to the laboratory and
placed in a controlled environmental growth chamber for 2—
3 h at 25 °C to achieve thermal equilibrium. Thereafter, the
psychrometer chambers were connected to a dew point micro-
voltmeter (HR-33T; Wescor), and WP was measured as
described previously (Leakey ef al., 2006). Osmotic potential
(OP) was subsequently measured after the chambers were
submerged into liquid nitrogen to disrupt cell structure. Tur-
gor potential (TP) was calculated as the difference between
WP and OP. The measurements were calibrated using similar
WP data using sucrose solutions (0-1.50 M) as standards.

Soil volumetric water content (My; in units of HyO% )
was measured using a capacitance probe (Diviner-2000; Sen-
tek Sensor Technologies, Stepney, SA, Australia) two to three
times per week in 10 cm increments from 5 cm to 105 cm
depths beginning after seedling emergence and continuing
until physiological maturity. Measurements were taken
between 1200 and 1500 h from four access tubes (two within
planting rows and two between rows) installed in each plot.
Raw probe data were calibrated against gravimetric data as in
Paltineanu & Starr (1997). Data were divided into three layers
for analysis, surface (5-25 cm), middle (35-55 cm), and deep
(65-105 cm).

Statistical analysis

The photosynthetic variables (A, g, C; C;/C,, ®psy, iWUE,
Vpmaxs Vimax2o00), leaf %N and %C, water potential variables
(WP, OP, TP), and M, for each layer were analyzed as a
complete block design using a mixed model repeated mea-

sures analysis of variance (anova; PROC MIXED, SAS System
9.3, SAS Institute, Cary, NC, USA) with the Kenward-Roger
option for the degrees of freedom calculation. For the seasonal
analysis, the fixed effects were DOY, [CO,], temperature
(Temp), and the pair-wise interactions. Block was treated as a
random effect. The analysis for the biomass and yield vari-
ables (AGB, SB, SY, HI, kernels per cob, individual kernel
weight, and cob length) was similar to the analysis above
except that repeated measurements and DOY fixed effect were
absent. For the daily analysis of the variables with multiple
time points, time of day replaced DOY and each day was ana-
lyzed separately. Pair-wise comparisons were generated with
the differences of least square means (f-test). Pair-wise com-
parisons of M, between the treatments were conducted on
data collected within 1 day of the diurnal measurements to
assess any influence that changes in M,; might have on leaf
gas exchange. The relation between the percent deviation of A
and ®pg); was fitted using a first-order linear regression. Dif-
ferences between the slopes and the Y-intercept were statisti-
cally analyzed by comparing regression lines in
STATGRAPHICS Centurion XVII (StatPoint Technologies,
Inc., Warrenton, VA, USA). Statistical significance was set a
priori at P < 0.1.

Results

The 2010 growing season was warmer than average with
progressively declining precipitation

Growing season mean air temperature during the 2010
growing season (from May to August) was ~ 1.6 °C
warmer than the 30-year mean (Table S2). The largest
deviation from long-term monthly means occurred in
August, which was 2.2 °C warmer than average.
Monthly, total rainfall deviated from the long-term
mean over much of the growing season. Precipitation
amounts were substantially higher than the long-term
mean during May and June, but July and August
received only about half of normal rainfall. The inten-
sity of high-precipitation events was similar through-
out the whole growing season; however, the frequency
of storms was notably greater in the first 2 months
than in the last 2 months (Fig. S3a). This resulted in
daily accumulated solar radiation being more variable
in May and June than in July and August (Fig. S3a).
The days in which measurements were collected
encompassed the variable environmental conditions
that occurred throughout the growing season (Fig. S3;
Table S3).

Elevated temperature decreased photosynthesis in maize
whereas elevated [CO,] had no effect

Maize grown in heated treatments (eT and eT+eC)
showed lower mean photosynthetic rates by 5% com-
pared to nonheated treatments (control and eGC;

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 4237-4249
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Fig. 1 Photosynthetic carbon uptake (A; a), quantum yield efficiency of the photosystem II (dpgy;; b), stomata conductance (gs; ¢), intrin-
sic water use efficiency G(WUE; d), intercellular [CO,] (C;; e), and the rate of C; to the atmospheric [CO,] (C;/C,; f) for each measurement
day and as seasonal means. Bars represent the daily mean values (1 = 4 for all treatments except the eT+eC treatment where n = 3) for
each treatment. Also included in panel (a) is mean daily photosynthetically active radiation supplied to the leaves in gas-exchange

chambers (PARi, umol m2s!

sent statistically significant differences.

Fig. 1a; Table 1), when analyzed for the full growing
season. However, this response was driven by the
greater decreases in A at the end of the growing sea-
son. Consequently, the DOY by temperature interac-
tion was statistically significant (Table 1) with the
decreases in A due to warming observed on DOY 217
and 231 (Fig. 1a; Table S4). There were no resolvable
differences in A between the control and elevated
[CO,] plots at any point during the growing season
(Fig. 1a; Table S4). Similar trends were observed for

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 4237-4249

, black dots). Error bars are +1 standard error (SE) of the mean. Treatments with different letters repre-

Dpgy;, which led to a strong correlation between the
treatment responses on both A and ®pgy (Figs 1a,b
and 2; Table 1). There were no differences in the rela-
tionship of percentage change in A and ®pgyy for any
of the heated treatments relative to the nonheated
treatments (Fig. 2). Season-long Vpymax was reduced
by 14% and Viaxeoooy by 10%, in the heated relative
to the nonheated treatments (Fig. 3; Table 1). There
were no observable differences in either Vomac or
Vimaxoooy for eC relative to the control (Fig. 3).
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Table 1 Complete block analysis of variance (aNova; with or without repeated measures) for the seasonal data of photosynthetic
carbon uptake (A), quantum yield efficiency of the photosystem II (®pgy), maximum PEP carboxylation rate (Vpmax), [CO;]-satu-
rated rate of A (C; = 2000 pmol mol}, Vmaxoooy), stomatal conductance (g,), intercellular [CO,] (C)), the rate of C; to the atmo-
spheric [CO,] (C;/C,), intrinsic water use efficiency (WUE), percentage of leaf nitrogen (%N) and carbon (%C), water and osmotic
potential (WP, OP), turgor pressure (TP), soil moisture (M) at three layers, aboveground biomass (AGB), stem biomass (SB), seed
yield (SY), harvest index (HI), kernels per cob, individual (ind) kernel weight, and cob length from maize. The main effects are as
follows: [CO,], temperature (Temp), and day of the year (DOY). Statistically significant differences (P < 0.1) and nonstatistical sig-

nificance (ns) are shown in the Table 1

Main effects

Temp x DOY x Temp x
[CO,] Temp [CO,] DOY DOY x [CO,] DOY x Temp [CO,]
2010
A ns <0.008 (—5.2) ns <0.001 ns <0.08 ns
Dpgy ns <0.003 (—5.9) ns <0.001 ns <0.03 ns
Vpmax ns <0.007 (~14.0) ns <0.001 ns ns ns
Vmax 000 ns <0.003 (—=10.2) ns <0.001 ns ns ns
s <0.001 (—28.3) ns <0.04 <0.001  <0.001 <0.1 ns
Ci <0.001 (77.8) ns <0.06 <0.001  <0.001 ns ns
Gi/C, <0.001 (17.5) ns <0.04 <0.001  <0.001 ns ns
iWUE <0.001 (40.3) ns <0.05 <0.001  <0.001 ns ns
%N <0.09 (-3.9) <0.003 (—3.4) <0.02 <0.001 ns ns ns
%C ns <0.001 (-2.7) ns <0.001 ns ns ns
WP ns <0.006 (—11.5) ns <0.001 ns ns ns
or ns <0.001 (—10.8) ns <0.001 ns <0.005 ns
TP ns ns ns <0.001 ns ns <0.09
Msoil - surface ns ns ns <0.001 ns <0.001 ns
Msoil - middle ns ns ns <0.001 ns <0.001 ns
Msoil - deep ns ns ns <0.001 ns <0.05 ns
AGB ns ns ns — — — —
SB ns <0.09 (16.3) ns — — — —
SY ns <0.007 (—-13.7) ns — — — —
HI ns <0.001 (=12.5)  <0.005 — — — —
kernels per cob  ns <0.008 (-12.8)  <0.07 — — — —
ind kernel ns ns ns — — — —
weight
cob length <0.03 (21.9) <0.04 (19.9) ns — — — —

The percent deviation for the [CO,] and Temp main effects that are significant are showed between parentheses. Main effects not

tested are indicated with a line (—).

Elevated [CO,] decreased seasonal gs and both elevated
[CO,] and warming had a variable effect depending on
the measurement day

Averaged across the growing season elevated [CO,]
reduced g, during diurnal measurements by ~28%.
There was also a significant season-long temperature
by [CO,] interaction on g (Table 1). This interaction
effect was driven by g, decreases in eT+eC that were
significantly lower than eT but similar to eC (Fig. 1c).
The effects of temperature and [CO,] on g, varied based
on the DOY (Table 1). For the elevated [CO,] treat-
ments, the DOY interaction was driven by large reduc-
tions in g, on three of the five measurement days, DOY
161, 175, and 217 (Fig. 1c; Table S4). The significant

DOY by temperature interaction was accompanied by
increased g; on 1 day (DOY 188) even though reduced
gs was observed on two other days (DOY 217, 231;
Table 54).

Similar to g, the seasonal effects of [CO,],
[CO,] x temperature, and DOY x [CO,] were signifi-
cant for C;, C;/C, and iWUE (Table 1). Elevated [CO,]
increased C; on all measurement days (Fig. le; Tables 1
and S4). Throughout the growing season, eC and eT+eC
had higher C; than control and eT+eC vs. eC was not
significantly different from one another. In contrast, eT
resulted in a significantly lower C; than the control by
~12% (Fig. 1e). While C; responses were dominated by
the increase in atmospheric [CO,] for the eC and the
eT+eC treatments, normalizing C; based on C, (C;/C,)

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 4237-4249
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resulted in smaller percentage differences between the
elevated vs. nonelevated [CO,] treatment comparisons
(Fig. 1f). The degree of reduction in g, for eT vs. control
was reflected in the reductions for C; and C;/C,
(Fig. 1c,e,f). All treatments had higher iWUE than con-
trol. Seasonally, eT had 5% higher iWUE than control
and eC together with eT+eC averaged a 43.9% higher
iWUE than control (Fig. 1d; Table 1).

Leaf %N was reduced by both warming and [CO,] while
leaf % C was reduced by only warming

Increases in [CO,] and temperature individually caused
reduction in leaf %N with mean decreases of 3.7%
through the season (Table 1). Consequently, all treat-
ments had a lower %N than control (Fig. S4a). There
was a statistically significant temperature by [CO,]
interaction, which was driven by warming resulting in
lower leaf %N at ambient [CO,] (control vs. eT) but not
at elevated [CO,] (eC vs. eT+eC). Warming resulted in
a slight but significant decrease in leaf %C that aver-
aged ~3% across the full season (Fig. S4b; Table 1).

Leaf water and osmotic potential were reduced by
warming

Elevated [CO,] had no effect on leaf water potential
(WP), osmotic potential (OP), or turgor pressure (TP)
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throughout the season (Fig. 4a—c; Table 1). Warming
treatments on the other hand significantly reduced sea-
sonal averages of WP by 12% and OP by 11% (Fig. 4a,b;
Table 1). Although there was no significant [CO,] by
temperature interaction, eT+eC vs. eC showed the
greatest difference in WP and OP (14% lower in both
cases; Fig. 4a,b). OP was significantly reduced by tem-
perature on DOY 188 by 16% and in DOY 217 by 21%
(Fig. 4b). On those same days, WP had similar large
reductions in the heated treatments. Thus, the decline
in WP appears to have been driven by a change in OP,
rather than TP, which was not observed to change for
any treatment (Fig. 4a—c; Table 1).

Soil moisture was depleted progressively throughout the
season and had a variable response to warming

At the start of the growing season, soil moisture (Mso:1)
was at field capacity and gradually declined through-
out the season. This response was consistent at all three
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soil depths measured, with the greatest drawdown at
the surface layer and diminishing with depth (Fig. 4d—
f). Rainfall in the middle of the season caused a short-
lived recovery in Mg at the surface and middle layers
(Figs S3a and 4d-e). The deep layer M, declined con-
tinuously throughout the season with a more rapid
decline late in the season (Fig. 4f) when deeper roots
were likely extracting water. The day by temperature

interaction on Mg, was significant in all three layers
(Table 1). The M,,; measured within 1 day of diurnal
gas-exchange measurements, and 2 days of A/C; curve
measurements (DOY 160, 174, 188, 202, 216, 230)
revealed no temperature effect in the surface layer.
However, M, was lower in the high temperature treat-
ments in the middle layer on 1 day (3% of H,O%,,,
reduction on DOY 188, P = 0.001) and in the deep layer
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on 2 days (~1% of H,O%,,, reduction for both DOY 216, ever, warming did alter how the AGB was partitioned
P =0.023,and 230, P = 0.071; Fig. 4e,f). between vegetative vs. reproductive biomass. Warming
increased SB by 16% and decreased SY by 14% com-
pared to nonheated treatments (Fig. 5b,c; Table 1). The
changes in AGB and SY led to decreases in HI for all
Neither elevated [CO,] nor warming altered total AGB the treatments relative to the control, and both treat-
or individual kernel weight (Fig. 5a,g; Table 1). How- ments with higher temperatures did not differ from

Warming reduced yield but stimulated vegetative biomass
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one another (Fig. 5d; Table 1). Despite no statistically
significant difference in SB or SY between the control
and eC treatment, there was a significant decrease in HI
(Fig. 5d). The longer cob length in maize at elevated
temperature and/or [CO,] did not contribute to more
kernels as there were fewer kernels per cob instead
(Fig. 5e,f; Table 1).

Discussion

This study tested the predictions that (1) growth of
maize in elevated [CO,] will have no impact on
photosynthesis, aboveground biomass, or yields
regardless of growth temperature; (2) maize grown
under warmer temperatures will have lower photo-
synthetic rates at both ambient and elevated [CO,];
and (3) warming will decrease aboveground biomass
and yield at both ambient and elevated [CO,]. Ele-
vated [CO,] did not impact photosynthesis, above-
ground ground biomass, or yield (Figs la and 5;
Table 1), supporting prediction (1). The second and
third predictions were only partially supported by
the results. In the heated treatments, there were
reductions in Vpmax, Vmax@ooo), and @psy, which were
reflected in lower A during the second half of the
season (Fig. 3; Table S4). Although there was a
reduction in SY with warming, AGB did not change
with any of the treatments. Additionally, heated
plots resulted in greater partitioning into vegetative
and less into reproductive biomass than nonheated
plots, leading to a decrease in harvest index (Fig. 5;
Table 1). While limited to only one growing season,
these results suggest that future warming will
reduce yield in maize and will not be mitigated by
higher atmospheric [CO,] unless future cultivars are
adapted to these conditions.

The lack of [CO,] effect on A was constant
throughout the season and consistent with previous
results for maize (Patterson & Flint, 1980; Cure &
Acock, 1986; Ziska & Bunce, 1997; Leakey et al., 2004,
2006; Kim et al., 2007; Markelz et al., 2011) and other
C4 species (e.g., Patterson & Flint, 1980; Ziska &
Bunce, 1997; von Caemmerer ef al., 2001; Wall et al.,
2001; Hatfield et al., 2011). In contrast, canopy warm-
ing resulted in lower A, although this effect was lim-
ited to the second half of the growing season
(Fig. 1a) when air temperatures were warmer and
rainfall was reduced relative to the first half of the
growing season. The lower A in the heated treat-
ments could be driven by reductions in Vpmax and
Vmaxooo), suggesting reductions in Rubisco activity
or/and the regeneration of PEP (Table 1; Fig. 3).
These data also suggest that the declines in Vpmax
had a lesser effect on A than the declines in V.

@ooo)- This is supported by the strong temperature-in-
duced decreases in Vpmax without similar decrease in
A at the beginning of the season and by the correla-
tion between temperature-induced decreases in Vi.x
ooy and A during the second half of the growing
season (Fig. 3; Table S4).

In C, species, photorespiration is minimized in most
circumstances through the establishment of high [CO,]
in the bundle sheath. This results in a close relationship
between ®pg; and A (Oberhuber & Edwards, 1993).
Indeed, comparing the percent deviation of A and of
®pg;; between heated and nonheated treatments (e.g.,
eT vs. control, eT+eC vs. control, and eT+eC vs. eC)
resulted in strong correlations (Fig. 2). Additionally,
both A and ®pgy declined in relatively similar patterns
during the second half of the growing season when the
weather conditions were less favorable than the first
half (Fig. 1a,b).

Leaf nitrogen content is shown to correlate strongly
with leaf photosynthetic capacity (Evans, 1989; Ghan-
noum & Conroy, 1998; Ghannoum et al., 2005), consis-
tent with the observed decline of both photosynthesis
and leaf nitrogen as maize matured (Figs 1a and S4a).
However, there was also lower photosynthesis in
heated treatments vs. nonheated treatments at the end
of the season (Fig. 1a). Whether the reductions in the
leaf %N due to warming were sufficiently large to
account for lower A is unlikely because similar leaf %N
reductions were observed in eC, and these decreases
did not result in lower A than control throughout the
season (Figs 1a and S4a; Table 1).

Consistent with previous FACE studies (Leakey
et al., 2006; Markelz et al., 2011), maize under elevated
[CO,] (eC) had lower g (seasonal reduction of 33%),
higher C; but no change in the C;/C, ratio relative to
control (Fig. 1c,e f; Table 1). However, under warming
conditions, elevated [CO,] drove differences between
the eT+eC and eT treatments. High C;/C, was main-
tained in the combined treatment (eT+eC) while the
warming treatment alone (eT) had the lowest C;/C,
overall (Fig. 1f). During the growing season, the dif-
ferences in g, C; and C;/C, between eT+eC and eT
did not appear to affect A, consistent with the active
maintenance of high CO, concentrations surrounding
Rubisco.

Previously measured responses of A and g to rising
temperature for maize have shown different responses
with, for example, observed increases in both A and g
(Zheng et al., 2013), decrease of A but increase of g
(Crafts-Brandner & Salvucci, 2002), and changes in A
with no changes in g; (Kim et al., 2007). Thus, it is diffi-
cult to formulate an a priori prediction of how iWUE
will be influenced by increases in temperature. Despite
the variable results that elevated temperature had on
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both A and g, throughout the season, iWUE had a slight
increase at elevated temperature when comparing eT
vs. control (+5%; Table S2), but this response was not
observed when comparing eC vs. eT+eC (Fig. 1d).
These results suggest that higher iWUE associated with
rising temperature alone will not occur with concomi-
tant rise in [CO,].

Warming had a direct and positive effect on SB
regardless of growth [CO,] relative to the nonheated
plants (Fig. 5b; Table 1). A shift in biomass allocation
from below- to aboveground could potentially
explain the observed response of SB to warming as
has been suggested previously (Poorter et al., 2012).
However, minirhizotron data from within the experi-
mental plots suggest no statistically resolvable differ-
ences in root biomass among any of the treatments
(Gray etal, in prep.). The loss in photosynthetic
potential later in the growing season was unlikely to
impact SB as it had already plateaued (Tables S1
and S4).

The decrease in SY, driven by fewer kernels per cob
(Fig. 5e; Table 1), is likely driven by unsuccessful fer-
tilization of the ovules and/or abortion of fertilized
ovules (Westgate & Boyer, 1986, Zinselmeier et al.,
1999; Nielsen, 2013). While it is not clear from the cur-
rent study which factors influenced the unsuccessful
kernel formation, previous research indicates that
higher temperatures can promote desiccation of silks
making them less receptive to pollen (Heslop-Har-
rison, 1979; Schoper et al., 1987). An increase in cob
length (e.g., Fig. 5f; Table 1) has been shown to delay
the emergence of silks and the duration of exposure
to pollen (Nielsen, 2013) which can reduce the num-
ber of kernels per cob (Carcova & Otegui, 2001). High
temperatures can also reduce pollen viability (Schoper
et al., 1987; Fonseca & Westgate, 2005) although in this
study even a massive reduction in pollen from within
the heated plots would be compensated by pollen
from the surrounding, and unheated, field. Abortion
of fertilized ovules has also been linked to reduced
photosynthetic activity by biotic or abiotic factors
including heat stress (Westgate & Boyer, 1986; Zin-
selmeier et al., 1999; Setter et al., 2001, Westgate &
Hatfield, 2011; Nielsen, 2013) suggesting that the
reduction of photosynthesis by warming could have
contributed to the lower SY. Warmer temperatures
can also shorten the grain filling developmental stage,
leading to reduced kernel mass (Badu-Apraku et al.,
1983), although we were unable to resolve any differ-
ences in individual kernel weight among any of the
treatments (Fig. 5; Table 1).

Despite the gradual reduction in precipitation
(Fig. S3) and M, (Fig. 4d—f) as the season progressed,
the Palmer crop moisture index (PCMI, an index linked
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to soil water availability) for the region remained above
a value of —1 throughout the 2010 growing season sug-
gesting nondrought conditions (Hussain et al., 2013).
While PCMI does not account for the increased temper-
atures imposed through the heating arrays, other fac-
tors support the conclusion that water stress did not
occur as a result of high D in the heated treatments.
While the heated plants most likely used more water
(Kimball, 2005) and the plants grown under heated con-
ditions had lower leaf WP (Fig. 4a; Table 1), the values
were within the range reported for field-grown maize
in 2004 when water limitation was clearly not present
(Leakey et al., 2006). Previous research also indicates
that COy-induced increases in A and biomass are likely
to occur when C,4 crops experience drought conditions
(e.g., Ghannoum et al., 2000; Ottman ef al., 2001; Wall
et al., 2001; Leakey et al., 2004, 2006; Markelz et al.,
2011). In this experiment, CO,-induced increases in
photosynthesis were not observed at either ambient or
elevated temperature (eC vs. control and eT+eC vs. eT;
Fig. 1a; Table 1), suggesting that the higher water
demand in the heated treatments did not induce signifi-
cant water stress.
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Supporting Information
Additional Supporting Information may be found in the online version of this article:

Figure S1. Photograph of heated T-FACE (Temperature by Free Air CO, Enrichment) plot that is positioned within an elevated CO,
plot.

Figure S2. Difference in surface temperature due to heating (AT; a) and daily mean canopy temperature (T; b) during the 2010
growing season.

Figure S3. Daily values for the meteorological conditions in the 2010 growing seasons.

Figure S4. Percentage of leaf nitrogen (%N; a) and carbon (%C; b) in maize, during the 2010 growing season.

Table S1. Calendar date and day of year (DOY) when the gas exchange (5 days) and A/C; curves (4 days, indicated in bold and
inside parenthesis) measurements were done in maize at the T-FACE (Temperature by Free Air CO, Enrichment) plots.

Table S2. Mean temperature (°C) and precipitation (mm) at annual, 4-month and monthly ranges during a 30-year period and in
2010.

Table S3. Day of year (DOY), mean, minimum, and maximum temperatures (Mean Temp, Min. Temp, Max. Temp), vapor pressure
deficit (D), solar radiation and precipitation during the days of gas exchange and A/C; curves measurements in 2010.

Table S4. Analysis of variance with complete block repeated measures for the daily data of: photosynthetic carbon uptake (A),
quantum yield efficiency of the photosystem II (®pgy1), stomatal conductance (g,), intercellular [CO,] (C)), the rate of C; to the atmo-
spheric [CO,] (C;/C,), and the intrinsic water use efficiency iWUE) from maize grown in a [CO,] by temperature interaction.
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