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ABSTRACT

Corn, with C, photosynthetic metabolism, often has no photosynthetic or yield response to elevated carbon diox-
ide concentrations. In Cs species, the yield stimulation at elevated carbon dioxide concentrations often decreases
with nitrogen limitation. | tested whether such a nitrogen interaction occurred in corn, by growing sweet corn in
field plots in open top chambers at ambient and elevated (ambient + 180 mmol-mol™) carbon dioxide concentra-
tions for four seasons, with six nitrogen application rates, ranging from half to twice the locally recommended
rate. At the recommended rate of nitrogen application, no carbon dioxide effect on production occurred. How-
ever, both ear and leaf plus stem biomass were lower for the elevated carbon dioxide treatment than for the am-
bient treatment at less than the recommended rate of nitrogen application, and higher at the highest rates of ni-
trogen application. There were no significant responses of mid-day leaf gas exchange rates to nitrogen applica-
tion rate for either carbon dioxide treatment, and elevated carbon dioxide did not significantly increase leaf car-
bon dioxide assimilation rates at any nitrogen level. Leaf area index during vegetative growth increased more
with nitrogen application rate at elevated than at ambient carbon dioxide. It is concluded that elevated carbon
dioxide increased the responsiveness of corn growth to nitrogen application by increasing the response of leaf
area to nitrogen application rate, and that elevated carbon dioxide increased the amount of nitrogen required to
achieve maximum yields.
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1. Introduction

There would be substantial environmental benefits to
reducing the amount of nitrate and nitrous oxide lost to
runoff, ground water and the air from agricultural eco-
systems. Losses of these nitrogenous compounds in-
crease with nitrogen fertilizer application rates, which
may increase with rising atmospheric carbon dioxide

tions. A higher nitrogen requirement for maximum yield
would tend to increase the amount of nitrogen that farmers
apply as atmospheric carbon dioxide concentration increases,
resulting in more environmental contamination. This work
tested for an effect of elevated carbon dioxide concentration
on the response curves relating the yield of sweet corn to
nitrogen application rate under field conditions.

concentrations. The concentration of nitrogen in plant
tissue often decreases when plants are grown at elevated
carbon dioxide concentrations [1]. This can result in
lower tissue nitrogen concentrations required for maxi-
mum growth, but could also result in an increase in the
amount of applied nitrogen required for maximum yield
[2,3], although this has not been tested under field condi-
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In species with C; photosynthetic carbon metabolism,
responses of photosynthesis and growth to elevated car-
bon dioxide concentrations are sometimes reduced under
conditions of nitrogen deficiency [4-7]. This is often at-
tributed to a larger down-regulation of photosynthesis at
elevated carbon dioxide at low nitrogen [8]. In C, species,
there is often no increase in photosynthesis at elevated
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carbon dioxide, and no down regulation of photosynthe-
sis. However, because reduced transpiration rate at ele-
vated carbon dioxide is thought to be a primary cause of
slower nitrogen uptake by plants [1,9,10], and because
stomatal conductance is often reduced by elevated carbon
dioxide in C, species as well as Cs species [11-13], ele-
vated carbon dioxide might also induce nitrogen defi-
ciency in C,4 species. In corn, nitrogen deficiency may
reduce leaf size without affecting photosynthesis or ni-
trogen content per unit of leaf area [14]. Effects of ele-
vated carbon dioxide on the responses of leaf area and
leaf gas exchange rates to nitrogen application rate were
also tested in this study. The overall aim of this research
was to determine whether the fertilizer nitrogen require-
ment for maximum yield was increased at elevated car-
bon dioxide in corn.

2. Materials and Methods
2.1. Site and Carbon Dioxide Treatments

The study was conducted over four years, at the South
Farm of the Beltsville Agricultural Research Center, in
Beltsville, Maryland, USA. Sweet corn (Zea mays L. cv.
Silver Queen) was grown in the summers of 2004, 2006,
2008, and 2010, after soybean crops, as part of a two-
year, corn, winter wheat, soybean rotation. Corn was
grown in twelve open top chambers each summer and
also in plots without chambers in 2006, 2008, and 2010.
Each chamber was rectangular and covered 2.8 m? of
ground, and the walls were clear acrylic panels 2.4 m
high. Air was blown into all chambers through a perfo-
rated PVC pipe on the ground, centered on a short side of
the rectangle and extending the full length of the cham-
bers. The volumetric turnover time of chamber air was
0.6 minutes. Six randomly selected chambers had pure
carbon dioxide continuously added to the intake of the
blowers at a flow rate sufficient to increase the concen-
tration by 180 + 20 mmol-mol™ above that of the outside
air. Six of the chambers had no added carbon dioxide.
Samples of air from one “ambient CO,” chamber and all
of the “elevated CO,” chambers were pumped into an
adjacent shed and were sequentially sampled every 45
minutes by an absolute infrared carbon dioxide analyzer
(WMA-4, PP Systems, Haverhill MA), with the data
stored on a logger. Flow rates of carbon dioxide were
adjusted daily, as needed. A standard weather station
about 200 m from the plots collected data on air temper-
ature, humidity, wind and precipitation.

2.2. Fertilizer Treatments

The soil at the site was a Codorus silt loam, a fine-loamy,
mixed, mesic Fluvaquentic Dystrochrept, with a water
table at about 1.5 m depth. The soil in the chambers was
tilled and corn was planted on May 21, 2004, June 7,
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2006, May 29, 2008, and June 1, 2010. Plots outside of
chambers were planted on the same dates in 2006, 2008,
and 2010. Seeds were planted in three rows 40 cm apart.
After emergence, plants were thinned to an overall den-
sity of 7.5 plants per m? of ground. Nitrogen was applied
as ammonium nitrate, with half applied at tilling, and half
applied when plants were about 30 ¢cm in height. The
amount of nitrogen recommended by the Nutrient Man-
agement for Maryland System (version 1.28) for this
crop and soil system was 150 kg-ha ™. Six N treatments
were each applied to one elevated CO, and one ambient
CO, chamber. The six treatments were 0.5, 0.75, 1.0,
1.25, 1.5, and 2.0 times the recommended amount. All
chambers also received 40 kg-ha™ of phosphorous and
95 kg-ha* of potassium. The chambers received normal
precipitation, and were not irrigated. All weeds were
removed by hand. Because the treatments were also in-
tended to test for long-term changes in soil carbon con-
tent, the same CO, and nitrogen treatments were applied
to the same chambers each year, following an initial
mixing of the top 30 cm of soil among all chambers and
spatial randomization of the treatments. No nitrogen was
applied to the soybean crops, but the winter wheat crops
also received the same fractions of the recommended
nitrogen fertilizer as did the corn crops. The recom-
mended nitrogen fertilizer for the winter wheat was 100
kg-ha™*. The plots of corn without chambers received the
recommended nitrogen fertilizer application and the
same P and K application rates as the chambers, and
were used for final destructive harvests.

2.3. Non-Destructive Measurements

Non-destructive measurements of leaf area index were
made once per year during vegetative growth, during the
last week of June or the first week of July in each year.
Measurements were made on overcast days, using a
Li-Cor LAI 2000 (Li-Cor, Inc., Lincoln, Nebraska) with
two replicate measurements per chamber.

Leaf gas exchange measurements were made three
times each summer about a week apart, starting when the
fifth leaf was fully expanded, and ending when the crops
were harvested in August. All leaf gas exchange and
growth measurements were made on interior plants in the
center row of each chamber. Stomatal conductance (gs)
and CO, assimilation rate (A) were determined near
midday on clear days on upper, fully expanded and fully
illuminated leaves. A CIRAS-1 portable photosynthesis
system (PP Systems, Haverhill, MA) was used to expose
the leaves to the ambient air temperature, water vapor
content and sunlight at controlled concentrations of CO,
for the measurement of g, A, and substomatal CO, con-
centration (C;). Plants grown in elevated CO, chambers
were measured only at the nominal daytime CO, concen-
tration of 560 mmol-mol*, and plants from the ambient
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CO, chambers were measured at both 380 and 560
mmol-mol*. Two leaves were measured from each of
the 12 chambers on each measurement date. Chambers
were measured in random order. Statistical analysis was
conducted on the mean value for each chamber on each
date.

2.4. Harvests

No treatment differences in the rate of development of
the tassels, silk, or ears were detected, and all plants in
all chambers were harvested on the same date. Plants
were harvested during the first or second week of August
each year. At harvest, ear fresh weight was determined,
and then ear, seed and husk dry weight, and total leaf and
stem dry weight were determined after drying in a forced
air oven at 70°C. A mean value for each chamber was
determined for each parameter, based on 5 interior plants
in the center row of each chamber.

2.5. Statistics

Tests for effects of the CO, treatment on responses of
growth to nitrogen fertilizer were conducted using analy-
sis of covariance to compare the linear regressions of
responses on fertilizer level. It was presumed that some
transformation of the data might be required to generate
linear responses for the analysis of covariance tests.
However, that proved to be unnecessary (see results), and
tests were conducted on untransformed data. For the leaf
gas exchange data, linear and simple curvilinear res-
ponses to nitrogen level were first tested separately for
each CO, treatment on each measurement date. Because
no significant responses to nitrogen level were detected
for either CO, treatment, leaf gas exchange data were
pooled across nitrogen treatments, and CO, effects were
tested with 6 chambers per treatment. Within each grow-
ing season, tests of CO, effects on leaf gas exchange pa-
rameters were conducted using repeated measures
analysis of variance, combining measurements across
dates.

3. Results

The weather during flowering and ear formation in July
was abnormally wet in 2004, and in 2010 July had more
days with maximum temperatures above 35°C than the
other years of this study (Table 1). The high precipita-
tion in 2004, and the high temperatures of July 2010 had
no apparent effects on vegetative growth, as indicated by
the stem plus leaf dry mass being similar for all years
(Figure 1). However, ear fresh mass was lower at each
nitrogen fertilizer level in 2010 than in the other years for
both CO, treatments (Figure 1). The test for differences
between the CO, treatments of the responses of stem plus
leaf dry weight to nitrogen therefore combined data for

OPEN ACCESS

Table 1. July temperature (T) and precipitation data for the
summers of these experiments.

Mean maximum T  Total precipitation Number of days

Year ¢0) (cm) Tma(:j Zy:;?“C
2004 29.6 235 0
2006 31.6 5.0 2
2008 30.8 7.7 0
2010 32.7 9.0 8

all years, while for ear weight, the data for 2010 was
tested separately from the other three years.

Ear fresh weight increased linearly with nitrogen ap-
plication rate at elevated CO,, but did not increase sig-
nificantly with nitrogen at ambient CO, (Figure 1). This
was true both for the 2004, 2006 and 2008 data combined,
and for the 2010 data. The CO, effect on the slope of the
response of ear fresh weight was significant in the com-
bined data of 2004, 2006, and 2008 (P < 0.001) and also
in 2010 (P = 0.009) (Table 2). From the regressions, in
2004, 2006 and 2008, equal ear weight for both CO,
treatments would have occurred at about 180 kg-N-ha™,
with lower yield at elevated than ambient CO, at lower N,
and higher yields at elevated CO, at higher N levels. In
2010, the elevated CO, treatment had lower ear fresh
weight over the whole range of N application rates, al-
though the difference was small at the highest fertilizer
rates. The ear fresh weight to dry weight ratio averaged
4.0, and did not differ with CO, or nitrogen treatment.

At elevated CO,, there was a linear increase in the
stem plus leaf dry weight with nitrogen fertilizer applica-
tion rate, but there was no significant response for the
ambient CO, treatment (Figure 1). Analysis of cova-
riance indicated a difference in slope of the response
between the CO, treatments at P = 0.014 (Table 2). From
the regressions, equal stem plus leaf weight would have
occurred at about 108 kg-N-ha™!, with higher weight at
elevated than at ambient CO, at higher nitrogen applica-
tion rates.

Leaf area index during vegetative growth increased
significantly with nitrogen application rate for plants
grown at elevated CO, in all four years, but never in-
creased significantly with nitrogen for plants grown at
ambient CO, (Figure 2).

For the recommended nitrogen fertilizer treatments in
2006, 2008, and 2010, the total dry mass averaged 1355
g-m2 for the field plots without chambers, and 1483
g-m 2 for the ambient CO, plots inside chambers. This
difference was not significant at P = 0.05.

Leaf temperatures during the midday measurements of
leaf gas exchange rates ranged from 28°C to 35°C, and
leaf to air water vapor differences ranged from 0.7 to 2.5
kPa. Leaf A and g were not significantly correlated with
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Figure 1. Leaf plus stem dry mass, and ear fresh mass of
sweet corn grown at ambient and elevated CO, with a range
of nitrogen fertilizer application rates. For leaf plus stem
dry mass, linear regressions for all years combined are
shown. For ear mass, separate regressions are shown for
2010 and for the other three years combined. Statistical
analysis of linear regressions and ANCOVA tests of CO,
effects are presented in Table 2.

nitrogen fertilizer application rate for either CO, treat-
ment. The highest r’ values for data combined within
individual years were 0.06 for A, and 0.21 for g.. Leaf A
of the plants grown at ambient CO, was always slightly
increased by increasing the measurement CO,, but the
effect was not statistically significant in any year (Table
3). Leaf A of plants grown and measured at elevated CO,
was not significantly different from that of leaves grown
at ambient CO, but measured at elevated CO,. Leaf g
averaged 38% less in leaves grown and measured at ele-
vated CO, compared with leaves grown and measured at
ambient CO,, with most of that reduction due to the
measurement concentration (Table 3).

4. Discussion

The fact that the growth and yield of this sweet corn cul-
tivar at the ambient CO, concentration were apparently
saturated for N fertilizer at the lowest rate of application

OPEN ACCESS

3.0

A 2004 elevated
2.81| & 2004 ambient
——Plot 1 Regr
2.6 | ® 2010 elevated
O 2010 ambient
2.4 | —Plot 2 Regr

2.2+ /(‘)/‘/
(e)
2.0 ro) L
.
1_8./, N
1.6 a a
141 & — = a
A

1.2 T T T T r
50 100 150 200 250 300 350

Leaf area index

4.01| A 2006 elevated
A 2006 ambient
——Plot 1 Regr
3.54| @ 2008 elevated
© 2008 ambient
——Plot 2 Regr

x 3.0
£ ° e |
§25 o S—% 5
a a
g20i . s 2
15 ¢ .
1.0

50 100 150 200 250 300 350
Applied N (kg-ha ")

Figure 2. Leaf area index of sweet corn grown at ambient
and elevated CO, with a range of nitrogen fertilizer appli-
cation rates. Data are from vegetative plants each year of
the study. Plots of years were arranged only for clarity.
Linear regressions of leaf area index on nitrogen applica-
tion rate were significant at elevated CO, each year at P =
0.05, but were never significant at ambient CO..

used was unexpected, but simplified the comparison with
the elevated CO, treatment. Saturation of growth with 75
kg-m? of applied N could have been the result of sub-
stantial N remaining in the soil after the wheat and soy-
bean crops. Keeping the plots free of weeds may also
have contributed to their low N requirement. In field corn
in Illinois, adding no nitrogen at all only reduced total
biomass by about 20% compared with fertilizing with
168 kg-ha %, after a soybean crop [15]. In light of this
result, it may not be surprising that adding 50% of the
recommended nitrogen did not reduce the yield at am-
bient CO, in this study.

The lack of a CO, effect on yield at the recommended
rate of N fertilizer application that we observed in three
of the four years is similar to other studies with field corn
using recommended rates of N application, where ele-
vated CO, had no significant effect on yield in the ab-
sence of water stress [11,12,15,16]. However, our results
indicate that this lack of response of corn growth and
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Table 2. Regressions and ANCOVA results for growth responses to N fertilizer application. Plants were grown at ambient
(amb) or elevated (elev) CO, at a range of N application rates. Linear regressions of mass against N are presented for the
ambient and elevated CO, treatments, and a test of the CO, x N is presented when the regression was significant. For stem
plus leaf mass, data was combined across all years. For ear fresh mass, data from 2010 is presented separately from the com-

bined data for the other years (2004, 2006 and 2008).

Variable Year CO, Interc_ezpt SIOE? r? Pr(-)bability or>F
(g-m™) (9:97) Regression CO, xN
Stem plus leaf dry mass 2004-10 amb 1185 0.64 0.004 0.93
2004-10 elev 1042 13.7 0.42 <0.001 0.014
Ear fresh mass 2004-8 amb 1164 -15 0.025 0.46
2004-8 elev 923 12.1 0.62 <0.001 <0.001
2010 amb 925 -0.5 0.006 0.86
2010 elev 407 134 0.88 <0.001 0.009

Table 3. Mean values of midday leaf CO, assimilation rate (A) and stomatal conductance (gs) for each year of the study,
probability of greater F ratios for CO, treatment effects on A and g;. AA refers to plants grown and measured at ambient
CO,, EE refers to plants grown and measured at elevated CO,, and AE refers to plants grown at ambient CO, but measured

at elevated CO..

Year (mmOlfor\n’z-S’l) (mmolgr;,z_s,l) Probability of >F
AA AE EE AA AE EE A Os
2004 54.8 58.0 58.4 594 505 474 0.26 0.012
2006 513 517 53.1 722 523 460 0.31 0.001
2008 61.4 63.7 64.0 1650 822 658 0.11 0.001
2010 49.3 51.0 52.6 749 529 490 0.23 0.029

yield to elevated CO, may not occur at either higher or
lower rates of N application, because of a stronger re-
sponse of yield to N application rate at elevated than at
ambient CO,.

At the lowest rates of N application used in this study,
elevated CO, reduced the leaf area index during vegeta-
tive growth as well as the final mass and yield of corn.
The average 38% reduction in leaf stomatal conductance
at elevated CO, would have reduced transpiration. Lower
transpiration at elevated CO, could have reduced whole
plant N uptake by reducing the delivery of N to the root
system in the transpiration stream [1,9-11]. In corn, as in
many grass species, N deficiency often reduces leaf size
and leaf area index without any reduction in photosyn-
thetic rates or nitrogen contents per unit of area [14,
15,17]. Because elevated CO, decreases or does not
change the percentage of nitrogen in plant tissues [1,12],
the lower total biomass observed at the lowest N applica-
tion rates at elevated CO, would also reflect lower total
N uptake in those treatments.

The cause of the yield stimulation by elevated CO, at
the highest rates of N application observed in the three
cooler summers could be improved water status because
of lower stomatal conductance and transpiration rate.
This could have caused the higher LAI at elevated CO, at
the high N application rates. A similar increase in growth
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at elevated CO, without any increase in photosynthesis
per unit of leaf area has been previously reported for corn
[18], and elevated CO, has been found to ameliorate ef-
fects of water stress on corn in the field [16,19]. Water
stress often reduces leaf area growth before photosynthe-
sis in corn [20].

In 2010, when ear yield was reduced by the elevated
CO, treatments at all N application rates, the ear yield
was reduced in both CO, treatments compared with the
other seasons, yet stem plus leaf mass was not reduced.
This specific reduction in ear yield was probably caused
by high temperature stress during flowering and ear de-
velopment (Table 1), which often reduces yield in corn
[21,22]. Tissue temperatures were undoubtedly higher at
elevated than at ambient CO, during the high tempera-
ture stress as a result of lower transpiration caused by the
observed lower stomatal conductance [11]. A greater
reduction in yield at high air temperatures at elevated
than at ambient CO, because of warmer tissue tempera-
tures at elevated CO, was found in sorghum [13].

In the three cooler years, the yield increase caused by
elevated CO, averaged about 14% at twice the recom-
mended rate of N application (Figure 2). Whether this
amount of yield stimulation would cause producers to
increase nitrogen application rates above those currently
recommended would depend on the cost of nitrogen fer-
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tilizer compared with other costs of production. In 2011
total costs of fertilizer, lime, and soil conditioners aver-
aged less than 13% of crop production costs [23], so it
might be profitable to increase the N application rate.
However, the relative production costs may change in the
time it takes atmospheric CO, to reach the elevated con-
centration used in these experiments.

Regardless of the economics, the results presented
here indicate that in sweet corn, as in many Cj; crops, the
yield response to elevated CO, can be sensitive to the
nitrogen fertilizer treatment. The results also indicate that
elevated CO, can increase the nitrogen requirement for
maximum yield under field conditions. If this also occurs
in other crop species, rising atmospheric CO, may lead to
higher rates of nitrogen fertilizer application.
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