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ABSTRACT

Spring wheat was grown from emergence to grain matu-
rity in two partial pressuresof CO, (pCO,): ambient air of
nominally 37 Paand air enriched with CO, to 55 Pa using
afree-air CO, enrichment (FACE) appar atus. Thisexperi-
ment was the first of its kind to be conducted within a
cereal field without the modifications or disturbance of
microclimate and rooting environment that accompanied
previous studies. It provided a unique opportunity to
examine the hypothesisthat continuous exposur e of wheat
to elevated pCO,, will lead to acclimatory loss of photosyn-
thetic capacity. The diurnal cour ses of photosynthesis and
conductance for upper canopy leaves were followed
throughout the development of the crop and compared to
model-predicted rates of photosynthesis. The seasonal
aver age of midday photosynthesis rates was 28% greater
in plants exposed to elevated pCO, than in contolsand the
seasonal average of the daily integrals of photosynthesis
was 21% greater in elevated pCO, than in ambient air.
The mean conductance at midday was reduced by 36%.
The observed enhancement of photosynthesis in elevated
pCO, agreed closely with that predicted from a mechanis-
tic biochemical model that assumed no acclimation of pho-
tosynthetic capacity. Measured valuesfell below predicted
only in theflag leavesin the mid afternoon beforethe onset
of grain-filling and over the whole diurnal course at the
end of grain-filling. The loss of enhancement at this final
stage was attributed to the earlier senescence of flag leaves
in elevated pCO.,. In contrast to some controlled-environ-
ment and field-enclosure studies, this field-scale study of
wheat using free-air CO, enrichment found little evidence
of acclimatory loss of photosynthetic capacity with growth
in elevated pCO, and a significant and substantial increase
in leaf photosynthesisthroughout thelife of the crop.

Key-words acclimation; atmospheric change; climate change;
elevated carbon dioxide; FACE; phenology; photosynthesis;

Rubisco; stomatal conductance.

INTRODUCTION

The mean partial pressure of €8 sea level is expected to
rise from 35-5 Pa to around 55 Pa by about 2060 (modified
IS92a, Schimmedt al. 1996). In the short term, an increase
in pCO, stimulates net photosynthetic rate in wheat and
other G plants because the present atmosphaCio, is
insufficient to saturate Rubisco (ribulose-1,5-biphosphate
carboxylase/oxygenase) and because, @ibits the
competing process of photorespiration (Bowes 1991, Stitt
1991). Therefore net photosynthesis is increased by ele-
vated pCO,, regardless of whether Rubisco activity or
regeneration of ribulose-1,5-bisphosphate (RubP) are lim-
iting, and regardless of whether light is saturating or limit-
ing (Drakeet al. 1997). Increased carbon uptake resulting
from this initial stimulation of photosynthesis by elevated
pCO, will alter the balance of supply and capacity to use
carbohydrates, with the result that non-structural carbohy-
drate concentrations invariably increase per unit leaf area
(reviewed in Drakeet al. 1997). Such accumulations of
carbohydrate may cause a short-term decrease in photo-
synthetic rate via sequestration of cytosolic inorganic
phosphate and a long-term decrease in photosynthetic
capacity by repression of specific photosynthetic genes,
notably those for Rubisco (Sharkey 1994; Stitt 1991,
Webber, Nie & Long 1994). Wheat is currently the world’s
most important food crop (Rosenzweig & Parry 1994). Do
such losses of photosynthetic capacity occur in wheat
crops growing in elevatguCO,?

Studies using controlled environments and field enclo-
sures, in particular open-top chambers, have produced con-
flicting results. Habaslket al. (1995), using artificially lit
controlled environments, observed up-regulation of photo-
synthetic capacity in a winter wheat, including increased
Rubisco activity with growth in elevatqeCO,. By con-
trast, Barnes, Ollerenshaw & Whitfield (1995), studying
two spring and three winter wheats in artificially lit con-
trolled environments, found an average 15% loss of photo-
synthetic capacity with growth at eleva@@dO,, with the
acclimation most marked in the winter wheats. Delgado
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Rubisco with a season-long exposure of winter wheat to aedge and wall effects and other disturbances typical of the
pCO, of 70 Pa, regardless of nitrogen supply. McKee & small canopies enclosed within controlled-environment
Woodward (1994) and McKee, Farage & Long (1995), and open-top chambers. Similarly, the technique avoids the
studying a dwarf spring wheat in artificially lit controlled border effects of the 1 hmini-FACE systems. Each plot in
environments, and Tuba, Szente & Koch (1994) and Sicherthe FACE wheat project covere®50 nf of crop and con-
& Bunce (1997), both studying winter wheats in the field tained= 46 000 plants. This allowed sampling of different
in open-top chambers, all with a good nitrogen supply, leaves throughout several days without significant effect
found marked acclimatory loss of photosynthetic capacity. on the canopy. It was also possible to study simultaneously
With one exception, measurements of photosynthesis inwithin the crop a range of other variables, from canopy
wheat grown in elevatgaCO, have been limited to plants  microclimate and soil moisture to leaf proteins and gene
grown in protected environments ranging from artificially expression, which aided interpretation of any observed
lit cabinets to open-top chambers. Even within open-top changes in leaf photosynthesis (reviewed in Kiméidl.
chambers, the crop environment is modified by reduced 1995 and Pinteet al. 1996). Therefore, the FACE wheat
exposure to wind, altered coupling of canopy and atmo- project (Kimballet al. 1995) provided an unrivalled oppor-
sphere, increased temperature and humidity, and decreasetinity to examine the response of wheat to elevp@d,
precipitation and photosynthetic photon-flux density, such in an open-field situation, with good nutrition and without
that the long-term effects of enclosure can be similar in limitation on rooting volume. In the present study we eval-
magnitude to effects of elevatp@O, (Allen et al. 1992). uated whether the enhancement that would be expected for
Miglietta, Giuntoli & Bindi (1996) grew a super-dwarf leaf photosynthesis by elevate@O,, in the absence of
winter wheat in ‘mini-FACE’ systems, each an isolated acclimation or inhibition, occurs in an open field. This was
raised plot of 1  Although the microclimate of such  determined over the course of entire days and throughout
small plots would differ from that of large plots within a the life of the crop. The results were compared with the
field, this system would have escaped the other limitations photosynthetic rate predicted for the leaves in the absence
of enclosures. In their study there was no significant loss of of acclimation or inhibition.
photosynthetic capacity for well fertilized plants, which
showed an exceptional 50% increase in leaf photosynthetic
rates under elevatgeCO,. However, the study’s statistical MATERIALS AND METHODS
sensitivity was limited by the use of only two replicate The FACE system and cultivation
plots per treatment, only one developmental stage was
reported and only light-saturated photosynthesis was con-Spring wheatTriticum aestivuni. cv. ‘Yecora Rojo’) was
sidered. It is difficult to extrapolate this result to the wider grown in a 10 ha field on the experimental farm of the
context because other field studies have shown that accli-Maricopa Agricultural Center, University of Arizona,
mation depends on the growth stage of wheat @\liel. Maricopa, AZ (33° @' N, 112° 00 W). The crop emerged
1995a; Sicher & Bunce 1997). Further, many previous on 1 January 1993 (DAE 1) and the elevgi€®, treat-
studies have considered only light-saturated or mid-day ment was applied from this point until completion of grain
photosynthesis. The enhancement of photosynthesis in elematuration in May. Full details of the site, cultivation, irri-
vated pCQO, apparent at noon may be absent in the late gation, fertilization and the free-air GOenrichment
afternoon as end-product inhibition develops. A significant (FACE) apparatus, site weather recording and soil mois-
proportion of total carbon assimilation will occur under ture measurement have been given previously (Kimball
light-limited conditions, where different factors control the et al. 1995; Nieet al. 1995a). The experimental design
response of photosynthesis to eleva{@dO, (Drake, consisted of four replicate blocks each containing a 21 m
Gonzalez-Meler & Long 1997). The question therefore diameter plot with elevated GQpCO, 55 Pdand a 21 m
remains of whether the findings from these modified envi- diameter control plotpaCO, 37 Pa).
ronments or small plots will be reproduced at the field The development stage and leaf area of the crop and the
scale, and how the findings will vary with time of day and soil water conditions on the 8 d chosen for this study are
stage of development. FinallpCO, is expected to reach  summarized in Table 1. These represent a range of devel-
55 Pa by 2060, and is not expected to double before 2100pmental stages from tillering through completion of grain
(Schimelet al. 1996). Many previous studies have consid- filling. Leaf area index (L) rose from 2 in early February to
ered the effects of an approximate doubling@©®0.. It is about 5 by the end of the month and remained at 5-6 until
possible that evaluations at excessively high, €@ncen- late April (Pinteret al 1996). Figure 1 shows the time
trations increase the likelihood of acclimation and exag- course of photosynthetic photon flux density (PPFD), air
gerate its significance in considering climate change temperature T,,) and vapour pressure deficiD) for
effects on crops within the next century. Maricopa on the dates photosynthesis was measured. All
Free-air CQ-enrichment (FACE) allows the study of days had predominantly clear skies, apart from 25
elevatedpCO, effects on crops grown under field condi- February. There was a seasonal rise in total PPFD and a
tions without any direct modification of microclimate progressive rise in daily maximum air temperatures from
(Hendrey, Lewin & Nagy 1993). Large areas of undis- 20 °C at the start of the study to 35 °C at the end. Minimum
turbed canopy are available where it is possible to avoid temperatures remained in the range 4-8 °C until the final
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Table 1. Asummary of crop growth stage

Leaf area index Soil water and the days after emergence (DAE); leaf
area index and volumetric soil water content
Date DAE  Developmental stage FACE Control FACE Controlfor 8 d of the 1993 spring wheat growing
— season at Maricopa, Arizona.
12 February 42 Tillering 2:4 2:2 0-25 0-25 FACE = elevated CQpartial pressure of
25 February 55 Stem elongation 5.2 4.6 0-23 0-23 _ 55 Pa; Control = current ambient GO
3 March 62 Stem elongation 5.3 5.1 0-23 0-23 partial p’ressure 37 Pa
16 March 75 Inflorescence emergence  5-8 5.2 0-23 0-23
30 March 89 Anthesis 5-5 5.2 0-26 0-26
9 April 99 Milk ripe 5.7 6-0 0-22 0-22
15 April 105 Soft dough 5-6 6-0 0-25 0-25
28 April 118 Hard dough 4.3 51 0-25 0-25
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Figure 1. Diurnal courses of air temperatuiigf), air saturation deficitl¥), and photosynthetically active photon flux density (PPFD) at
Maricopa, Arizona for 8 d of the 1993 growing season. These data, and the data in the other figures, were fitted with a best-fit non-linear
regression (Marquardt-Levenberg algorithm). The actual data as well as the fitted curve are shown to better illustrate the daily. progression

measurement. Daily maximum air saturation deficits Leaf photosynthesis and conductance

ranged from 1-2 kPa in February to nearly 5 kPa in late

April. Soil water was maintained within 70% of field capac- On the 8 d indicated in Table 1 and Fig. 1, leaf gas
ity. The crop received 277 kg nitrogenhand 44 kg phos-  exchange was measured by two teams using portable
phorus ha', with other nutrients adjusted to avoid potential closed (transient) gas-exchange systems with 258 cm
deficiencies (Kimbalet al. 1995; Pinteet al. 1996). transparent chambers (LI-6200, LI-COR, Inc., Lincoln,
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NE, USA). These measurements were repeated at interval$or g, of Ball, Woodrow & Berry (1987), which assumes
of = 90 min from dawn until about 2 h after sunset. Each thatg is a function of net assimilation, leaf surface £LO
day before starting measurements, the infra-red gas analyeoncentration and relative humidity. The models are
sers of the gas-exchange systems were calibrated againstsolved iteratively forp, (Humphries & Long 1995).
gravimetrically prepared calibration mixture of Ci@ air Variables for the leaf biochemistry and stomatal models
(= 1%, ‘Primary standard’, Matheson Gas Products, Inc., were as given previously (Long & Drake 1992; Harley &
Cucamonga, CA, USA). The chamber humidity sensor was Tenhunen 1991, respectively), except that the RubP- and
calibrated against known humidities provided by a dew- CO,-saturated catalytic activity of Rubisc¥ () Was
point controlled water vapour generator (LI-610, LI-COR, set to 84umol m? s, the maximumin vivo capacity
Inc.). Measurements were started at a leaf-chamber ambiwhole-chain electron transportl,{,) was set to 190
entpCO, (py) of 55+ 3 Pa in the elevatepCO, plots and umol m? sand the Michaelis constants for Rubisco
37+ 2 Pain the control plots. Measurements were confined were those used by Lloyet al. (1995). Values oV ax
to the uppermost fully expanded leaf of major tillers, as and J,,.x Were estimated fronA versusp; data for flag
judged by ligule emergence and formation of a leaf collar. leaves at inflorescence emergence from plants in the con-
From 16 March, measurements were of flag leaves. Thetrol plots (Osbornet al., in press). This avoided the possi-
central portion of most leaves was approximately horizon- bility that estimates of these parameters could be affected
tal, and the leaf cuvette was clamped on this portion of theby transient photoinhibition, end-product inhibition, or
leaf and maintained in the horizontal position. The hori- water stress.
zontal portion of the leaf was chosen to minimize within-  This model was used to estimate mean midday rat&s of
leaf variation in photosynthetic capacity and the effect of from the mean values of PPFL,, relative humidity and
leaf angle on incident photon flux. The rate of change in p, measured simultaneously by the gas-exchange systems.
pCO, was allowed to stabilize for 25 s before data-log- In addition, the model was used to predict the diurnal
ging began, after which three 10 s observations werecourse ofAfor 16 March and 9 April 1993.
recorded. The total time for measurement of each leaf was
about 75-100 s. In each 90 min interval, five leaves Were pEsyULTS
measured in each of the four replicate elevate®, and
control plots. We calculated leaf net £a&ssimilation per Leaf net CQassimilation A) of plants grown in elevated
unit area A), stomatal conductance to water vapagy (  pCO, always appeared higher than that in plants grown in
and CQ partial pressure of the the intercellular (substom- control plots (Fig. 2). However, this difference was least on
atal) air spacep() using the equations of von Caemmerer the final day of measurement (28 April), when grain filling
& Farquhar (1981). in the elevatedpCO, treatment was complete (Fig. 2).
The measurements from five leaves in each plot, in eachExcept for 25 February, sky conditions were clear for all
90 min interval, were pooled to obtain a single-plot mea- measurement days and diurnal courses (@fig. 2) reflect
sure and treated as a single replicate, to avoid pseudoreplithe general bell-shaped courses of PPFD (Fig. 1). Midday
cation. These single-plot measures were used for allvalues ofA (A,,) within the control plots ranged from 17 to
statistical analyses. The effects of &0, and days after 24 umol m2 s* and, with the exception of 28 April,
emergence (DAE) on the midday rate of photosynthesisranged from 25 to 3gmol m2s™ for the elevate¢pCO,
and on the dawn-to-dusk integral of photosynthesis (total plots (Tables 2 & 3). The mean daily PPHIQ, andD rose
CO, uptake per unit leaf areA;) were examined by two-  progressively through the season (Fig. 1). Despite this, the
way analysis of variance (Sokal & Rohlf 1981). Individual peaks in leaf photosynthetic rates within treatments
means on a given date were compared for significance byshowed little change with date, except for the final mea-
the least significant difference (LSD) calculated from surement (Fig. 2).
Student’s distribution (Snedecor & Cochran 1980). Averaged over all day#\,, was enhanced 28% arn
was enhanced 21% in the elevap&D, plots (Tables 2 &
3, Fig. 3). These increases were highly significant
(P < 0-001). There was however, a significant interaction
(P < 0-05) with the date of sampling f8y, that could be
A mechanistic biochemical model of leaf photosynthesis explained by the loss of enhancement resulting from ele-
linked to a phenomenological model for stomatal behaviour vatedpCO, on 28 April (Table 3). On four dates (16 and 30
(Humphries & Long 1995) was used to analyse the March, 9 and 28 April) the relative enhancement of leaf
observed effects of elevatp@O, on photosynthesis. This  photosynthesis in the elevatgxCO, plots appeared to
model assumes a non-rectangular, hyperbolic response oflecline after midday. Parallel declines in stomatal conduc-
electron transport to PPFD (Long & Drake 1992; Evans & tance ) were apparent on these dates (Fig. 4).
Farquhar 1991) and uses the steady-state model of leaf pho- Throughout,g, was lower in the leaves grown in ele-
tosynthesis of Farquhast al. (1980) adapted for more vatedpCO, (Fig. 4). Dew formation prevented measure-
recent data concerning temperature responses of thement ofgg until midmorning during February and March.
Rubisco-catalysed reactions (Llogtlal. 1995). This bio- Despite progressive increases in PPERandD (Fig. 1),
chemical model is linked to the phenomenological model peak leafgs showed little change within treatments across

Predicting enhancement of photosynthesis by
elevated CO,
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Figure 2. Diurnal courses of leaf net photosyntheticQPtake A) in spring wheat grown in elevated C@artial pressure (FACE, 55 Pa;
m) and current ambient partial pressure of,@&@ntrol= 37 PagJ), on the 8 d for which weather data are given in Fig. 1. Each illustrated
point is the mean (+ 1 SD) of the replicate plots measured at that point imtingg.(Each of the four individual plot values was the pooled

average of five leaves sampled within the plot at that point in time. The eight diurnal courses illustrated are therefore from measurements of
2480 leaves over the course of the season.

the season. Midday values of conductance ranged fromchanges irA across the season and identify any acclima-
0-47 to 0-68 mol At s for control leaves and from 0-31to  tion affectingA in situ The model provided a close pre-
0-51 mol m? s for leaves grown in elevategCO, diction of the observed enhancement of middayn
(Fig. 4). For this well watered crop, the results suggest thatelevatedoCQO, on all dates, except 16 March and 28 April
gs over the season is independentdyfwhich increased  when the predicted enhancement was substantially
three-fold from a daily maximum value of 1-3 kPa on 12 greater than the observed (Table 3). Model predictions
February to 4-9 kPa on 28 April (Table 3). On average, thewere also compared with observ&throughout the diur-
midday g, in elevatedpCO, was 64% of controlg,, nal courses of 16 March and 9 April (Fig. 5). On average,
although the difference in the early afternoon was often observed values were about 10% lower than model pre-
larger (Fig. 4). Despite these marked reductiorg,ithere dictions in elevatedpCO, plots. These lower-than-
was only a slight decrease mfp, (< 6%) in the elevated  expected values were attributable to significant decreases

pCO, plots and this was not significar®® & 0-05). The in the observed, relative to expected, values in mid to late
averagep; (data not shown) in leaves growing in elevated afternoon; at other times of the day there was close agree-
pCO, was 37% greater than in controls. ment between expectation and observation. The diurnal

Averages of PPFDT,;, and D recorded in the gas- course ofA plotted against PPFD for 16 March and 9
exchange systems were used with the mathematicalApril shows hysteresis, which is more marked in the ele-
model of Humphries & Long (1995) to analyse the vatedpCO, treatment (Fig. 6).

© 1998 Blackwell Science LtdRlant, Cell and Environmen21, 659-669



664 R. L. Garciaetal.

Table 2. Results of the analysis of variance

Source of variation SS d.f. MS F(P) examining the effects of growiCO, and

. date of measurement on pooled midday
Midday leaf CQ uptake rateA;,) average leaf CQuptake A, pmol m2s
CO, treatment 550 1 550 63-0€0-001) | 5p hetween means within each date: 4-9)
Date 718 7 103 11-P(<0-001)  5ng pooled daily total of net leaf GOptake
Interaction 152 ’ 22 2:¥(<0:05 (A" molm2d™ LSD between means
Within 419 48 9 within each date: 0-095)
Total 1839 63
Total daytime net leaf CQuptake rateX’)
CO, treatment 0-323 1 0-323 100R8< 0-001)
Date 0-447 7 0-064 19-B € 0-001)
Interaction 0-024 7 0-003 1-2%0-05)
Within 0-155 48 0-003
Total 0-948 63

Table 3. Asummary of daily integral of solar radiation, maximum and minimum air temperafygsnjaximum air saturation deficiDf,
A, andA' for each treatment for 8 d of the 1993 spring wheat growing season at Maricopa, Arizona. Model predicted ¥g|zes for
included in parentheses. Significant differences between pairs of experimental means on the same date are assessed By @5 8D at

thepCO, effect and indicated by ‘a’

Observed\,
(predicted A) A
Solar Tair Tair D a,P<0-05 aP<0-05
rad’n max. min. max.
Date (MIm?) (°C) (°C) (kPa) Control Elevated Control Elevated
12 February 16-0 20 4 1.3 24 33 B4da 0-62 0-79a
25 February 13.9 19 6 1.2 %2 25 (28)a 0-62 0-76a
3 March 19-8 22 4 16 225%) 27 @BDa 0-65 0-78a
16 March 219 28 8 3.0 22p) 28 (30) 0-76 0-88a
30 March 24.1 23 7 16 2%5) 30 BDa 0-80 1.00a
9 April 25-8 30 6 36 2@ 29 30)a 0-71 0-87a
15 April 265 28 5 33 190) 27 29)a 0-64 0-78a
28 April 27-8 35 17 4.9 116 16 (25 0-59 0-65
% increase over control (all dates) 28-1(35-4) 20-8
% increase over control (12 February—15 April) 32-2(31-8) 221
125 T I I DISCUSSION

— Control
FACE

A’ (mol m?d™)

L L L L L BB

v b b b b |

wog sV

Sample Date

Figure 3. Total net uptake of C{per unit leaf areaX) in each

plot for the daylight hours estimated from the 8 d of data plotted in
Fig. 2; bars indicate mean values (+ 1 8B;4) of the These

values are equal to the areas under the curves illustrated in Fig. 2.
FACE = elevated C@partial pressure af 55 Pa; control = current
ambient CQ partial pressure of 37 Pa.

The results of the present study show that the stimulation
of photosynthesis in upper canopy leaves of a wheat crop
grown under open-air Cenrichment persists until com-
pletion of grain filling. In contrast to the weight of evi-
dence derived from controlled environment and field
enclosure studies, there is little indication of any decrease
in the response of photosynthesis to eleva@@, across
the 37-55 Pa range. For the period from tillering through
soft dough (12 February—15 April) the predicted increase
in midday assimilation at elevatga@CO, was 32% and
almost identical to the observed average increase (Table 3).
Predictions assumed no difference or change in the max-
imum rates of electron transpod,(,) or Rubisco-catal-
ysed carboxylation\; ) between elevatguCO, grown
plants and controls, that is, no acclimation. Close agree-
ment is not surprising for the control plants, given that the
parameters of the model were set with this same plant
material. However, the model also shows a good fit to the

© 1998 Blackwell Science LtdRlant, Cell and Environmen2]l, 659-669
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Figure 4. Diurnal courses of mean (+ 1 SBF 4) leaf stomatal conductance to water vapgyrgrown under elevated (FACHE;) and
control @) CO, partial pressures. Measurements were simultaneous with, and sampled as descAlieipr2.

elevatedpCO, leaves. This suggests that the small, but stem-elongation stage (Table 1), root mass was 23%
significant, loss of Rubisco observed between anthesisgreater and shoot mass was 21% greater in elep@@©g

and soft-dough stage in the leaves grown in elevated(Wechsunget al. 1995). Final grain yield was 8% higher
pCO, (Nie et al. 1995a) did not affect CQassimilation (P <0-05) (Pinteet al. 1996).

rates. This might be explained by the relatively high  The findings agree with and extend those of Miglietta
Ve max that might place Rubisco in significant excess at etal (1996), which suggest that under free-air,@@rich-
elevatedpCO, (Drakeet al. 1997). Thus a significant loss ment and optimum nitrogen fertilization, the stimulation of
of Rubisco could occur beforewas affected. However,  photosynthesis by elevate@O, persists without any evi-
the large loss of Rubisco induced by elevgi€®, and dence of acclimation. This contrasts sharply with the
smaller losses of other photosynthetic proteins observedresults of other studies of wheat. Although differences
after the soft-dough stage (Ngeal. 1995a) corresponded  from the results of controlled-environment studies might
to the lower-than-expected photosynthetic rate and evi- be explained by limitations on rooting volume and light-
dence of acclimation of 28 April. There was no evidence ing, it is hard to explain differences from the findings of
of any change in the magnitude of the decrease in stom-studies using open-top chambers in similar temperature
atal conductance in elevatgO, relative to controls regimens, where marked acclimation of wheat photosyn-
with time (Fig. 4). The season-long stimulation of photo- thesis has been observed (Tebal 1994; Sicher & Bunce
synthesis in the upper canopy leaves, which are the majorl997). In these two studies winter wheat cultivars were
contributors to total crop photosynthesis and grain yield, used. Barne®t al. (1995) found greater acclimation of

is fully consistent with observed increases in dry-matter photosynthesis to elevatgaCO, in winter wheats. The
production and grain yield (Pintet al. 1996). By the increase in light saturate8l, as indicated by, in our
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Figure 5. The diurnal course of the meanl SD) measured leaf G@ptake (symbols) and the predicted leaf,@Qptake (lines) for 16
March and 9 April. Predicted rates were calculated from a mechanistic model of photosynthesis in which parameters were set with material
from the control plots, using as inputs the record of photon flux, leaf temperature, air saturation deficit (Fig. 1) and apbéeialCO

pressure recorded simultaneously with the measuremefismfg,, FACE = elevated Copartial pressure 6f 55 Pa; control = current
ambient CQ partial pressure &f 37 Pa.
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16 March and 9 April. Replotted from Fig. 2.
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study in elevate@CO, (Table 3) was considerably greater elevation method (Kimball, unpublished results). It is pos-
than in others (cf. Delgadet al. 1994; Tubeet al. 1994, sible that the air blown into the plots with the blower sys-
Sicher & Bunce 1997). ElevatgaCO, increasedA,, by tem, although at a minute fraction of total wind-speed, was
26%, averaged across the 5 d of measurements of flagsufficient to disrupt temperature inversions that formed on
leaves (calculated from Table 2). Sicher & Bunce (1997) some evenings. Such an increase in night-time temperature
similarly report the increase in light-saturat&aver 5 d would induce acceleration of development and decrease the
spread through the life of the flag leaf, but found only a time available for grain fill, which would most likely result
12% increase for plants grown ap@O, of 53 Pa, and in decreased final yields. As final yields in the elevated
close to thgCO, of our experiment. In common with the  pCO, plots were significantly higher than yields in the con-
present experiment, increaseArattributable to elevated  trol plots it seems unlikely that this possible night-time tem-
pCO, was lost in the final phase of flag-leaf photosynthe- perature artifact could affect our conclusions. It should also
sis. By contrast Migliettaet al. (1996) reported a 50%  be noted that the daytime increase in temperature in the ele-
increase in light-saturated for plants grown apCO, vatedpCQO, plots persisted even after adding the blowers in
60 Pa, an even larger increase than seen in our study, evethe control rings (Kimball, unpublished results). These day-
thoughpCO, and the measurement temperatures were sim-time increases in temperature may be attributed to reduc-
ilar. As all these studies were conducted with a good supplytions in canopy transpiration and in loss of latent heat
of nutrients and irrigation, differences must result from cli- (Kimball et al. 1995).
mate prehistory, subtle differences in soil or cultivar or  The enhancement of midday carbon assimilation in ele-
possibly the method @CO, elevation. While cultivar dif- vated pCO, on 16 March was also less than predicted
ferences in photosynthetic response have been reporteTable 2), suggesting potential inhibition of photosynthesis.
within a study, these appear small (Bareeal. 1995). It is This decrease occurred when tillering had ceased but before
of interest that the largest increases in leaf photosynthesisanthesis. It was therefore possible that the crop had become
for growth atpCO, 50-60 Pa come from the two FACE partially sink-limited for this brief stage in its development.
experiments. On both 16 March and 9 April, declines in photosynthesis
The decrease of about 36% in middgyf the elevated  were observed in the mid-afternoon in elevge@,; these
pCO, plants (Fig. 4) over the season corresponded within declines were below the model predicted rates of photosyn-
the same crop with significant decreases in canopy transpithesis for the PPFDI;,, C, and D measured at the time
ration (Kimballet al. 1995), rates of soil water extraction (Fig. 5 & Fig. 6). This again suggests that there may be a
(Hunsackeet al. 1996) and stem water flow (Senastial. transient partial inhibition of photosynthesis in elevated
1996) and an increase in daytime canopy surface temperapCQO,. At this time of day, accumulation of carbohydrates
ture (Kimball et al. 1995). The persistent decreasegin would be greatest. At dawn on 16 March, in leaves in both
occurred despite any significant change in stomatal num-treatments, the total non-structural carbohydrate (TNC)
bers per unit leaf area (Estiaeteal. 1994). The increase in  content was 60 mg g By 1600 h on 16 March, measured
leaf assimilation and decreasegins also consistent with  leaf photosynthesis was 22% lower than predicted for ele-
about a 33% increase in water use efficiency, as defined byvatedpCO,; this corresponded to an accumulation of TNC
the final crop mass per unit mass of water use (Kimball per unit of leaf dry mass of 266 mg*gcompared with

et al 1995; Hunsakest al. 1996). 192 mg g'in the controls, that is, a 39% difference (Nie
In contrast to all other dates, on 28 April there was no sig- et al. 1995b). This greater accumulation of TNC in elevated
nificant elevatedpCO, enhancement ofA’ (Table 3). pCO, could result from sequestration of cytosolic inorganic

However, the crop under elevagdO, showed more rapid  phosphate by sugar phosphates within the metabolic path-
phenological development. Using well defined phenologi- way leading to sucrose synthesis, or decreased activation of
cal events, the crop under elevap&@D, reached the stages Rubisco leading to a temporary inhibition of photosynthesis
of stem elongatior 1-5 d, anthesis 2-5 d and completion  (Sharkey, Socias & Loreto 1994). Although the bulk of the
of grain filling = 7 d before controls (Kimba#t al. 1995). TNC accumulated was fructans, elevgi€®, resulted in a
Thus, on 28 April the crop in elevatp@0O, was about 7 d rapid rise in starch contents in the afternoon to 28 Mg g
more advanced than the control crop, and the grains hadsersus 12 mgd in controls, indicative of a limitation on
reached 83% of their final weight compared with 64% in export of carbohydrate from the chloroplast (Nieal.

the controls. Therefore, the lower-than-expected rate of leaf1995b). After anthesis, flag-leaf TNC contents were less
assimilation (Table 3) might be attributable to earlier senes-than 20% of those before anthesis. Overall, the close agree-
cence in elevateplCO,. This is consistent with the observa- ment between predicted and observed increases in leaf pho-
tion of marked decreases in steady-state mRNA transcripttosynthesis suggest that elevatp@O, rarely induced
levels and proteins of the photosynthetic membrane in thedecreases in photosynthesis.

leaves grown in elevatqaCO, relative to controls at this In attempting to predict the future production of wheat,
stage (Nieet al. 1995a,b). Average night-time temperatures with an increase in global atmospheric @ncentration
were slightly higher# 0-5 °C) in the elevateplCO, plots. to 55 Pa, Rosenzweig & Parry (1994) assumed a 17%
Subsequent analysis in 1995-97, in which blowers wereincrease in light-saturated photosynthesis compared with
added to the control rings, suggests that this night-timethe 28% increase observed in the present study for about
temperature increase may be in part an artifact gf@@ the same increase pCO,. This first open-field study of
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the photosynthesis of wheat undep@O, elevated to Evans J.R. & Farquhar G.D. (1991) Modeling canopy photosynthe-
55 umol molt suggests a much greater increase when the SIS from the b_|ochem|str_y of3CthoropIast. InModeling Crop
changes in photosynthesis are assessed in the absence off Notosynthesis—from Biochemistry to Can(gms K. J. Boote

; . - . & R. S. Loomis), pp. 1-16. Crop Science Society of America,
possible artifacts imposed by controlled environments or Madison. Wi

by field enclosures. The average climate of southern parquhar G.D., von Caemmerer S. & Berry J.A. (1980) A biochem-
Arizona is much warmer than that of the major belts of ical model of photosynthetic GGassimilation in leaves of .C
wheat production in North America, Western Europe and  speciesPlanta149, 78-90.

the former Soviet Union. However, the earlier sowing Habash D.Z., Paul M.J., Parry M.A.J., Keys A.J. & Lawlor D.W.
results in exposure of the crop to a similar range of temper- (2995) Increased capacity for photosynthesis in wheat grown at

; elevated C@—the relationship between electron-transport and
ﬁgj\jssg%réir):a?;c\)lr;:]lgges. Thus, the increases observed here carbon metabolisnPlanta197, 482489,

Harley P.C. & Tenhunen J.D. (1991) Modeling the photosynthetic
response of gleaves to environmental factors. Modeling
Photosynthesis—from Biochemistry to Can(grs K. J. Boote
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