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ABSTRACT

Accurately predicting plant function and global bio-
geochemical cycles later in this century will be complicated
if stomatal conductance (g,) acclimates to growth at ele-
vated [CO,], in the sense of a long-term alteration of the
response of g; to [ CO,], humidity (4) and/or photosynthetic
rate (A). If so, photosynthetic and stomatal models will
require parameterization at each growth [CO,] of interest.
Photosynthetic acclimation to long-term growth at elevated
[CO;] occurs frequently. Acclimation of g, has rarely been
examined, even though stomatal density commonly
changes with growth [CO,]. Soybean was grown under field
conditions at ambient [CO,] (378 umol mol™) and elevated
[CO,] (552 umol mol™) using free-air [CO,] enrichment
(FACE). This study tested for stomatal acclimation by
parameterizing and validating the widely used Ball ef al.
model (1987, Progress in Photosynthesis Research, vol 1V,
221-224) with measurements of leaf gas exchange. The
dependence of g, on A, h and [CO,] at the leaf surface was
unaltered by long-term growth at elevated [ CO.]. This sug-
gests that the commonly observed decrease in g; under
elevated [CO,] is due entirely to the direct instantaneous
effect of [CO;] on g and that there is no longer-term accli-
mation of g, independent of photosynthetic acclimation.
The model accurately predicted g, for soybean growing
under ambient and elevated [CO,] in the field. Model
parameters under ambient and elevated [CO,] were indis-
tinguishable, demonstrating that stomatal function under
ambient and elevated [ CO,] could be modelled without the
need for parameterization at each growth [CO,].

Key-words: Glycine max; climate change; FACE; model;
photosynthesis.

INTRODUCTION

Across C; and C, species, long-term growth at concentra-
tions of atmospheric CO, ([CO,]) anticipated for later this
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century leads consistently to lower stomatal conductance to
water vapour (g reviewed in Long et al. 2004). This can in
turn reduce plant water use, improve water use efficiency
and enhance carbon (C) gain during drought stress (Field,
Jackson & Mooney 1995; Kimball ez al. 1999; Owensby et al.
1999; Leakey et al. 2004; Leakey et al. 2006).

The Ball, Woodrow & Berry (1987) model predicts leaf
gs on the basis of a linear, empirical relationship:

gS:g0+m[COZ] 1)

where A is the net rate of photosynthetic CO, assimilation;
h is the fractional atmospheric relative humidity; [CO,] is
the atmospheric [CO,] at the leaf surface; g is the y-axis
intercept, and m is the slope of the line. The Ball efal.
(1987) model, solved simultaneously with the Farquhar,
von Caemmerer & Berry (1980) steady-state model of leaf
photosynthesis, provides a parsimonious and effective
means of predicting intact leaf photosynthesis and transpi-
ration (Leuning 1990; Collatz et al. 1991; Harley & Ten-
hunen 1991). The combination of these two models and
their derivatives are at the core of a number of contempo-
rary models of terrestrial biosphere C and water cycling
(e.g. Foley et al. 1996; Sellers et al. 1996; Bounoua et al.
1999). Critical to their use for predicting the responses of
vegetation to rising [CO,] is the issue of whether there is
physiological acclimation during growth under elevated
[CO,], in the sense that g, or m of Eqn 1 are altered. This
would occur if sensitivity of g to [CO,], 4 and/or A changed
with growth at elevated [CO,]. In the case of photosyn-
thetic acclimation, g, would decrease alongside A at a given
[CO,] and & (Eqn 1). However, without independent sto-
matal acclimation to [CO,], there would be no change in g
and m, and thus no change in the sensitivity of g, to [CO,],
h and/or A. Acclimation of the key parameters of the Far-
quhar et al. (1980) photosynthesis model (maximum appar-
ent carboxylation capacity, V.., and maximum apparent
electron transport rate, J,,) under elevated [CO,] is
well documented (reviewed: Wullschleger 1993; Drake,
Gonzalez-Meler & Long 1997; Ainsworth & Long 2005).
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However, relatively little is known of whether there is accli-
mation of the parameters of the Ball ef al. (1987) g, model
under elevated [CO,], even though acclimation of stomatal
frequency has been widely reported (reviewed in Wood-
ward & Kelly 1995).

Parameters of the Ball eral. (1987) model were com-
pared for six tree species at four field sites after exposure
to ambient or elevated [CO,] in chambers and branch bags,
in the most complete study to date (Medlyn et al. 2001). In
seven out of eight species/site combinations, there was no
change in g, or m with growth [CO,]. Only in Phillyrea
angustifolia at a water-stressed site in Italy was m different
between ambient and elevated [CO,]. This suggests that
stomatal acclimation to growth [CO,] may be unusual in
trees. Reports of crop responses are less consistent. There
was no difference in g, and m of Lolium perenne (rye
grass) grown at 350 and 600 umol mol™ CO, in a pseudo-
replicated free-air [CO,] enrichment (FACE) study (Nijs
etal. 1997). There was a marginally significant, lower m
(=7%) in Gossypium hirsutum (cotton) grown at 650 ver-
sus 350 umol mol™ CO; in controlled environmental cabi-
nets (Harley et al. 1992). In contrast, a large decrease in m
at elevated [CO,] (49%) was reported for Glycine max
(soybean), which responded more strongly than Solanum
tuberosum (potato), Phaseolus vulgaris (bean) or Sor-
ghum bicolor (sorghum) when grown at 350 and
700 umol mol™ CO, in open-top chambers (Bunce 2004).
Possibly, herbaceous crops, which typically have high g; and
shorter lived leaves, are more likely to undergo stomatal
acclimation at elevated [CO,] than trees. In addition, the
extent and nature of stomatal acclimation may differ
between chamber and FACE studies, as photosynthetic
acclimation does (reviewed in Ainsworth & Long 2005).
FACE experiments treat plants with elevated [CO,] with-
out altering the plant-soil-atmosphere continuum, provid-
ing the most realistic simulation of future [CO,] without
disturbing the potential feedbacks among stomatal func-
tion, canopy micrometeorology and root—shoot signalling.

This study tested the hypothesis that soybean growth at
elevated [CO,] under field conditions does not result in
acclimation of g; (i.e. there is no change in the response of
gs to [CO,], h and A). This was tested by parameterizing
and validating the model of g, (Ball eral. 1987) in the
youngest fully expanded leaves of soybean growing under
ambient and FACE treatments of elevated [CO,] in central
Illinois. Soybean may be particularly appropriate for this
test because a previous study reports a very strong accli-
mation response when it is grown at elevated [CO,] in a
controlled environment (Bunce 2004). Previous studies at
this FACE facility [i.e. Soybean Free Air Concentration
Enrichment (SoyFACE)] demonstrated that growth at ele-
vated [CO,] resulted in photosynthetic acclimation [i.e. a
statistically significant lower Vi pn.x and Vi p./max (Bernac-
chi et al. 2005)]. Soybean is inbred, and the agricultural
management of the site provides relatively uniform growth
conditions. This genetic and environmental uniformity
increases the power to detect subtle [CO,] treatment
effects. While providing a model field system for testing
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general hypotheses, it is also a key regional ecosystem. The
US Corn Belt accounted for 36% of global soybean pro-
duction in 2003/2004 (USDA 2005). The soybean—corn
agroecosystem is also arguably the largest single ecosys-
tem type in the USA, covering 61.8 million hectares of the
contiguous states in 2003 (USDA 2004). Therefore, this
was a unique opportunity to investigate stomatal acclima-
tion with a high degree of sensitivity, under fully open-air
conditions with direct relevance to future agricultural per-
formance and surface-atmosphere exchange of a major
portion of the US land surface. There was no evidence for
stomatal acclimation in terms of altered sensitivity of g to
A, h and [CO,] in soybean grown at elevated [CO,]. The
Ball et al. (1987) model accurately predicted g, for soybean
growing in the field, regardless of the [CO,] at which
plants were grown. This demonstrated that in this system,
at least, stomatal function under ambient and elevated
[CO;] can be modelled without the need for growth [CO,]-
specific parameterization.

MATERIALS AND METHODS
Field site and cultivation

This experiment was conducted at the SoyFACE facility in
Champaign, IL, USA (40°02'N, 88°14'W, 228 m above seca
level; http://www.soyface.uiuc.edu). Situated on 32 ha of
Illinois farmland, soybean [Glycine max (L.) Merr. cv.
93B15 (Pioneer Hi-Bred International, Des Moines, 1A,
USA)] and maize [Zea mays cv. 34B43 (Pioneer Hi-Bred
International)] were planted over 16 ha each and rotated
annually. The soil is typical of northern and central Illinois,
being organically rich, deep and highly productive. The site
is tile drained and has been in cultivation for over 100 years.
For a detailed description of the site, see Leakey et al.
(2004) and Rogers et al. (2004). The experiment was con-
ducted as a randomized complete block design. A portion
of the field was divided into four blocks. Within each block,
one plot was maintained at current ambient [CO,], and
another plot was fumigated to a target [CO,] of
550 umol mol™, which is the [CO,] that the Intergovern-
mental Panel on Climate Change projects for the year 2050
(Prentice et al. 2001). Details of the FACE technology used
at SoyFACE have been described previously (Miglietta
et al. 2001; Leakey et al. 2004). On average across the sea-
son, [CO,] was 378 in the ambient and 552 yumol mol™ in
the elevated [CO,] treatments. The [CO,] in the elevated
[CO,] plots was within 10% of the target concentration for
84% of the time, on the basis of 1 min averages.

Soybean was planted on 27 May 2003 with row spacing
of 0.38 m (15 in.). Cultural practices used were standard for
the region, with no fertilizer added to the soybean crop and
following annual rotation with corn. For a detailed descrip-
tion of agronomic practices, see Morgan et al. 2005). A hail-
storm on 17 July caused a uniform ~ 50% defoliation of the
crop, but rapid and vigorous regrowth produced a final
yield close to the annual average for the region (Morgan
et al. 2005).
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Model parameterization

Laboratory-based gas exchange measurements to parame-
terize the Ball ez al. (1987) model of g, were made on nine
dates between 15 August and 12 September. At pre-dawn
on each date, an uppermost fully expanded leaf was
selected at random from one field plot of each treatment.
The petioles were cut, recut underwater and kept in water
for the duration of the measurements. Leaves collected in
this manner achieve light-saturated rates of photosynthesis
(Ainsworth et al. 2004; Morgan et al. 2004) that equal or
exceed rates observed in the field (Rogers et al. 2004). Leaf
gas exchange was measured using two open-path gas
exchange systems incorporating infrared CO, and water
vapour analysers and a 2 cm? leaf chamber (LI-6400; Li-
Cor, Lincoln, NE, USA). The two systems were calibrated
against a standard known concentration of CO, in air
(21.4% O,/balance N,; CO, 503 umol mol™; ST Smith Weld-
ing Supply, Decatur, IL, USA) and known % from a preci-
sion water vapour generator (LI-610, Li-Cor). Leaf A and
gs were calculated according to von Caemmerer & Farqu-
har 1981). All measurements were performed at a common
leaf temperature of 25 + 1 °C. Photosynthesis was initiated
with an incident photosynthetic photon flux density
(PPFD) of 1500 umol m™s™, [CO,] of 370 umol mol™ and
atmospheric saturation vapour pressure deficit (D) of
<1kPa. Once photosynthesis had attained steady-state
rates, the effects of varying [CO,|, PPFD and D were tested
in three consecutive phases (Fig. 1a), across ranges repre-
sentative of growing conditions for G. max at SoyFACE
(Rogers et al. 2004). Firstly, the [CO,] of air entering the
chamber was varied stepwise (370, 150, 250, 350, 450, 650,
850, 1200, 1500 umol mol™) as PPFD was held constant at
1500 umol m™ s™. Changes in leaf transpiration with [CO,]
caused variation in D, but this was minimized (D < 1 kPa)
by manually adjusting the flow of air through a desiccant
column to control the water vapour pressure of air entering
the chamber. Secondly, PPFD incident on the leaf was var-
ied stepwise (1500, 1000, 700, 400, 200, 100, 75, 50 umol
m~s™) as [CO,] of air entering the chamber was held con-
stant at growth [CO,] (370 or 550 umol mol ™). Again, vari-
ation in D with transpiration was minimized by manual
adjustments. Thirdly, vapour pressure was varied stepwise
in six increments from ~ 0.5-1.0 kPa to 2.5-3.5 kPa while
PPFD was held constant at 1500 umol m™s™, and [CO,] of
air entering the chamber was maintained at growth [CO,]
(370 or 550 umol mol™). The shift from wetter to drier air
was characterized in D because the deficit in vapour pres-
sure from the intercellular leaf space to the atmosphere is
a direct determinant of transpiration. In turn, changes in
the rate of transpiration impact g, (Mott & Parkhurst 1991).
However, the Ball er al. (1987) model does not deal with
this response mechanistically. Therefore, for the purposes
of model parameterization, the progressive increase in D
imposed on the leaf related to a progressive decrease in A.
Throughout the measurements, gas exchange was allowed
to reach steady state before the results were recorded and
the next stepwise change initiated. The intercept (g,) &
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Figure 1. Representative course of (a) incident photosynthetic
photon flux density (PPFD), atmospheric [CO,] and atmospheric
saturation vapour pressure deficit (D) in the leaf chamber during
gas exchange measurements of (b) steady-state net photosynthetic
CO, assimilation (A) and stomatal conductance (g;) in the
uppermost fully expanded leaves of field-grown Glycine max at
SoyFACE in 2003. Leaves were harvested pre-dawn, recut
underwater and measured in the laboratory. The response of gas
exchange to variation in [CO,], PPFD and D was tested
consecutively while minimizing variation in the other variables.
Steady-state gas exchange was attained after each stepwise change
in conditions. Varying [CO,] and PPFD altered leaf transpiration
and caused variation in D, which was minimized by manually
adjusting the water vapour pressure of air entering the chamber.

slope (m) of the Ball et al. (1987) model were determined
by linear least squares regression. Parameterization was
performed with gas exchange data from each individual leaf
measured. Two leaves were measured from each of four
ambient [CO,] plots and four elevated [CO,] plots. The
effect of growth [CO,] on the intercept and slope of the Ball
et al. (1987) model was tested with the plot averages (n = 4),
using a mixed model analysis of variance in the MIXED
procedure of SAS (SAS Institute, Cary, NC, USA). Growth
[CO,] was treated as a fixed effect, while block was a ran-
dom effect. Because of the low true replicate size and to
avoid Type II errors, a probability level of P =0.1 was set
as the threshold for significance.

Model validation with in situ gas exchange and
micrometeorological data

Air temperature, # and PPFD were measured, at a height
of 3 m, at a central location at SOoyFACE (details in Leakey
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et al.2004). Data were averaged and logged at 10 min inter-
vals throughout the growing season.

The diurnal course of g and photosynthesis of the
uppermost, fully expanded leaves of G. max in each plot at
SoyFACE was measured in situ on four dates during the
2003 growing season: 23 June (day of year or DOY 176),
16 July (197), 6 August (218) and 26 August (238). The
measurements were performed every ~ 2 h from sunrise to
sunset with four open-path gas exchange systems (LI-6400,
Li-Cor), which had been calibrated from a single standard
source as previously described. At each time point during
the day, each gas exchange system measured the pair of
plots within a single block. Gas exchange systems were
rotated among blocks between sampling periods — each of
approximately 60 min. Measurements on all individuals
were made at growth [CO,]. Immediately before each
sampling time point during the day, PPFD and air temper-
ature above the canopy was measured. These conditions
were then replicated in the leaf chamber, throughout that
sampling period. Atmospheric water vapour pressure
entering the chamber was not controlled and therefore
tracked ambient conditions (as in Leakey et al. 2004). The
four dates of measurements were selected to correspond
to the four discrete developmental stages of: completion of
fifth leaf expansion, beginning bloom, full bloom and
beginning seed set (as defined in Ritchie ef al. 1993) and to
reflect a range of meteorological conditions. On each date,
the diurnal course of g, was predicted using the intercept
and slope constants of the Ball eral. (1987) model that
were generated from the laboratory measurements. The
model input variables were measured A, [CO,] in the leaf
chamber and /4 from the SoyFACE weather station. For
comparison, the values of g, predicted by the model, were
regressed against measured values. Data collected from
09:00 to 13:00 PM on DOY 197 and at 9 AM on DOY 218,
and 238 were excluded from the analysis. At those times,
during in situ measurements of g, PPFD in the cuvette of
the gas exchange system was lower than in the field. This
reduced the observed A, which would have caused a sys-
tematic underestimation of g, as calculated by the Ball
et al. (1987) model.

RESULTS

In the controlled environment parameterization, system-
atic variation of [CO,], PPFD and D in the leaf chamber
during gas exchange measurements (Fig. 1a) resulted in a
wide but predictable range of values for g, and A (Fig. 1b).
Variation in g was linearly related to an index comprising
A, h and [CO,], as described by the Ball et al. (1987) model
of g (Fig.2). The g, (Eqn 1) of this relationship was not
significantly different from 0 under ambient [CO,] (P =
0.86) or elevated [CO,] (P =0.48). The relationship is there-
fore reported as a straight line passing through the origin.
There was no significant difference (P = 0.57) between m
(Eqn 1) of the linear regression for plants grown under
ambient [CO,] (10.6 £ 0.3) and elevated [CO,] (10.9 £0.5).
Because standard errors were fairly small (c. 4% of m), the
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Figure 2. Relationship of measured stomatal conductance (g;)
with the product of net photosynthetic CO, assimilation (A,
umol m~ s™') and fractional relative humidity (A, unitless) divided
by the atmospheric [CO,] (umol mol™) for uppermost fully
expanded leaves of Glycine max grown under ambient

(378 umol mol™) and elevated [CO,] (552 umol mol™) at
SoyFACE in 2003. Individual points represent gas exchange
measurements of a single leaf. Only data for which

[CO,] > 150 umol mol™ were used. Regression lines for ambient
and elevated [CO,]-grown plants represent the treatment means
(n=4) of linear functions fitted to data from individual leaves.
Ambient [CO,]: g,=10.6(Ah/[CO,]) + 0.008; elevated [CO,]:

g =10.9(AK/[CO,]) + 0.007.

lack of significance is unlikely to be the result of a Type II
error, in which high variability relative to sample size could
obscure an underlying treatment effect. A power test indi-
cated that, with this data set, 10 and 15% differences in g
between treatments had 70 and 95% probabilities of being
detected, respectively, even with the Type I error rate of
P =0.10. In other words, there was no evidence of stomatal
acclimation in G.max to long-term growth at elevated
[CO,], and the probability of supporting the null hypothesis
was high.

To ensure that measurements of excised leaves in the
laboratory were relevant to crop performance in the field,
the model parameterization previously described was vali-
dated against in situ gas exchange measurements of g; over
the diurnal period, during the 2003 growing season. Mea-
sured and modelled g, over the growing season agreed
closely (Fig.3) and were highly correlated (r*=0.92,
measured = 0.96 modelled +0.01) with the slope and inter-
cept statistically indistinguishable from 1 and 0, respec-
tively (slope P =0.92, intercept P =0.26). In addition, the
model successfully predicted the presence or absence of a
CO, effect on g; in the field (Fig. 4). For example, the course
of g, during the day in soybean grown at ambient and
elevated [CO,] is presented in Fig. 4 for two of the 4 d on
which field measurements were conducted. The model cor-
rectly predicted that there was a significant CO, effect on
gs on day of year 218, but not on day of year 238. This
coincided with an average stimulation of A under elevated
[CO,] that was low on day of year 218 (+12%) but high on
day of year 238 (+44%).
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Figure 3. Relationship between stomatal conductance (g;)
measured over the diurnal period in situ (measured g) and g
predicted by the model parameterized from laboratory gas
exchange measurements (modelled g,) for Glycine max grown
under ambient (378 umol mol™) and elevated [CO,]

(552 umol mol™) at SoyFACE in 2003.

DISCUSSION

Consistent with our prediction, there was no evidence of
altered stomatal sensitivity to systematic variation of A,
[CO,] and/or A in soybean grown under FACE treatments
of ambient and elevated [CO,]. This represents a compre-
hensive test for stomatal acclimation to elevated [CO,] in
a major crop grown under fully open-air conditions, in the
primary region of its production. This is despite the fact that
there was a statistically significant acclimation of photosyn-
thesis in the same crop, characterized by decreased V. ay,
and Vv Jmax (Bernacchi et al. 2005). This acclimation is an
optimization of photosynthesis to elevated [CO,] in that (1)
the decrease in Vi, would result in lower rates of A if
plants grown at ambient and elevated [CO,| were measured
at a common [CO,| below the inflexion point of the A/c;
curve but (2) there was little or no difference in A when
the common measurement [CO,] was above the inflexion
point of the A/c; curve. In this study, the Ball ez al. (1987)
model was parameterized with gas exchange measurements
performed at [CO,] both above and below the inflexion
point of the A/c; curve. The sensitivity of g; to # and A was
consistent across this variation in [CO,], as well as between
growth [CO,] treatments. These results suggest that the well-
characterized decrease in g of crops under elevated [CO,]
(Bryant, Taylor & Frehner 1998; Bunce 2004; Rogers et al.
2004) may be due entirely to the direct instantaneous effect
of decreased conductance in response to elevated [CO,].
However, this experiment does not test for changes in sto-
matal number or density, nor does it rule out the possibility
of interdependent changes in stomatal and photosynthetic
physiology that, combined, could have no net affect on the

sensitivity of g, to A, h and [CO,]. This expands upon the
finding that ¢/[CO,] remains remarkably constant with
growth [CO,] in FACE experiments when averaged across
crop and tree studies (reviewed in Drake et al. 1997; Long
et al. 2004; Ainsworth & Long 2005). Specifically, it adds
evidence that the response of g; to substantial, systematic
variation in [CO,], & and A does not change between the
current [CO,] and that projected for 2050. The result is
consistent with the general absence of stomatal acclimation
under elevated [CO,] found in a survey of tree responses
(Medlyn et al. 2001). However, it does contradict a chamber
study of soybean in which m was reported to be lower by
a remarkable —49% under elevated [CO,] (Bunce 2004).
This striking difference between a chamber and FACE study
perhaps underlines the importance of validating chamber
studies with tests under fully open-air conditions (reviewed
in Long et al. 2005). Growth at elevated [CO,] also resulted
in lower m (=7%) in cotton, but the effect in this case was
only marginally significant (P = 0.064; Harley ez al. 1992).
There is evidence for and against acclimation in the two
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Figure 4. Diurnal course of stomatal conductance (g;) measured
in situ at SOoyFACE (point values) and predicted by the model
parameterized from laboratory gas exchange measurements (line
values), on days of year 218 and 238 for Glycine max grown under
ambient (378 umol mol™) and elevated [CO,] (552 umol mol™) at
SoyFACE in 2003. Measured data are mean values for four
replicate plots = 1 SE. Modelled data are means of values modelled
independently for each of the four plots per treatment. IRGA,
infrared gas analyzer.

© 2006 The Authors

Journal compilation © 2006 Blackwell Publishing Ltd, Plant, Cell and Environment, 29, 1794-1800



parameters, g, and m, of the Ball eral. (1987) model in
response to varying growth conditions, mainly soil moisture
(Harley & Tenhunen 1991; Valentini, Gamon & Field 1995;
Sala & Tenhunen 1996; Colello et al. 1998; Medlyn et al.
2001; Xu & Baldocchi 2003). Some studies in chambers have
reported stomatal acclimation as differences in g, of plants
from two growth [CO,] treatments, measured at a common
[CO,] (e.g. Bunce 2001; Lodge et al. 2001). However, it
follows from the Ball et al. (1987) model (Eqn 1) that if
there is lower A as a result of photosynthetic acclimation,
gs will also be decreased. But this is not evidence of stomatal
acclimation as defined in this study or by Santricek & Sage
(1996). A more appropriate test is to compare the response
of g, to the A, [CO,] and 4 at different growth [CO,]. At
SoyFACE, there was good agreement between g measured
under field conditions and that which was estimated with
the Ball et al. (1987) model, regardless of whether the plants
had been grown at current or elevated [CO,].

The magnitude of the CO, effect on g, varied considerably
between day of year 218 and 238 (Fig. 4). This corresponded
with changes in the degree to which A was stimulated by
elevated [CO,]. It is difficult to determine whether another,
unknown factor affected g, and then photosynthesis in a
treatment-specific manner, or vice versa. Drying soils stim-
ulate abscisic acid signalling from the root to shoot which
induces stomatal closure (Davies, Tardieu & Trejo 1994).
Elevated [CO,] reduces soil water depletion between rain-
fall events by soybean at SoyFACE (Leakey, unpublished
results). In the 2 weeks before day of year 218, there was
31 mm rain, compared with 8 mm in the 2 weeks before day
of year 238. Because g is consistently lower in elevated
[CO,] and leaf area is only marginally higher (Rogers et al.
2004; Dermody, Long & DeLucia 2006), it is likely that
evapotranspiration is lower. As a result, it can be speculated
that soil moisture would have been less depleted during this
dry period under elevated [CO,], potentially minimizing a
drought-induced decrease in g;. This would be consistent
with the smaller effect of growth at elevated [CO,] on g,
alongside greater stimulation of photosynthesis by elevated
[CO,], on day 238 versus day 218.

The results of this study complement the previous vali-
dation of the Ball et al. (1987) model in predictions of can-
opy C and water fluxes from crops and forests under
ambient [CO,] (Baldocchi & Meyers 1998). Together they
provide unique validation for the use of the model to esti-
mate C and water fluxes in soybean under future CO,-rich
atmospheres. This study was conducted under fully open-
air conditions and suggests that, at least for soybean in the
field, growth at elevated [CO,] does not require a reparam-
eterization of the model. This makes the combined use of
the Farquhar et al. (1980) and the Ball et al. (1987) models
a more viable option for predicting plant, ecosystem and
landscape responses to rising [CO,].
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