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Abstract

Plants may be more sensitive to carbon dioxide (CO,) enrichment at subambient concen-
trations than at superambient concentrations, but field tests are lacking. We measured
soil-water content and determined xylem pressure potentials and 3'>C values of leaves of
abundant species in a C3/C4 grassland exposed during 1997-1999 to a continuous gradi-
ent in atmospheric CO, spanning subambient through superambient concentrations
(200-560 pomol mol™Y). We predicted that CO, enrichment would lessen soil-water deple-
tion and increase xylem potentials more over subambient concentrations than over
superambient concentrations. Because water-use efficiency of C3 species (net assimila-
tion/leaf conductance; A/g) typically increases as soils dry, we hypothesized that im-
provements in plant-water relations at higher CO, would lessen positive effects of CO,
enrichment on A/g. Depletion of soil water to 1.35m depth was greater at low CO,
concentrations than at higher CO, concentrations during a mid-season drought in 1998
and during late-season droughts in 1997 and 1999. During droughts each year, mid-day
xylem potentials of the dominant C4 perennial grass (Bothriochloa ischaemum (L.) Keng)
and the dominant C3 perennial forb (Solanum dimidiatum Raf.) became less negative as
CO; increased from subambient to superambient concentrations. Leaf A/g—derived from
leaf 3'°C values—was insensitive to feedbacks from CO, effects on soil water and plant
water. Among most C3 species sampled—including annual grasses, perennial grasses
and perennial forbs—A/g increased linearly with CO, across subambient concentrations.
Leaf and air 8"C values were too unstable at superambient CO, concentrations to
reliably determine A/g. Significant changes in soil- and plant-water relations over sub-
ambient to superambient concentrations and in leaf A/g over subambient concentrations
generally were not greater over low CO, than over higher CO,. The continuous response
of these variables to CO, suggests that atmospheric change has already improved water
relations of grassland species and that periodically water-limited grasslands will remain
sensitive to CO, enrichment.
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Introduction

Improvements in plant-water relations are among the
most influential effects of atmospheric carbon dioxide
(CO,) enrichment on water-limited ecosystems, includ-
ing many grasslands (Jackson et al., 1994; Field et al., 1997;
Owensby et al., 1997, 1999; Morgan et al., 2001). Much of
the CO, benefit to water-limited plants derives from a

Correspondence: Wayne Polley, fax +254 770 6561,
e-mail: polley@brc.tamus.edu.

1118

decrease in stomatal conductance (Field et al., 1995; but
see Pataki ef al., 2000)—a reduction that may be greater
over subambient concentrations characteristic of the past
420000 years (Petit et al., 1999) than over superambient
concentrations predicted for the future (Morison, 1987;
Anderson et al., 2001; Maherali et al., 2002). Unless offset
by greater leaf area or by atmospheric or other feedbacks
(Field et al., 1995; Polley et al., 1997), lower conductance
reduces transpiration rates, improves plant-water rela-
tions, increases plant water-use efficiency (Jackson et al.,
1994; Hamerlynck et al., 1997, Owensby et al., 1997;
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Schapendonk et al., 1997) and may slow rates of soil-water
depletion during drought (Fredeen et al., 1997; Owensby
etal.,1997; Niklaus et al., 1998; Morgan et al., 2001).

In ecosystems that are at least periodically water-
limited, CO,-mediated changes in soil-water dynamics
have been found to alter or even reverse physiological
trends measured when water is plentiful. Knapp et al.
(1996), for example, found that CO, enrichment consist-
ently reduced stomatal conductance in tallgrass prairie
when soils were wet. During drought, however, conduct-
ance actually was higher at elevated CO, than at ambient
CO, for some species because soil-water content also was
higher at elevated CO,.

Shifts in water dynamics may similarly influence CO,
effects on photosynthetic water-use efficiency (ratio of
net assimilation rate to transpiration, A/E=1/Aw*A/g,
where Aw is the mole fraction water vapour gradient
from leaves to bulk air and g is the stomatal conductance
to water vapour) and the closely related intrinsic water-
use efficiency (ratio of net assimilation rate to stomatal
conductance, A/g). Leaf A/g is positively related to the
external CO, concentration (c,) and negatively related to
the ratio of leaf intercellular CO, concentration (c;) to
external CO, concentration (Polley et al., 1996) as:

A/g=ci(1—cifca)/1.6 (1)

The A/g usually increases linearly and approximately
proportionally with CO, in plants grown over both sub-
ambient (Polley et al., 1993) and superambient concen-
trations (Jackson et al., 1994), because the value of ¢;/c, is
conserved in most species when water is plentiful (Sage,
1994; but see, Tissue ef al., 1995). Both ¢;/c, and A/g are
sensitive to soil and atmospheric drought, however. Leaf
ci/ ¢, usually declines and A/g increases when evapora-
tive demand is high or soil water becomes limiting
(Meinzer et al., 1990; Condon et al., 1992). By delaying
soil-water depletion during drought, CO, enrichment
may slow any decline in c¢;/c, and thereby limit
drought-induced increases in leaf A/g.

Water dynamics have been studied in intact ecosys-
tems only over ambient to superambient CO, concentra-
tions. Consequently, little is known of how ecosystems
responded as CO, concentration increased during the
historical and prehistorical past. We measured soil-
water content and determined xylem pressure potentials
of leaves of abundant species in a C3/C4 grassland ex-
posed for 1-3 years to a 200-560 pmol mol ' gradient in
CO, concentration. We sought to test the prediction that
CO, enrichment would lessen soil-water depletion and
increase xylem potentials more over subambient con-
centrations than over superambient concentrations. We
derived a temporally integrated measure of A/g for
dominant C3 species exposed to subambient CO,
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concentrations by using c;/c, calculated from the differ-
ence between the stable carbon (C) isotope compositions
(813C) of leaves of C3 plants (0,,) and the CO, present in
air (J,) in which leaves were grown (A) (Farquhar et al.,
1982), where:

A= (6—6p)/(1+6)=a+(b—a)i/c (2)

and a and b are constants that describe isotopic fraction-
ation resulting from the diffusion of CO, in air (4.4%o)
and during carboxylation (27%o.). We hypothesized that
COy-mediated improvements in soil- and plant-water
status would lessen CO, effects on A/g. Temperature
and evaporative demand increase and soil-water avail-
ability typically declines from spring to summer in this
system—changes that are associated in other systems
with a seasonal decline in A and ¢;/c, and with an in-
crease in A/g in C3 species (Smedley et al., 1991). We
hypothesized, therefore, that A would decline from
spring to summer in the grassland studied and that this
decrease in A and the associated increase in A/g would
be greater over low CO, concentrations than over CO,
concentrations approaching the current level because of a
greater seasonal decline in soil-water content and xylem
potentials at subambient CO, concentrations.

Materials and methods

Carbon dioxide chambers/research site

We studied the effects of atmospheric CO, enrichment on
a C3/C4 grassland in central Texas, USA (31°05-N,
97°20-W) with elongated field chambers that control
CO, along continuous gradients from subambient to
superambient concentrations (Johnson et al., 2000). The
CO, facility consists of two transparent, tunnel-shaped
chambers—each with 10 consecutive compartments that
are 1m wide and tall and 5m long. Pure CO, is injected
into one chamber during daylight in order to initiate
a superambient CO, gradient (560-350 pmol mol ™). Am-
bient air is introduced to the second chamber in order to
initiate a subambient CO, gradient (365-200 pmol mol ).
Nighttime CO, concentrations are regulated at about
150 pmol mol ! above daytime values along each cham-
ber. Desired CO, concentration gradients are main-
tained by automatically varying the direction (daylight,
night) and rate of airflow through chambers in response
to changes in photosynthetic (daylight) or respiration
rates (night). Increases in air temperature and water
vapour that occur along chambers during daylight are
suppressed by cooling and dehumidifying air at 5m
intervals, with the aim of regulating mean air temp-
erature and vapour pressure deficit (vpd) in each com-
partment near ambient values. Soil beneath the chambers
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is separated from surrounding soil to a depth of 0.9m
with a rubber-coated fabric.

A continuous gradient in CO, from 560 to 200 umol
mol ! was maintained on this grassland dominated by
the C4 perennial grass Bothriochloa ischaemum (L.) Keng
and the C3 perennial forbs Solanum dimidiatum Raf. and
Ratibida columnaris (Sims) D. Don during growing
seasons (March-November) of 1997-2000. Johnson et al.
(2000) described, in detail, the regulation of CO, concen-
tration and environmental parameters along chambers.
Consistent CO, concentrations were maintained along
chambers despite seasonal and annual variations in
plant and environmental variables. During the 1998
growing season, for example, the standard error of day-
time CO, concentration at each location sampled along
chambers (calculated daily) varied from a mean of 0.9-2.7
at the air entrance of chambers to 2.1-4.8 pmol mol ! at
the air exit of chambers. Air temperatures were similar in
subambient and in superambient chambers, but gener-
ally were 2—4°C cooler than outside during the warmest
period of the year (May-September). The vpd during
daylight was lower, on average, in chambers than in
surrounding grassland and, during 1998, was lower in
the superambient chamber than in the subambient cham-
ber only during the summer months of June-August
(mean=1.42 and 2.02kPa, respectively). During the
other months, vpd was not related to CO, concentration
(not shown).

The annual precipitation at the research site averages
877mm (87years record). Rainfall was considerably
lower than the average during substantial periods of
each of the three years of this study. Droughts occurred
late in the 1997 and 1999 growing seasons and during
mid-season in 1998. Precipitation during the 3 months
period of August—October 1997, for example, was 47%
of the 87years average for this period (224 mm).
Precipitation during the 6months period (March
—August) of the 1998 growing season was 45% of the
long-term mean for these months (448 mm). Most of
1999 was much drier than the average. Drought was
particularly severe late in the 1999 growing season
(August-November) when rainfall was only 26% of the
average.

Measurement and control of soil water

Volumetric soil-water content to 1.35m depth was meas-
ured weekly in the centre of each 5m compartment
of chambers with a neutron probe. In June of 1998,
measurements of soil-water content were initiated in
Bothriochloa-dominated grassland located 20m to the
west of CO, chambers. Soil-water content to 1.35m
depth was evaluated every 10m along a 1-m-wide and
50-m-long transect that served as an unchambered

control for the CO, experiment. Neutron attenuation
was measured at 0.15-m-depth increments.

We also measured soil-water content in chamber com-
partments during 1996 prior to the imposition of CO,
treatments. Water content to 1.35m depth was deter-
mined at approximately 2weeks intervals beginning in
mid-July of 1996. Mean water content to 1.35m depth
increased from 29cm in mid-July to 47.8cm in late-
December of 1996, but on no date in 1996 was soil water
related to subsequent CO, treatment (P =0.16-0.89).

Irrigation in the amount of rainfall was applied to the
chambered grassland on the day following precipitation
through July 1999. To better approximate the effects of
rainfall on soil-water conditions in surrounding grass-
land, the irrigation regime was altered in August 1999.
Subsequently, the amount of water applied to the entire
system was determined weekly by subtracting the water
content of soil in the chamber compartment maintained
at 360 pmol mol ! from the soil-water content of the sur-
rounding grassland.

Xylem pressure potentials

During fall 1997 and throughout most of the 1998 and
1999 growing seasons, we measured xylem pressure po-
tentials on the leaves (or the blades) of the dominant
grass (Bothriochloa) and of the dominant forb (Solanumz)
from along the CO, gradient with a pressure chamber
(Model 3005, Soil Moisture Equipment, Golita, CA, USA).
Leaves were accessed through zippered openings in the
polyethylene covering of each 5m compartment along
chambers, excised and immediately placed within the
pressure chamber. Xylem potential was measured about
every 2weeks at mid-day (¥, 1100-1400 Central
Standard Time) and monthly at predawn (¥,) on two
leaves per species from each 5m compartment.

Sampling for C-isotope composition

Recently expanded and upper canopy leaves of the dom-
inant C4 grass (Bothriochloa) and of the abundant C3
species (including annual and perennial grasses and per-
ennial forbs) were collected from along the CO, gradient
in May and September of 1998 and 1999 and in April of
2000 for measurements of 3'°C. Leaves were collected
from 1m? areas near the beginning and end of each
5-m-long compartment. When possible, leaves were col-
lected from multiple individuals per species and were
composited by species for each 1m? area sampled. Air
samples were collected in duplicate in 1L flasks from
near the beginning, centre and end of both the super-
ambient and subambient gradients in May of 1998 and
1999 for measurements of 3'°C. The C-isotope compos-
ition of whole leaves (Isotope Services, Inc., Los Alamos,
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New Mexico, USA) and of CO, in air (Stable Isotope
Laboratory, University of Colorado, Campas Box 450,
Boulder, Colorado, USA) were determined by mass spec-
trometry and expressed as 313C, %o (parts per thousand)
13C relative to a PeeDee belemnite reference standard.

Photosynthesis progressively depletes the CO, concen-
tration and increases the *C/'2C of air as it moves from
the air intake to outlet of chambers (Polley et al., 1993).
We measured the change in air 313C along the CO, gra-
dient in May of 1998 and 1999 and used §'°C values of
Bothriochloa leaves (C4 grass) from along the CO, gradi-
ent as a proxy for air §'°C at other sampling dates. The
difference between the §'3C of atmospheric CO, and leaf
carbon of Bothriochloa was conserved across subambient
CO, treatments and years, as it often is in C4 species
(Polley et al., 1993). Slopes of linear regressions of
3'3C values for air and the C4 grass Bothriochloa on CO,
concentration did not differ significantly in May of 1998
or of 1999 (lines were parallel, P >0.10 in each year) over
subambient to ambient CO, concentrations. Fractionation
by Bothriochloa averaged 3.61%. (3.66% and 3.56%o in
May of 1998 and of 1999, respectively). Over superambi-
ent concentrations, however, relationships between leaf
and air 8'°C values and CO, usually were weak or were
not significant. Air 313C values along the superambient
gradient may have varied as injection rates of '*C-
depleted CO, were altered to match the changes in the
rate at which air was introduced to the chamber or be-
cause of tank-to-tank variation in the §'3C value of CO,
that was injected. Consequently, we calculated isotopic
discrimination (A) of C3 species over subambient to am-
bient CO, concentrations only.

By using the mean fractionation of 3.61% by
Bothriochloa, we calculated the 8'°C of air in September
of each year and in April of 2000 as a function of CO,
concentration from leaf 3'C values of the C4 grass.
We used §'°C measurements of air collected in May
of each year and values of air 8'°C calculated from
the C4 proxy at other harvests in order to calculate A
by C3 species. From these values of A, we calculated
temporally integrated values of c¢;/c, and of A/g (Eqns
1 and 2).

Statistics

The relationship between CO, concentration during day-
light and distance along both superambient and subam-
bient chambers was slightly curvilinear (Johnson et al.,
2000). From these relationships, we calculated mean CO,
concentrations for each meter and 5m compartment
along chambers. These CO, concentrations were used as
the independent variable in regression analyses with
C-isotope composition, soil-water content and xylem
pressure potentials of leaves as dependent variables
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(P<0.05 significance level). Linear, hyperbolic, power
and logarithmic functions were fitted to data. The model
with the greatest r* value was deemed the best fit.
Seasonal changes in discrimination (A) of individual
species were assessed with analysis of variance (ANOvA)
when CO, did not affect A. Species differences in mean A
were analysed with single degree of freedom contrasts.

Results

Xylem potentials

Seasonal changes in predawn (¥,) and mid-day xylem
potentials (¥,,,) of dominant species mirrored seasonal
trends in precipitation and soil-water content (Fig. 1).
During 1998, for example, ¥, and ¥y, of both Bothriochloa
and Solanum reached the minimum values in August
and September (Day of Year 213-273) following a
6 months drought. Both ¥, and V., of the grass and of
the forb declined during the late-season drought in 1999.

For both Bothriochloa and Solanum, ¥y, usually was less
negative when averaged over superambient than over
subambient CO, concentrations (Fig. 1). This increase in
¥ at higher CO, concentrations, however, was much
more consistent in the grass than in the forb. During the
latter part of 1997 and over most of the 1998 and 1999
growing seasons, ¥y, of Bothriochloa increased signifi-
cantly with CO, across subambient to superambient
concentrations (Table 1). Carbon dioxide enrichment im-
proved V., of Solanum most consistently during the latter
part of the 1998 season.

For Bothriochloa, significant relationships between ¥,
and CO; frequently became curvilinear, with greater in-
crease over subambient concentrations than over super-
ambient concentrations (Fig. 1, Table 1), near the end of
the late-season droughts in 1997 and 1999 (~DOY
250-300) and near the end of the mid-season drought in
1998 (~DOY 250). In 1999, for example, relationships
between CO, and ¥y, of Bothriochloa generally were best
described by linear regressions during early to mid-
phases of the late-season drought, but became slightly
curvilinear (Fig. 2) as drought persisted and soil-water
content and ¥, declined (Fig. 1).

During the three years of sampling, CO, concentration
had no consistent effect on ¥}, of either Bothriochloa or of
Solanum (Fig. 1). When ¥, was significantly related to
CO, treatment, the trend often was the opposite of that
expected, with ¥, decreasing slightly with increasing
CO, concentration (not shown).

Carbon isotopes

The §'°C values of air and of leaves of the C3 species and
of the C4 grass Bothriochloa were linearly correlated with
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Fig. 1 Irrigation, soil-water content to 0.9m depth at the current CO, concentration (mean = 360 pmol mol™"), and predawn xylem
potentials (¥,) and mid-day xylem potentials (¥y,) of leaves of the dominant grass (Bothriochloa) and the dominant forb (Solanum) in
grassland exposed in elongated chambers to a continuous gradient in CO, concentration. Insets in the upper panel denote the total water
addition during each calendar year. Xylem potentials shown for each sampling date are averages over subambient (200-365 pmol mol ")
and superambient CO, concentrations (350-560 umol mol ). Significant (P < 0.05) linear relationships between ¥, or ¥, and CO, at
subambient to superambient concentrations on a given measurement date are denoted with an asterisk (*). Significant curvilinear
relationships (fit with hyperbolic or power functions) between ¥,,, and CO, are denoted by a plus (+). See Table 1 for results of regression

analyses of ¥y, on CO..

CO, over subambient concentrations at each sampling
period (Fig. 3). Photosynthesis by plants enclosed in
elongated chambers was used in order to maintain CO,
gradients; consequently, the 813C values of air became

less negative as CO, declined. Because discrimination
against >C and the resulting increase in '*C/'*C of the
remaining CO, in air is greater during C fixation by C3
than by C4 species, seasonal changes in slopes of
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Table1 Results of regression analyses for significant relationships between mid-day xylem potentials (¥ )
of leaves of the C4 grass Bothriochloa and C3 forb Solanum and CO, concentration over subambient to
superambient concentrations. Linear (y=ax +Db), hyperbolic [y =ax/(b + x)], or power [y =ax"] functions
were fit to relationships of ¥, (y;MPa) to CO, concentration (x; pmol mol™!) on each measurement date

(n=29-38)

Species, year and day of year ~ Model type  Slope or a-value  Intercept or b-value P-value

Bothriochloa ischaemum

1997
DOY 260 Hyperbolic —1.06 —91.74 0.58  <0.0001
269 Hyperbolic —1.04 —104.86 0.57 < 0.0001
276 Hyperbolic -1.25 —80.61 0.53  <0.0001
289 Linear 0.0008 -1.89 0.10 0.06
303 Linear 0.0014 —1.58 0.39  <0.0001

1998
DOY 121 Linear 0.0006 -1.54 0.24 0.002
133 Hyperbolic —0.63 —135.15 0.58  <0.0001
173 Linear 0.0011 —2.02 041 <0.0001
188 Linear 0.0006 -1.76 0.14 0.02
202 Linear 0.0021 -2.33 0.39  <0.0001
222 Hyperbolic -1.02 —103.26 041 <0.0001
244 Hyperbolic -1.21 —64.32 0.18 0.008
268 Linear 0.0013 -1.82 0.25 0.002
282 Power —80.78 —0.74 0.56  <0.0001
303 Linear 0.0018 -1.79 0.56 < 0.0001

1999
DOY 131 Hyperbolic —0.49 —131.29 0.37  <0.0001
159 Linear 0.0014 -1.96 0.21 0.007
172 Linear 0.0014 -1.75 0.30 0.005
188 Hyperbolic -0.97 —81.84 0.25 0.004
200 Linear 0.0017 -1.78 0.48  <0.0001
216 Linear 0.0007 —1.66 0.29 0.0006
244 Linear 0.0017 —2.24 0.60 <0.0001
260 Hyperbolic -1.35 —68.73 048  <0.0001
272 Hyperbolic -1.26 —87.98 0.30 0.0003

Solanum dimidiatum

1998
DOY 222 Linear 0.0016 —2.32 0.24 0.005
268 Linear 0.0011 -1.76 0.25 0.003
282 Linear 0.0010 —-1.61 0.19 0.012
303 Linear 0.0015 -1.59 0.74  <0.0001

1999
DOY 188 Linear 0.0007 —1.50 0.20 0.01
200 Linear 0.0009 -1.39 0.27 0.004
272 Linear 0.0009 -1.71 0.24 0.015

relationships of leaf §'*C with CO, reflect a seasonal shift
in the relative contribution of C3 and C4 plants to CO,
depletion. In both 1998 and 1999, 83C values of
Bothriochloa leaves—which served as a proxy for air
813C values—increased less per unit decline in CO; con-
centration in September (2.8%0 and 3.5%. per 100 pmol
mol ! decline in CO, in 1998 and 1999) than in May
(4.1%o0 and 4.5%0 per 100 pmol mol™! decline in CO, in
1998 and 1999), reflecting a spring (May) to autumn
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(September) shift during each year toward greater C4
photosynthesis.

In only one C3 species (Ambrosia) did A, the difference
between the §"°C of atmospheric CO, and leaf C (Eqn. 2)
change consistently with CO, concentration (Table 2).
Discrimination by this perennial forb increased linearly
with CO, by an average of 1.8 and 0.7%. for each
100 pmolmol ! increase in concentration in May and
September of 1998. Because this species was relatively
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rare, regressions were developed from only five samples
in May and four samples in September. There was a
quadratic relationship between A and CO; for Bromus in
May 1998 (not shown), with maximum values of A at
intermediate CO, concentrations. Discrimination de-
clined linearly with increasing CO, concentration in
Medicago in May 1998, in Solidago in September 1999
and in Solanum in April 2000, but there was a significant
relationship between A and CO, concentration in none of
these species at other harvests .

The absence of consistent changes in A across subam-
bient CO, concentrations indicates that ¢;/c, values of the
C3 species sampled were conserved (Eqn. 2) and that a
given proportional increase in CO, concentration elicited

diatum, Solidago canadensis).

a similar proportional increase in A/g (Eqn. 1). We
calculated from regressions of A/g on CO, concentration
for the five C3 species sampled in May 1999 that A/g
increased by between 23 and 35% with a 33% increase in
CO, from 270 to 360 pmol mol ~* (Fig.4). Absoluteincreases
in A/g over preindustrial to current CO, concentrations
ranged between 14.4 pmol (CO,) mol (H,0)™* (Solidago)
and 20.6 pmol (CO,) mol (H,O) ™! (Solanum) for the four
species sampled over this CO, range (excluding Ratibida).
Only Bromus and Solanum were present over the full
range in subambient CO, concentrations in May
1999. For each of these species, A/g increased by 70%
with the 71% increase in CO, from 210 to 360 umol
mol .
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Table 2 Mean values of discrimination (A as calculated from
Eqn. 2) and parameters from linear regression analysis of rela-
tionships between A and CO, concentration (pmol mol ™) for C3
species grown across a subambient gradient in CO, concentra-
tion. Data are from upper canopy leaves of annual grasses (Bro-
mus japonicus, Hordeum pusillum, Limnodea arkansana), a perennial
grass (Nassella leucotricha) and perennial forbs (Ambrosia conferti-
flora, Medicago lupulina, Ratibida columnaris, Solanum dimidiatum
and Solidago canadensis) collected during 1998-2000. There was a
quadratic relationship between A and CO, for Bromus in May
1998 (P < 0.0001, > =0.72)

Date/species Mean A n P-value Slope ()
May 1998

Ambrosia 20.29 5 0.004 0.018 (0.95)

Bromus 21.20 17 0.40 -

Medicago 20.36 17 0.03 —0.007 (0.28)

Nassella 21.10 10 0.14 -

Ratibida 20.85 7 0.47 -

Solanum 19.45 19 0.40 -
September 1998

Ambrosia 19.92 4 0.06 0.007 (0.89)

Ratibida 19.16 5 0.37 -

Solanum 18.83 19 0.83 -
May 1999

Bromus 20.46 15 0.88 -

Medicago 20.09 12 0.75 -

Ratibida 19.75 7 0.22 -

Solanum 18.63 15 0.93 -

Solidago 18.74 8 0.22 -
September 1999

Solanum 18.96 15 0.56 -

Solidago 19.03 7 0.03 —0.01 (0.66)
April 2000

Bromus 19.52 18 0.59 -

Hordeum 19.16 8 0.34 -

Limnodea 19.50 12 0.66 -

Solanum 17.79 15 0.01 —0.01 (0.38)

Contrary to our prediction, A was relatively insensitive
to season (Table 2). Discrimination values declined sig-
nificantly from spring to autumn in 1998 for the two most
abundant perennial species sampled on both dates
(Solanum and Ratibida, P =0.006), but A of Solanum and
Solidago did not differ significantly between the dry
autumn and the wetter spring in 1999 (P=0.16). Our
hypothesis that the A would decline more at subambient
CO, concentration than near the current CO, concentra-
tion when soils dried in autumn thus was not supported.
Just the opposite was true for Solidago in September 1999.
Discrimination by this perennial forb declined as CO,
concentration rose.

Discrimination was lower, on average, in Solanum than
in most other C3 species during the spring (Table 2).
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Fig. 4 Relationship between intrinsic water-use efficiency (net
assimilation rate/stomatal conductance; A/g) of C3 species
sampled during May 1999 and the daytime CO, concentration
at which plants were grown. Values of A/g were derived by
using c;/c, values calculated from stable C-isotope compositions
of leaves of each species. Lines are linear regression fits of A/g on
CO;, for two of the five species only, the annual grass Bromus
japonicus (A/g=0.3540.18*CO,, r2=0.79, P= 0.0001) and per-
ennial forb Solanum dimidiatum (A/g=0.73 +0.23*CO,, r2=0.80,
P =0.0001). Remaining species are perennial forbs, full names of
which are listed in the legend of Fig. 3.

Across subambient CO, concentrations, A was signifi-
cantly lower in Solanum than in the other C3 species
sampled in May 1998 and in April 2000 (linear contrasts,
P < 0.0001 on each date). The A was significantly smaller
in Solanum and Solidago than in the other C3 species in
May 1999 (linear contrasts, P <0.0001), when A was an
average of 1.83%o less in Solanum than in Bromus. Because
A of neither Solanum nor Bromus changed significantly
with CO, concentration, relative differences in A/g be-
tween these species remained unchanged across CO,
concentrations. The absolute advantage in A/g of
Solanum over Bromus, however, increased by about 69%
from 210 to 360 pmol mol ! CO, (Fig. 4).

Carbon dioxide effects on soil water

We calculated net depletion of water over various soil
depths in each of the 5m compartments of CO, chambers
by subtracting the average minimum water content of
each soil profile from the average maximum water con-
tent at the beginning of the season when CO, control was
initiated (each mean is the average of three [1997] or five
measurements on consecutive weeks [1998, 1999]).
Relationships between water depletion and CO, con-
tained considerable scatter, but significant relationships
usually were best characterized as linear (Table 3). In
1998, for example, depletion of water to both 0.9 (Fig. 5)
and 1.35 m depths (Table 3) declined linearly with in-
creasing CO, concentration. The effects of CO, on soil
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Table 3 Results of regression analyses for significant relationships between maximum depletion of
soil water by grassland and CO, over subambient to superambient concentrations. Net depletion of water
from soil in each 5m long compartment of CO, chambers was calculated each year by subtracting the
average minimum water content of soil during drought from the average maximum water content during
the period of CO, regulation. Relationships between water depletion (y; cm H,O) and CO, concentration
(x; pmol mol ') were best fit by linear (y =ax +b) or hyperbolic [y =ax/ (b + x)] functions

Year/depth Model type Slope or a-value Intercept or b-value ? P-value
1997
0-1.35m Hyperbolic 11.55 —81.64 0.44 0.002
1998
0-0.45m Linear —0.002 5.93 0.19 0.06
0.45-0.9m Linear —0.005 8.77 0.32 0.01
0-09m Linear —0.008 15.00 0.49 0.0005
0-1.35m Linear -0.017 22.90 0.63 < 0.0001
1999
0-1.35m Linear —0.007 16.91 0.27 0.02
16 significantly with CO, treatment. In 1997, the relationship
between water depletion and CO, was curvilinear, with
reater water use over subambient concentrations than
1998 &

Water depletion 0-0.9 m soil profile (cm)

8 1 1 1
200 300 400 500 600

CO, concentration (umol mol™)

Fig. 5 Maximum depletion of soil water to 0.9 m depth during
1998 in a C3/C4 grassland exposed to subambient to superam-
bient CO, concentrations. Water depletion in each of the 5m?
compartments of grassland in CO, chambers was calculated by
subtracting the average minimum water content of each soil
profile from the average maximum water content following initi-
ation of CO, control each year (each mean is the average of five
measurements on consecutive weeks). The line was fit by linear
regression (r* = 0.49, P = 0.0005).

water in 1998 were best expressed over the 0.45-0.90m
depth. Depletion of water from shallower depths
decreased marginally (P=0.06) with increasing CO,
concentration. In 1997 and 1999, water depleted to
1.35m depth during late-season droughts correlated

over superambient concentrations. Water depletion to
1.35m depth decreased linearly over subambient to
superambient CO, concentrations in 1999.

Discussion

Plant and soil water

We predicted that CO, enrichment would lessen soil-
water depletion and increase leaf xylem potentials during
periodic droughts in a C3/C4 grassland and that these
responses to CO, would be greater over subambient con-
centrations than over superambient concentrations.
Because leaf A/g of C3 species typically increases as
soils dry (Smedley et al., 1991), we hypothesized that
improvements in plant-water relations (less negative
xylem potentials) at higher CO, concentrations would
reduce a CO,-mediated increase in A/g. As expected,
water depletion during droughts declined and ¥, of
dominant species became less negative as CO, concen-
tration increased. Xylem potentials of the dominant grass
improved slightly more over subambient concentrations
than over superambient concentrations near the end of
seasonal droughts in each year, but significant changes in
water parameters (over subambient to superambient con-
centrations) and in leaf A /g (over subambient to ambient
concentrations) in this grassland usually were not greater
over low CO, concentrations than over higher CO, con-
centrations.

Our prediction that soil- and plant-water relations
would become less sensitive to CO, as concentration
increased was based on two assumptions. We assumed

© 2002 Blackwell Science Ltd, Global Change Biology, 8, 1118-1129
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that transpiration tracks changes in stomatal conductance
and that conductance declines more per unit increase in
CO, over subambient concentrations than over superam-
bient concentrations. The latter trend of greater change in
conductance over low CO; levels than high CO; levels is
typical of herbaceous plants grown in controlled environ-
ments (Morison, 1987). Anderson et al. (2001) observed a
similar response of conductance among dominant species
in the grassland studied here. Declines in conductance of
Bothriochloa and Solanum were much larger over subam-
bient CO, concentrations than over superambient CO,
concentrations during two of the three years. During each
of these years, conductance of the two dominant species
declined by more than 60% as CO, rose from 200 to
360 pmol mol . By contrast, conductance was a linear
function of CO, concentration for the annual grass Bromus
and during one of the three years for Bothriochloa.

Our assumption that responses of transpiration to CO,
concentration mirror those of stomatal conductance ap-
parently was not supported, however. Unlike changes in
conductance (Anderson et al., 2001), measured shifts in
soil-water content and in xylem potentials along the CO,
gradient usually were small. Mid-day xylem potentials,
for example, became less negative at higher CO, concen-
trations—especially for the dominant C4 grass—but the
improvement was minor and inconsistent. It is well ap-
preciated that stomatal control of transpiration and eva-
potranspiration (ET) is never complete (Field et al., 1995).
Processes that operate at scales ranging from the leaf to
the region tend to suppress the sensitivity of ET to sto-
matal closure. In this as in the other CO, experiments,
stomatal effects on ET may have been partially offset by
an increase in leaf area or in soil evaporation, by an
increase in leaf temperature and in the vapour pressure
difference between leaves and air and by a change in the
composition or relative abundances of plant species.
Expression of these feedbacks on ET, no doubt, was influ-
enced by the climatological effects of our chambers.
Chambers typically reduce wind speeds and turbulence
(Owensby et al., 1993) and thereby increase aerodynamic
resistance to convective heat transfer (Ham et al., 1995).
Owensby et al. (1993) reported that open-topped cham-
bers alone accounted for a 14% reduction in transpiration
in their CO, study in tallgrass prairie, despite the pres-
ence of higher air and dew-point temperatures and de-
crease in net radiation inside the chambers.

Among feedbacks that reduced benefits of CO, enrich-
ment during drought was an increase in growth at higher
CO, concentrations. Daily means of net CO, uptake for
this grassland were markedly higher over superambient
CO, concentrations than over subambient CO, concen-
trations during the 1998 and 1999 growing seasons, and
were linearly correlated with end-of-season biomass in
each year (Mielnick et al., 2001). Water savings resulting
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from partial stomatal closure apparently were at least
partly offset at higher CO, concentrations by this increase
in biomass that presumably also increased leaf area.

Relatively small responses of soil and plant water to
CO; probably also resulted from our inability to com-
pletely control the water balance of this grassland.
There was evidence, for instance, that water moved
from soil outside of chambers into soil immediately be-
neath CO, chambers, despite the presence of a physical
barrier to water movement to almost 1m depth. Rains
totalling 4 cm fell on days 130 and 131 in 1999. Between
days 126 and 133, water content of soil beneath chambers
increased by an average of 0.84cm to 1.35m depth des-
pite the absence of irrigation. The net increase in water
content of the 0-0.9 m soil profile that was delimited from
surrounding soil was smaller, averaging 0.38 cm or 1.3%
of average water content to 0.9 m depth. There was no
relationship between CO, treatment and the increase in
water content of chambered soils following rainfall (not
shown), but availability of this additional water undoubt-
edly reduced the severity of water stress experienced by
plants along the CO, gradient.

Though the effects of drought were relatively minor in
this study, CO, enrichment reduced soil-water depletion
during the mid-season drought in 1998 and during the
late-season droughts in 1997 and 1999 and improved ¥,
of dominant plants during each of the three years. Our
results thus provide the first field evidence for a continu-
ous change in water dynamics over subambient to super-
ambient CO, concentrations.

It, perhaps, is noteworthy that CO, effects on the rate of
soil-water decline were particularly well expressed
during the mid-season drought in 1998. In order to
reduce the rate of soil-water depletion, CO, enrichment
must reduce transpiration. The absolute magnitude of
any decline in transpiration at high CO, is a function
both of the transpiration rate itself and of the relative
decrease in water loss at higher CO, concentrations. Net
CO, uptake by the C3/C4 grassland studied peaked in
late-May of 1998 (~day 150), about mid-way through the
drought period (Mielnick et al., 2001), suggesting that
transpiration rates also were high during the initial
stages of soil-water depletion. As indicated by seasonal
changes in slopes of relationships between air §'°C values
and CO, over subambient concentrations, C3 contri-
bution to net photosynthesis (and, presumably to tran-
spiration) in this grassland also was greatest during early
to mid-season. Stomatal conductance of both C3 and C4
species declined at higher CO,, but the absolute magni-
tude of the reduction was greater by a factor of 34
among the C3 species than for the dominant C4 grass
(Anderson et al., 2001). The combination of high trans-
piration rates and large declines in stomatal conductance
of dominant plants at higher CO, concentrations may
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have contributed to the reduction in water use at high
CO, during 1998.

Because CO, treatments were not replicated in this
experiment, measured responses may have been influ-
enced by unquantified factors that varied with CO, con-
centration. Three lines of evidence indicate that the
influence of variables other than CO, on measured
responses was minimal. First, soil-water content did not
differ along chambers during the year preceding fumiga-
tion. Second, the environmental factors remained similar
across CO, gradients (Johnson et al., 2000). Third, re-
sponses to CO, generally were continuous across the
full gradient. Near-ambient CO, concentrations were
maintained at the northern (air exit) extreme of one
chamber and at the southern (air entrance) extreme of
the second chamber. That responses to CO, were con-
tinuous, therefore, is evidence that neither landscape
position nor position within chambers appreciably
influenced the results.

Intrinsic water use efficiency

Comparisons of A/g for leaves sampled at different
times during the growing season do not provide a quan-
titative measure of differences in plant water-use effi-
ciency, because water-use efficiency is influenced by
evaporative demand of the atmosphere and by C losses
to respiration. Temperature and evaporative demand in-
creased from spring to autumn in this experiment
(Johnson et al., 2000), suggesting that for a given A,
water-use efficiency was lower in autumn than in spring.
Across subambient CO, concentrations, A-values for
Solanum and Solidago did not differ between spring and
autumn in 1999, implying that, contrary to prediction,
water-use efficiency of these perennial forbs declined as
the season advanced.

The results of this experiment provide field confirm-
ation that A /g of herbaceous species responds linearly to
CO, over subambient concentrations, as was demon-
strated in a controlled environment (Polley ef al., 1993).
Leaf-gas exchange measurements on grassland domin-
ants indicated that the increase in A/g extended over
the full subambient to superambient gradient in CO,
concentration (Anderson et al., 2001). Both lower g and
higher A contributed to the increase in A/g of C3 and C4
species. Because A and c;i/c, were conservative across
CO, concentrations, the increase in A/g was nearly pro-
portional to that in CO, concentration. Feedbacks may
reduce expression of this increase in leaf A/g at regional
scales (Field et al., 1995), but our results indicate that
water-use efficiency of herbaceous species already may
be substantially greater than it was during most of the
last 420000 years when CO, concentrations were low
(Petit et al., 1999). The continuous responses of leaf A/g,

¥ » and soil-water depletion to CO, in this grassland also
indicate that water-limited ecosystems may remain sen-
sitive to rising CO, concentration.

Mean values of A invariably were smaller in the peren-
nial forb Solanum than in the annual grasses, indicating
that A/g was greater in Solanum than in annuals. This
pattern is consistent with the negative correlation be-
tween A and life span reported in other studies
(Ehleringer & Cooper, 1988; Schuster et al., 1992), but
the pattern was not evident in A/g-values calculated
from leaf-gas exchange measurements (Anderson et al.,
2001). The A/g derived from gas exchange was greater in
the annual grass Bromus than in Solanum during the first
year and did not differ greatly between species during a
second year. Why gas exchange and leaf §'°C measure-
ments yielded different values of A/g is not clear, but
disparities may reflect differences in the temporal scale of
the two methods. Gas exchange is measured almost
instantaneously. Carbon isotope values integrate over
the period of leaf C fixation. Nevertheless, if A remains
nearly constant across CO, concentrations as demon-
strated here, proportional differences in A/g among
species will not change as CO; rises, but absolute differ-
ences in A/g will be exaggerated at higher CO, concen-
trations. Production in water-limited systems may,
therefore, become even more sensitive to shifts in species
relative abundances as CO, rises.
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