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Abstract

High leaf to air water vapor pressure differences often substantially reduce rates of assimilation of carbon dioxide, especially
in C; species. Rising concentrations of carbon dioxide [CO;] in the atmosphere could reduce the sensitivity of assimilation rate
to partial stomatal closure caused by high vapor pressure difference by a variety of mechanisms. However, field data addressing
this question are scarce. In this study, we examined day-to-day variation in midday gas exchange rates of upper canopy leaves of
potato and sorghum grown at the current ambient [CO,] and ambient + 350 pmol mol~! [CO,] in field plots. Stomatal
conductance and assimilation rate were negatively correlated with vapor pressure difference across days. Assimilation rate was
not less sensitive to vapor pressure difference at elevated than at ambient [CO,] in either species. For both potato and sorghum
short-term increases in vapor pressure difference for individual leaves produced significantly smaller responses of leaf gas
exchange than did the day-to-day variation in vapor pressure difference, again with no reduced sensitivity at elevated [CO,]. The
smaller response of gas exchange to short-term manipulations of vapor pressure difference than to day-to-day variation may
indicate that much of the response to high vapor pressure difference apparent in the day-to-day variation resulted from leaf water
deficits caused by exposure of the whole canopy to high vapor pressure difference, rather than from direct effects of high water
vapor pressure difference. The lack of a [CO,] effect on the sensitivity of assimilation rate to vapor pressure difference, and the
substantial sensitivity of assimilation rate to vapor pressure difference in the C4 species both resulted from reductions in
assimilation at a given internal [CO,] at high vapor pressure difference. An implication of these results is that that high leaf to air
water vapor pressure difference may continue to be a major limitation to assimilation rates in C5 and C4 crop species even at
twice the current concentration of carbon dioxide in the atmosphere.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction pressure limit carbon dioxide assimilation rates in
many species under field conditions. For most species,

Based on several diverse lines of evidence, it increasing the leaf to air water vapor pressure differ-
appears that high leaf to air differences in water vapor ence at constant temperature results in a reduction in
stomatal conductance to water vapor (Schulze and
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rates, lower conductance at high vapor pressure dif-
ferences reduces assimilation by reducing internal
[CO,]. This has been demonstrated innumerable times
under laboratory conditions, where water vapor pres-
sure can be manipulated around single leaves while
temperature is kept constant, and reductions in assim-
ilation rate at high vapor pressure difference can be
overcome with increased [CO,]. Under field condi-
tions, diurnal changes in assimilation rate at high light
are often attributed to changes in vapor pressure
difference, but temperature and vapor pressure differ-
ence are usually highly correlated in this type of data.
However, manipulations of water vapor pressure at
constant temperature in the field have also shown that
high vapor pressure difference reduces the assimila-
tion rate of single leaves when assimilation is limited
by [CO,]. For example, increasing the water vapor
pressure around individual leaves strongly increased
daily assimilation in soybean (Bunce, 1982a), wheat
(Xu et al., 1984) and rice (Ishihara and Saitoh, 1986;
Kuroda and Kumura, 1990). Smaller or no responses
of assimilation rate to manipulations of water vapor
pressure around individual leaves were found in Cy4
species (Bunce, 1982b, 1983), because assimilation
was at or near saturation for [CO,]. High water vapor
pressure difference also seems to affect assimilation
rates at the whole canopy scale. For example, variation
in average vapor pressure difference between loca-
tions correlated with canopy radiation use efficiency,
high vapor pressure difference reducing efficiency
(Stockle and Kiniry, 1990; Kiniry et al., 1998; Kiniry,
1999). Canopy assimilation rates were also negatively
correlation with water vapor pressure difference in
eddy covariance measurements (e.g. Grace et al.,
1998). Altering the microenvironment to increase
water vapor pressure at the whole canopy level
increased plant growth in cassava (Cock et al.,
1985). Thus responses of assimilation rate to water
vapor pressure difference at the single leaf level seem
to translate into sensitivity of assimilation and growth
to vapor pressure difference at the stand level.
However, responses of assimilation rate to water
vapor pressure difference at the larger spatial scales
may not be mediated by direct responses of stomatal
conductance to vapor pressure difference, but by leaf
water deficits caused by exposure of whole canopies to
high vapor pressure difference, as demonstrated in
maize (Bunce, 1990). Strong responses of assimilation

to water vapor pressure difference at the canopy level
in C,4 species (e.g. Grace et al., 1998; Kiniry et al.,
1998) would not be expected solely from direct
responses of stomatal conductance to water vapor
pressure, since in C4 species assimilation is usually
nearly saturated for CO, (e.g. Kawamitsu et al., 1987).
The distinction between direct responses of gas
exchange to water vapor pressure difference and
responses mediated though plant water status is of
importance in predicting how rising atmospheric
[CO;] may affect assimilation rates at high vapor
pressure differences.

Under the scenario where high water vapor pres-
sure difference reduces assimilation rates by direct
effects on stomatal conductance, the rising [CO,] in
the atmosphere might reduce the sensitivity of assim-
ilation rate to vapor pressure difference in C; species,
but have little effect on the sensitivity in most Cy4
species. In both C3 and C,4 species, carbon dioxide
assimilation rates increase with [CO,] with a slope
which decreases with increasing [CO,]. In C3 species
the current atmospheric [CO,] is still quite limiting
to assimilation rates except at very cool temperatures
(Sage and Sharkey, 1987). Therefore, elevated [CO;]
would usually make assimilation rate of C; species
less sensitive to reductions in carbon dioxide supply
caused by lower stomatal conductance at high water
vapor pressure difference. Of course, the sensitivity
of assimilation rate to vapor pressure difference
depends on the magnitude of the response of stomatal
conductance to vapor pressure difference, which
could also vary with [CO,]. In most C4 species the
assimilation rate is at or near saturation for [CO,] at
the current atmospheric concentration, and assimila-
tion is less sensitive to vapor pressure difference at
the leaf level than in C; species. However, there are
some C, species in which the current atmospheric
[CO,] limits assimilation (e.g. Ziska and Bunce,
1997; Anderson et al., 2001; Morgan et al., 2001),
and in these species rising atmospheric [CO,] would
also be expected to reduce the sensitivity of assimi-
lation rate to high vapor pressure difference to some
extent.

In cases where high water vapor pressure difference
reduces assimilation rate by causing leaf water defi-
cits, then rising atmospheric [CO,] could reduce the
sensitivity of assimilation rate to vapor pressure dif-
ference for both C3 and C4 species. Elevated [CO,]
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reduces stomatal conductance and transpiration in
both C; and C, species, and would be expected to
reduce midday leaf water deficits caused by high vapor
pressure difference. Furthermore, because water def-
icits often increase the sensitivity of stomatal con-
ductance to vapor pressure difference (e.g. Maier and
Tesky, 1992; Thomas and Eamus, 1999), elevated
[CO,] could decrease the sensitivity of leaf gas
exchange to water vapor pressure difference by redu-
cing water deficits.

The way in which high leaf to air water vapor
pressure difference reduces stomatal conductance
and assimilation rate is also important to how rising
atmospheric [CO,] may affect the sensitivity of assim-
ilation rate to high vapor pressure difference. If lower
conductance at high vapor pressure difference
occurs as complete closure of stomata in ““patches”
(Beyschlag et al., 1992), then high vapor pressure
difference effectively prevents patches of leaves from
exchanging CO,, and assimilation would decrease at
high vapor pressure difference for either C; or Cy4
species. In this situation, elevated [CO,] might not
reduce the sensitivity of assimilation to vapor pressure
difference. There is evidence that stomatal closure,
whether caused by directly by high vapor pressure
difference or by leaf water deficits may sometimes
occur by ““patchy” closure (Downton et al., 1988;
Beyschlag et al., 1992).

These experiments were designed to test whether
carbon dioxide assimilation rate was less sensitive to
high leaf to air water vapor pressure difference at
elevated [CO,] than at the current ambient [CO,] in a
C; and a C, crop species grown under field conditions,
and examine reasons for any differences in response
between species or [CO,] treatments. Comparisons
were made between responses to day-to-day variation
in vapor pressure difference and responses to short-
term manipulations of vapor pressure difference, in
order to separate direct responses of leaf gas exchange
to vapor pressure difference from responses mediated
by leaf water deficits.

2. Materials and methods

Potato (Solanum tuberosum L. cv. Atlantic) and
grain sorghum (Sorghum bicolor L. Moench cv.
ATx399xRTx430) were grown in field plots at the

South Farm of the Beltsville Agricultural Research
Center. Carbon dioxide treatments were imposed in
open top chambers maintained at either the current
ambient concentration of carbon dioxide or ambient+
350 + 50 pmol mol ' [CO,], as previously described
(Bunce, 2001a). There were two chambers per [CO;]
treatment in potato and three in sorghum. Stand den-
sities and fertilizer treatments followed standard agro-
nomic practice in the area (Sicher and Bunce, 1999;
Bunce, 2001a). Plots received normal precipitation,
and were not irrigated.

Gas exchange rates of mature fully illuminated
upper canopy leaves were measured near midday on
clear days over 2 years (1996-1997) in sorghum and 3
years (1996-1998) in potato. Measurements were
confined to the period between canopy closure and
crop senescence. Photosynthetic photon flux density
(PPFD) was at least 1500 pmol m 2 s~ . Carbon diox-
ide assimilation rate and stomatal conductance were
measured using a CIRAS-1 portable photosynthesis
system (PP Systems, Haverhill, MA), with automatic
[CO,] control and a broad leaf cuvette. Leaf gas
exchange rates at the growth [CO,] condition were
obtained within 30 s of placing a leaf in the cuvette.
During measurements of responses of assimilation
rate and stomatal conductance to imposed changes
in water vapor pressure difference (see later), leaf gas
exchange took >1 min to respond to changes in vapor
pressure difference. For these <30 s measurement
periods, it was therefore assumed that leaves were
adjusted to the vapor pressure difference conditions
outside the cuvette, rather than to the altered condi-
tions within the cuvette. The leaf to air water vapor
pressure difference of leaves outside the cuvette was
calculated from measurements of leaf temperatures
made by pressing a 0.75 mm diameter thermocouple
against the underside of leaves before placing them in
the cuvette, and the water vapor pressure of the air in
the [CO,] treatment chambers, taken from the refer-
ence air stream of the photosynthesis system. On each
day mean values of gas exchange of six leaves per
species were determined for each [CO,;] treatment,
with samples evenly split among the two or three
chambers per [CO;] treatment. Leaf gas exchange
data from 1 day when dry soil limited gas exchange
rates in potato were excluded (Bunce, 2001a). Data
were analyzed for 16 measurement days for potato and
11 for sorghum.
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On several other days, responses of leaf carbon
dioxide assimilation rate and stomatal conductance
to imposed increases in leaf to air water vapor pressure
difference were determined. These measurements were
also made near midday on clear days, using the CIRAS-
1 system with real-time graphical display of data, with
the [CO,] set to match the growth [CO,]. Leaves were
placed in the cuvette without drying of the air stream
before entering the cuvette, and left for several minutes
to equilibrate to the cuvette conditions. After steady-
state values of leaf gas exchange and environment were
recorded, the air stream entering the cuvette was dried
and gas exchange was monitored until new steady-state
values occurred. Responses of assimilation rate and
stomatal conductance to vapor pressure difference were
obtained for three leaves from each [CO,] treatment on
each measurement day. These measurements were
conducted on a total of 6 days for each species over
the 2 or 3 years, but both species were measured on the
same date only twice.

Responses of carbon dioxide assimilation rate to
internal [CO,] caused by varying external [CO,] at
constant water vapor pressure difference were mea-
sured on a few leaves of both species grown at ambient
[CO,]. This allowed judgment of whether relation-
ships between assimilation rate and internal [CO;]
from varying water vapor pressure difference followed
typical relationships for the species, and also whether
the assimilation rate of the ambient grown sorghum
plants was saturated for CO, under ambient [CO,]
conditions. The automatic [CO,] control system was
used to provide external [CO,] of 100, 200, 350, 500
and 700 pmol mol . These measurements were made
in full sunlight, with PPFD > 1500 pmol m %5, a
leaf temperature of about 30 °C, and a water vapor
pressure difference of about 2.0 kPa.

Analysis of covariance (ANCOVA) of regressions
relating assimilation rate and stomatal conductance to
the leaf to air water vapor pressure difference was used
to test for [CO,] treatment effects on the slope of the
response to water vapor pressure difference. Either
assimilation rate, stomatal conductance or the natural
log of those variables was regressed against water
vapor pressure difference. Other simple transforma-
tions of the variables did not increase the r* values.
ANCOVA was conducted using the regressions which
produced the largest  values for each variable and
species.

3. Results

Midday values of leaf to air water vapor pressure
difference varied from about 1 to about 3 kPa on the
days when gas exchange was measured. Variation in
vapor pressure difference among days was mostly
related to the water content of the air masses rather
than to air temperature. The result was that in sor-
ghum, there was no significant correlation between
vapor pressure difference and air temperature across
days, and only a weak correlation in the data for potato
(Fig. 1). Several types of regressions relating assim-
ilation rate and stomatal conductance to temperature
with or without vapor pressure difference as an inde-
pendent variable failed to indicate a significant effect
of temperature on leaf gas exchange rate for either
species in these data sets (not shown). Thus the day-to-
day variation of assimilation rate and stomatal con-
ductance primarily represents responses to water
vapor pressure difference, because measurements
were made at high PPFD and soil water was not
limiting.

In both species, growth at elevated [CO,] increased
assimilation rate and decreased stomatal conductance
at a given value of water vapor pressure difference
(Fig. 2). Linear regressions indicated that high vapor
pressure difference reduced assimilation rate in both
species (Fig. 2), and that the slopes were similar at
elevated and ambient [CO,] (Table 1). In both species
the natural log of conductance produced a better linear
regression with day-to-day variation in vapor pressure
difference than did conductance (Fig. 2). In neither
species did the slope of the response of the natural log
of conductance to vapor pressure difference differ
significantly between the [CO,] treatments (Table 1),
using ANCOVA. Variation in assimilation rate and
stomatal conductance among the six leaves measured
on each date was not large compared with the variation
in mean values among days. The standard deviation
averaged 20% of the mean for conductance in sor-
ghum and 12% for assimilation rate, with no differ-
ences between [CO,] treatments. The standard
deviation averaged 22% of the mean for conductance
in potato and 16% for assimilation rate, with no
differences between [CO,] treatments.

Decreasing assimilation rate at high vapor pressure
difference was associated with lower internal [CO,]
in sorghum for both [CO,] treatments (Fig. 3), but
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Fig. 1. Leaf temperature (7}) and leaf to air water vapor pressure difference (D) on days when midday leaf gas exchange measurements were
conducted to determine the effect of day-to-day variation in environment on gas exchange for (A) sorghum, and (B) potato. The * between T

and D was 0.17 in sorghum and 0.47 in potato.

internal [CO,] changed little in potato in the low [CO;]
treatment. In all cases variation in water vapor pres-
sure difference caused a larger change in assimilation
rate for a given change in internal [CO,] than occurred

when external [CO,] was varied at constant water
vapor pressure difference (Fig. 3).

Changing the leaf to air water vapor pressure dif-
ference around portions of individual leaves changed
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steady-state leaf temperatures by less than 1 °C. Leaf
gas exchange was much less responsive to short-term
manipulation of vapor pressure difference around
portions of individual leaves than to day-to-day varia-
tion in vapor pressure difference. The slopes of the

responses of the natural log of stomatal conductance to
short-term manipulations of vapor pressure difference
were significantly different from zero in all cases
(Table 2), but were only 15-34% as large as the
responses to day-to-day variation in vapor pressure

70
1) ® Ambient[CO,]
65 - O
o o Elevated [CO,]
—— Regressions
60 -
o) [ ]
w 55 —\
e o
— 50 4
Q ]
s
< 45 ~
40 + ®
35 +
30 T T T T T T T
1.0 12 1.4 1.6 1.8 2.0 22 24 26
7.5
{ e Ambient[CO,)}
70 A ) o Elevated [CO,]

In g (mmol m?s™)

-——— Regressions

45 L T T
1.0 1.2 1.4 1.6
(A)

1.8 2.0 2.2 2.4 2.6
D (kPa)

Fig. 2. Day-to-day variation in midday assimilation rate (A) and stomatal conductance (g) as functions of leaf to air water vapor pressure
difference (D) for (A) sorghum and (B) potato grown at the current ambient [CO;] or at ambient + 350 umol mol ™! [CO,]. Equations for the

linear regressions are given in Table 1.
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difference (Table 1). In neither species did the slope of
the response differ between [CO,] treatments. The
slopes of the responses of assimilation rates to short-
term manipulations of vapor pressure difference
(Table 2) were only 18-41% as large as for day-to-
day variation in vapor pressure difference (Table 1). In
neither species did the elevated [CO,] treatment

decrease the slope of the response of assimilation rate
to vapor pressure difference.

The short-term increase in vapor pressure difference
reduced internal [CO,] in sorghum, but there was no
decrease in the internal [CO;] in potato at the lower
[CO,] treatment (Fig. 3). For both the [CO,] treat-
ments and species, the response of assimilation rate to
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Table 1

Linear regression equations relating mean values of midday assimilation rate (A) and the natural log of stomatal conductance (g) to the leaf to
air water vapor pressure difference (D) on different days, for potato and sorghum grown at the current ambient and elevated

(ambient + 350 pmol mol~") [CO,]*

Species [CO,] Variable Intercept + S.E. Slope + S.E. r”

Potato Ambient A 322 +£28 —6.5 =+ 1.5 0.558
Potato Elevated A 432+ 40 74 +£22 0.441
Sorghum Ambient A 674 £53 —-127+£29 0.675
Sorghum Elevated A 772 £ 6.6 —15.0 £ 3.7 0.648
Potato Ambient In(g) 7.61 £0.25 —-0.77 £ 0.14 0.690
Potato Elevated In(g) 6.98 £ 0.25 —0.64 + 0.14 0.612
Sorghum Ambient In(g) 7.74 + 0.29 —0.87 £ 0.16 0.760
Sorghum Elevated In(g) 7.41 + 0.28 —1.00 £ 0.16 0.821

2 A is in umol m s, g is in mmol m s, and D is in kPa. Mean values for each date were based on measurements of six leaves per
[CO,] treatment. Measurements were made on 16 days over 3 years for potato and on 11 days over 2 years for sorghum. Slopes did not differ
between [CO,] treatments at P = 0.05 for either variable for either species, using ANCOVA.

Table 2

Slopes of responses of assimilation rate (A) or the natural log of
stomatal conductance (g) to short-term manipulation of leaf to air
water vapor pressure difference (D), for potato and sorghum plants
grown at the current ambient and elevated (ambient 4 350
pmol mol™") [CO,]*

Species [CO,] Variable Slope + S.E.
Potato Ambient A -1.7+03
Potato Elevated A —-3.0 £ 0.8
Sorghum Ambient A —25+08
Sorghum Elevated A —27+£0.6
Potato Ambient In(g) —0.22 £ 0.04
Potato Elevated In(g) —0.22 £ 0.03
Sorghum Ambient In(g) —0.16 = 0.03
Sorghum Elevated In(g) —0.15 £ 0.04

# A is in umol m 2 s", g is in mmol m 2 s~! and D is in kPa.
S.E. are based on mean values for six measurement dates for each
species. On each date three leaves per [CO,] treatment were
measured. Measurements were made on 6 days for each species,
over 2 years in sorghum and 3 years in potato. Slopes did not differ
between [CO,] treatments at P = 0.05 for either variable for either
species, using paired #-tests.

internal [CO,] for the short-term manipulations of
water vapor pressure difference was steeper than the
response of assimilation rate to internal [CO,] caused
by varying external [CO,] at constant water vapor
pressure difference (Fig. 3).

4. Discussion

The two sources of variation in leaf to air water
vapor pressure difference, day-to-day variation in

midday values caused primarily by the differing water
contents of air masses, and short-term manipulations
of vapor pressure difference caused by drying of the
air stream entering the leaf cuvette, produced con-
trasting magnitudes of responses of leaf gas exchange
to vapor pressure difference. The contrasting
responses provide information on how the environ-
ment limits assimilation rate and stomatal conduc-
tance, but for neither source of variation in vapor
pressure difference was assimilation less sensitive to
vapor pressure difference at elevated [CO,] in either
species. This was not the result of increased sensitivity
of stomatal conductance to vapor pressure at elevated
[CO,], but resulted from the steeper than expected
response of assimilation rate to the changes in internal
[CO,] caused by lower stomatal conductance at high
vapor pressure differences.

For both species and both sources of variation in
water vapor pressure difference, the response of
assimilation rate to changes in internal [CO,] caused
by stomatal closure at high vapor pressure difference
was steeper than responses of assimilation to internal
[CO,] caused by changing external [CO,]. Steeper
than expected apparent responses of assimilation rate
to internal [CO,] caused by stresses have variously
been attributed to non-stomatal inhibition of photo-
synthesis (e.g. Guehl and Aussenac, 1987; Bunce,
1988; Nicoldi et al., 1988; Demmig-Adams et al.,
1989; Beyschlag and Pfanz, 1990; Gimenez et al.,
1992) or to ““patchy” stomatal closure (e.g. Downton
et al., 1988; Beyschlag et al., 1992; Lal et al., 1996).
Our data cannot distinguish between these possibili-
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Fig. 3. Assimilation rate (A) and internal [CO,] (C;) for (A) sorghum and (B) potato grown at the current ambient [CO,] and at
ambient + 350 pmol mol ™' [CO,]. Variation in A was induced by day-to-day variation in leaf to air water vapor pressure difference, or short-
term increases in leaf to air water vapor pressure difference, or by varying external [CO,] (Ca) at constant D. When changes in D caused the
variation in A, A was negatively correlated with D.

ties, except that observed reductions in internal [CO,] stomata in patches, but that some partial closure also
at high vapor pressure difference, especially in sor- occurred. The lack of reduced sensitivity of assimila-
ghum, indicate that reductions in stomatal conduc- tion rate to vapor pressure difference at elevated [CO;]

tance did not only result from complete closure of in this study is similar to field data for tree species
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(Goodfellow et al., 1997; Singsaas et al., 2000), and
potted soybean plants grown outdoors (Bunce, 1993).

For both species and both [CO,] treatments, smaller
changes in assimilation rate and stomatal conductance
occurred for a given change in water vapor pressure
difference in the short-term manipulation of vapor
pressure difference than for the day-to-day variation
in vapor pressure difference. In contrast to potato and
sorghum, in wheat and barley the responses of sto-
matal conductance to day-to-day variation in vapor
pressure difference and short-term manipulation of
vapor pressure difference were indistinguishable
(Bunce, 2001b). The difference between the day-to-
day variation in vapor pressure difference and short-
term manipulation of vapor pressure difference is the
vapor pressure difference to which the rest of the shoot
is exposed. Although a leaf to air water vapor pressure
difference for a whole shoot is difficult to define
because of varying leaf temperatures and probably
humidities through the canopy, it remained at the
lower value during the short-term increase in vapor
pressure difference for the measured leaf section in the
cuvette, but increased with the vapor pressure differ-
ence of the measured leaf section in the day-to-day
variation. The implication of the much larger changes
in leaf gas exchange for the day-to-day variation in
vapor pressure difference is that high vapor pressure
difference for the canopy strongly reduced gas
exchange for leaf sections measured at a given value
of vapor pressure difference. The most likely explana-
tion of this is that high vapor pressure difference for the
canopy increased leaf water deficits, and that leaf water
deficits reduced g and A. High vapor pressure difference
for a canopy reducing leaf gas exchange by increasing
leaf water deficits has been observed in other species,
for example, in tomato (Bunce, 1988) and maize
(Bunce, 1990). Thus it appears that even when leaf
water deficits are involved in reductions in assimilation
rate and stomatal conductance at high vapor pressure
difference, elevated [CO,] will not necessarily decrease
the sensitivity of assimilation rate or stomatal conduc-
tance to high vapor pressure difference.

Day-to-day variation in leaf to air water vapor
pressure difference in sorghum at the current ambient
[CO;] resulted in changes in midday carbon dioxide
assimilation rates which were very similar to the
changes in canopy radiation use efficiency reported
by Kiniry (1999) for this species grown in environ-

ments differing in vapor pressure difference. The
relative sensitivity, calculated as the slope divided
by the intercept of the linear regressions, had a value
of —0.20 for the data summarized by Kiniry (1999),
compared with values of —0.19 for the data presented
here for both ambient and elevated [CO,]. Our values
for potato were —0.20 and —0.17 at the current
ambient and elevated [CO,], respectively. The expec-
tation from responses of assimilation rate to internal
[CO,] of smaller sensitivity of assimilation to high
vapor pressure difference in C,4 than in C5 species may
not apply when whole canopies are exposed to the
higher vapor pressure difference.

The hypothesis that elevated [CO,] would reduce
the sensitivity of assimilation rate to high water vapor
pressure difference was not supported by the data, and
high vapor pressure difference may continue to be a
significant limitation to assimilation rate in both C;
and C,4 species as atmospheric [CO,] continues to rise.
This limitation could become even larger if global
warming and/or microclimatic feedback effects of an
overall reduction in conductance (Wilson et al., 1999)
increase the water vapor pressure difference to which
plants are exposed.
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