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ABSTRACT

Increased atmospheric CO, often but not always leads to
large decreases in leaf conductance. Decreased leaf con-
ductance has important implications for a number of
components of CO, responses, from the plant to the
global scale. All of the factors that are sensitive to a
change in soil moisture, either amount or timing, may be
affected by increased CO,. The list of potentially sensitive
processes includes soil evaporation, run-off, decomposi-
tion, and physiological adjustments of plants, as well as
factors such as canopy development and the composition
of the plant and microbial communities. Experimental
evidence concerning ecosystem-scale consequences of the
effects of CO, on water use is only beginning to accumu-
late, but the initial indication is that, in water-limited
areas, the effects of CO,-induced changes in leaf conduc-
tance are comparable in importance to those of CO,-
induced changes in photosynthesis.

Above the leaf scale, a number of processes interact to
modulate the response of canopy or regional evapotran-
spiration to increased CO,. While some components of
these processes tend to amplify the sensitivity of evapo-
transpiration to altered leaf conductance, the most likely
overall pattern is one in which the responses of canopy and
regional evapotranspiration are substantially smaller than
the responses of canopy conductance. The effects of
increased CO, on canopy evapotranspiration are likely to
be smallest in aerodynamically smooth canopies with high
leaf conductances. Under these circumstances, which are
largely restricted to agriculture, decreases in evapotran-
spiration may be only one-fourth as large as decreases in
canopy conductance.

Decreased canopy conductances over large regions may
lead to altered climate, including increased temperature
and decreased precipitation. The simulation experiments
to date predict small effects globally, but these could be
_ important regionally, especiailly in combination with
radiative (greenhouse) effects of increased CO,.
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ELEVATED CO, AND LEAF CONDUCTANCE

Growth at increased atmospheric CO, often leads to sub-
stantial decreases in leaf conductance (g;). Most studies of
plant and ecosystem responses to increased CO, have
emphasized the responses of net photosynthesis (4,) or the
consequences of increased A, in C; plants. Although the
effects of increased CO, on stomatal aperture, conductance
and transpiration have long been recognized
(Linsbauer 1916) and feature prominently in discussions
and models of ecosystem-scale CO, responses (Strain &
Bazzaz 1983; Ojima et al. 1993), indirect and scale-depen-
dent aspects of the CO, sensitivity of g, have not been stud-
ied comprehensively.

Several aspects of the' CO, response of leaf conductance
are likely to have consequences that extend beyond simple
increases in water-use efficiency. Some of these larger scale
consequences involve the way in which a decrease in g
translates into evapotranspiration (ET; the sum of evapora-
tion from soil and plant surfaces plus transpiration of water
that moves through plants) at scales from the canopy to the
globe. Others involve the penetration of the effects of CO,
on water use into other processes, ranging from nutrient
availability to the dynamics of plant and microbial species.
In this paper, we discuss mechanisms that link the CO,
response of g, to other processes at the ecosystem level and
to water use at spatial scales larger than the single plant.

Relatively few of the large-scale consequences and indi-
rect effects of the response of leaf conductance to
increased CO, have been studied by performing experi-
ments in which CO, is used as a manipulated variable.
Many of these effects have the potential to emerge only at
large spatial scales, long temporal scales, or in complex
units of the landscape, none of which is easy to study in
direct experiments. Thus, our discussion draws on evi-
dence from experiments in which other variables provide
surrogates for CO, effects and on theory, with a healthy
dose of speculation. We emphasize the conceptual basis of
potentially important mechanisms over quantitative pre-
dictions, which will become increasingly practical as
experimental results are linked with mechanistic models.

EFFECTS OF GROWTH AT INCREASED CO,
ON LEAF CONDUCTANCE

For plants grown at the current ambient CO, concentration
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(approximately 36 Pa), transfer to elevated CO, typically
leads to substantial decreases in leaf conductance. Morison
(1987), summarizing studies on over 50 species, concluded
that transfer from ambient to approximately twice ambient
CO, decreased g, by an average of about 40%, with no
clear evidence for differences between C; and G, species
(Morison & Gifford 1983). While the most common pat-
tern appears to be that increased CO, has small effects on
the proportional response of g, to light and humidity
(Morison & Gifford 1983), subtle effects such as changes
in the time constant for stomatal opening and closing
(Knapp, Fahnestock & Owensby 1994) can have important
ecological consequences.

The contrast between plants grown at ambient and ele-
vated CO, is less clear, with substantial evidence for dif-
ferences among species and effects of growth conditions.
Acclimation to increased CO,, a topic widely discussed for
photosynthesis (Gunderson & Wullschleger 1994), has not
been well studied for g, and quantitative assessments
should be a high priority in future work. Morison &
Gifford (1984) found that growth at twice ambient CO, led
to a mean decrease in leaf conductance of 36% for 16 agri-
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cultural and horticultural species, with some evidence for
larger effects in cowpea and sunflower following exposure
to water stress. The pattern in woody plants is more vari-
able, perhaps reflecting differences in CO, responses at
different times or under different environmental conditions
(Eamus & Jarvis 1989). Curtis (1995), using meta-data
analysis, observed no consistent effect of growth at
increased CO, on g;. Our review of g, measured under
growth conditions at normal and elevated CO, in 23 tree
species indicates an average decrease of 23% under
increased CO, (Table 1).

In ecosystem-scale experiments, decreases in leaf con-
ductance are comparable to those found in single-plant
studies. Cotton grown with free-air CO, enrichment
(FACE) exhibited decreases in midday g, of 13—44%, even
though the CO, concentration was increased only to 55 Pa
(Hileman et al. 1994). In tall-grass prairie, mid-season,
midday g; in the dominant C, species decreased by 21% in
a drier than normal year and by 59% in a wetter than nor-
mal year in response to doubled CO, (Knapp, Hamerlynck
& Owensby 1993). In an ecosystem-scale study in the
same region, doubled CO, decreased ET by 18% under

Table 1. The change in stomatal conductance with a doubling of atmospheric CO, (approximately 35 to 70 Pa) for 23 tree species. Where
necessary, conductance data were pooled across multiple times and treatments. The average reduction in stomatal conductance for all species
in elevated CO, was 23%. OTC = open-top chamber; GC = growth chamber.

Growth Relative D
Species conditions Growth stages in g, (%) Reference
Acer saccharinum Pot, OTC Seedlings -28 } Bunce (1992, Table 3a)
Acer saccharinum Pot, OTC Seedlings =24 Tschaplinski et al. (1995, Tables 2 & 3)
Acer saccharinum Pot, GC 1-year-old saplings -18 Williams et al. (1986, Fig. 2)
Carya ovata Pot, GC 1-year-old saplings =51 Williams et al. (1986, Fig. 2)
Cecropia obtusifolia Pot, GC Seedlings -87 Reekie & Bazzaz (1989, Fig. 3)
Fraxinus lanceolata Pot, GC 1-year-old saplings 0 Williams ez al. (1986, Fig. 2)
Liquidambar styraciflua * Pot, OTC Seedlings -36 Tschaplinski ez al. (1995, Tables 2 & 3)
Liriodendron tulipfera Field, OTC 2-3-year-old saplings -15 Gunderson et al. (1993, Fig. 2)
Liriodendron tulipfera Pot, GC Seedlings - 436 Norby & O’Neill (1991, Table 5)
Liriodendron tulipfera Pot, GC 1-year-old saplings. 44 Williams et al. (1986, Fig. 2)
Malus domestica Pot, OTC Seedlings —4 Bunce (1992, Table 2)
Maranthes corymbosa Pot, tents Seedlings 24 Eamus et al. (1993, Table 1)
Myriocarpa longipes Pot, GC Seedlings -60 * Reekie & Bazzaz (1989, Fig. 3)
Ochroma lagopus Pot, GC Seedlings -58 - Oberbauer et al. (1985, Table 2)
Pentachlethra macroloba Pot, GC Seedlings =72 Oberbauer et al. (1985, Table 2)
Picea abies Field, OTC 7-year-old saplings -11 Dixon et al. (1995, Fig. 4)
Pinus radiata Pot, GC Seedlings -7  Conroy et al. (1988, Fig. 1)
Pinus taeda Pot, GC ' Seedlings -12 Tolley & Strain (1985, Fig. 4)
Piper auritum Pot, GC Seedlings -20 Reekie & Bazzaz (1989, Fig. 3)
Platanus occidentalis Pot, OTC Seedlings -20 Tschaplinski et al. (1995, Tables 2 & 3)
Platanus occidentalis Pot, GC 1-year-old saplings -12 Williams etal. (1986, Fig. 2)
Populus grandidentata Field, OTC 0-5-year-old saplings 0 Curtis et al. (1994, Fig. 1)
Quercus alba Field, OTC 2-3-year-old saplings ~17 Gunderson et al. (1993, Fig. 2)
Quercus prinus Pot, OTC ~ Seedlings +3 Bunce (1992, Table 2)
Quercus robur Pot, OTC Seedlings -9 Bunce (1992, Table 2)
Quercus rubra Field, OTC 5-year-old saplings +22 Dixon ez al. (1995, Fig. 3)
Quercus rubra Pot, GC 1-year-old saplings -34 Williams ez al. (1986, Fig. 2)
Senna multijuga Pot, GC Seedlings ' —46 Reekie & Bazzaz (1989, Fig. 3)
Trichospermum mexicanum Pot, GC Seedlings -12 Reekie & Bazzaz (1989, Fig. 3)

Mean response: -23%
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abundant water and by 8% under limited water conditions
(Nie et al. 1992a). In mediterranean grassland, twice-ambi-
ent CO, led to a 45% decrease in mid-season g,
(Jackson et al. 1994). Scirpus olneyi, a C; sedge, appears to
be an exception to the general pattern of decreased g in
ecosystem experiments. In this salt marsh species, photo-
synthetic capacity increased by 31% after 4 years of expo-
sure to increased CO,. Leaf conductance was essentially
the same in plants grown in ambient and elevated CO,,
measured at the growth CO, concentration (Arp & Drake
1991), probably reflecting the role of photosynthesis in
adjusting g, (Ball, Woodrow & Berry 1987).

EVOLUTIONARY ASPECTS

Leaf conductance reflects a compromise. An increase in g,
leads to increased carbon gain but also increased water
loss. Increased CO, represents a shift in the availability of
carbon relative to all other resources. To the extent that
evolution has equipped plants to adjust form and function
in ways that tend to make all resources equally limiting to
growth (Bloom, Chapin & Mooney 1985), increased CO,
should lead to decreased investments in foraging for car-
bon, especially in terms of expenditures of other poten-
tially limiting resources, including water. Increased CO,
alters resource availability in favour of carbon over water,
and decreased g, acts to restore balance.

The fact that the response of leaf conductance to CO, is
so general and operates over such a large range of partial
pressures suggests that its maintenance is more likely to be
related to balancing resource use under varying light, water
and nutrients than to varying atmospheric CO,. The physi-
ological mechanism of the CO, response remains unre-
solved [but see Dewar (1995) for a compelling new
hypothesis]. Evidence indicating that leaf conductance
changes in response to the CO, concentration inside the
leaf (Mott 1988), which changes in response to all of the
factors that change A,,, further supports the idea that a CO,
response of conductance could have been evolutionarily
maintained and adjusted to balance resource use even
under conditions of constant atmospheric CO,. The
observed responses are in the direction that tends to bal-
ance resource limitation under increased CO,. Several for-
mal theories predict these responses, at least qualitatively,
although they begin from somewhat different postulates of
the adaptive significance of the responses.

" Cowan & Farquhar (1977) argued that leaf conductance
is optimized when no temporal redistribution of conduc-
tance throughout the day can increase daily net photosyn-
thesis. This theory does not assume a priori knowledge of
the total quantity of water available or the total quantity of
photosynthate that needs to be fixed, but it provides no
guidance for choosing among different total quantities,
which is the central question in terms of rising atmospheric
CO,. Approaches that do specify optimal rates of water use
were proposed by Cowan (1986), Givnish (1986) and
Friend (1991). The essence of each of these is that drought
imposes some negative consequence and that g, should be

adjusted to maximize a function expressing the balance
between the benefits of increased photosynthesis and the
costs of increased drought. The function to be maximized
is net photosynthesis in the analysis of Friend (1991),
which postulates that photosynthesis is directly sensitive to
leaf water status. Cowan (1986) uses an expanded criterion
that places additional emphasis on avoiding fatal desicca-
tion. Givnish (1986) considers both effects of leaf water
status on photosynthesis and carbon costs of constructing
the roots that forage for water.

In the approaches of Cowan (1986), Givnish (1986) and
Friend (1991), the predicted response of leaf conductance
to elevated atmospheric CO, depends on the relative slopes
of the cost and benefit functions. A steep cost function
(implying a high cost for an additional unit of ET or
drought) and/or a shallow benefit function (implying a
small response of net photosynthesis to g,) tends to favour
larger decreases in g,. If the cost function stays relatively
flat until nearly all of the available water is used, the
hypothesis underlying the control of canopy development
in a number of large-scale assessments (Woodward 1987;
Prentice et al. 1992), then ET may change little with
increasing CO,, and decreases in g, may be largely related
to offsetting increases in leaf area index. If a shift of
resources from foraging for carbon to foraging for water
allows more efficient exploitation of the soil (Field et al.
1992), then ET could even increase under increased CO,,.

At the other extreme, net photosynthesis may, in general,
be adjusted in response to the availability of whatever
resource limits growth (Field 1991). In other words, the
benefit function describing the value of additional photo-
synthate may be very shallow. If this is the case, then A,
should increase in response to elevated CO, only to the
extent that elevated CO, increases the availability of the
limiting resource or the efficiency with which it can be
used for growth. COy-induced water savings will then
adjust to the maximum level consistent with providing as
much photosynthate as the plants can use.

In summary, compelling frameworks for understanding
the adaptive significance of the response of leaf conduc-
tance to increasing atmospheric CO, are available, but they
are currently more appropriate for developing hypotheses
than for testing detailed predictions. Improved assessments
of the marginal costs of water deficits and the marginal
benefits of photosynthesis are the keys to further progress.
Ultimately, the assessment of costs and benefits should
include indirect and large-scale consequences of changes
in ecosystem carbon and water budgets.

SCALING

Scaling of the response of leaf conductance to increased
CO, involves two major suites of interacting processes.
One scaling axis is largely in the spatial domain. Several
features of leaf, canopy and regional physiology, bio-

-physics and aerodynamics control the extent to which

COy-induced decreases in leaf conductance appear as
changes in evapotranspiration, run-off and precipitation.

© 1995 Blackwell Science Ltd, Plant, Cell and Environment, 18, 000000



Because this scaling involves both negative and positive
feedbacks, broad predictions may be less than totally reli-
able. The theoretical foundations for the interactions
involved in scaling from leaf to regional ET are, however,
reasonably well established (Jarvis & McNaughton 1986;
Collatz et al. 1991; Dickenson 1991; McNaughton &
Jarvis 1991; Monteith 1995a; Raupach 1995).
Interpretation of the scaling in relation to effects of
increased CO, on g, requires the application of existing
theory rather than the development of new theory.

A separate but interacting suite of processes links
changes in leaf conductance to other ecosystem processes,
ranging from run-off and water quality, to nutrient miner-
alization and trace gas exchange, to changes in the dynam-
ics and composition of plant and microbial species (Fig. 1).
A critical prerequisite for all these responses, however, is
that decreased g, leads to decreased ET and, as a conse-
quence, increased soil moisture. Possible compensations
with the potential to prevent penetration of effects on g, to
changes in soil moisture include not only canopy- and
regional-scale effects on ET, but also compensation
through increased leaf area index and evaporation from the
soil. To the extent that increased LAI compensates for
decreased g, under increased CO,, other effects on the
hydrological cycle are unlikely. But when compensation
by LAI is less than complete and ET decreases, a new
range of possibilities appears.

Some of the candidates for indirect CO, effects through
altered water relations, including net primary production
(NPP) (Lieth 1975) and leaf area index (Woodward 1987;
Prentice et al. 1992), are clearly related to soil moisture.
The connections between soil moisture and other pro-
cesses, for example nutrient availability (Tietema et al.
1992) or increased carbon storage (related to the transfer of
nutrients from pools with low carbon:nutrient ratios to
those with high carbon:nutrient ratios; Shaver et al. 1992),
are less direct (Fig. 1). Several of the ecosystem processes
mechanistically linked to the CO, sensitivity of g play crit-
ical roles in the provision of ecosystem goods and services
valued by humans (Ehrlich & Mooney 1983). These
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include surface energy balance (in relation to surface cli-
mate), run-off (in relation to freshwater quality and quan-
tity), NPP (in relation to agriculture and forestry), species
changes (in relation to commercially important and rare
species) and carbon storage (in relation to atmospheric
CO,).

LEAF AREA INDEX

Unfortunately, only a small fraction of the CO, experi-
ments to date provide useful information on the response
of LAI to elevated CO,, with realistic nutrient availability
and canopy structure. Experiments on large glasshouse
plots often report small effects of increased CO, on LAI,
with some evidence for increases (Clifford et al. 1993),
and some for decreases (Korner & Arnone 1992). In large,
open-top chambers in the field, Owensby et al. (1993)
observed small increases in LAI in response to elevated
CO, in some but not all years. For cotton in a FACE (free-
air CO, enrichment) experiment, Pinter et al. (1994) found
that elevated CO, led to increased LAI only in the early
and middle parts of the growing season. Solid evidence on
the response of LAI to increased CO, should be a priority
for future studies.

In general, we expect compensation between CO,-
induced changes in g, and LAI to be most nearly complete
under conditions where growth is strongly stimulated by
increased CO, and where water is the most limiting
resource. Compensation should be least where CO,-
induced stimulation of growth is small, where mineral
nutrients are strongly limiting, or where nearly all the light
is already captured by plants. In highly productive ecosys-
tems with abundant nutrients (especially agriculture),
leaves miss so little of the available PAR that large
increases in LAI under elevated CO, are unlikely (even
though the light compensation point for photosynthesis
decreases as CO, increases; Long & Drake 1991). Because
water-limited sites are typically also nutrient-limited,

. responses of LAI to elevated CO, in water-limited ecosys-

tems should generally be small. Only in unusual condi-

Figure 1. Schematic diagram of the
mechanisms connecting the effects of
increased CO, on leaf conductance with
other ecosystem processes. An upwards
arrow adjacent to a process indicates an
increase, and a downwards arrow
indicates a decrease. Positive effects are
shown with solid arrows, negative
»fcamon  effects with dashed arrows,

Storage  Abbreviations are defined in the text.
For some of the interactions, the net
effect could be either positive or
negative. One example is the effect of

species changes on NPP. The dashed
box around altered boundary layer and
energy balance summarizes a number of
effects, detailed in Fig. 3.

Nutrient Transfer
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tions, where productive canopies are maintained at less
than full PAR interception or where water-limited sites are
characterized by high nutrients, would we predict large
responses of LAI to increased CO,.

The time course of canopy development may be sensi-
tivie to atmospheric CO,. More rapid canopy closure under
elevated CO,, especially in agriculture, will tend to offset
any water savings resulting from decreased g;.

Another factor arguing against complete compensation
of decreased leaf conductance by increased LAI is the lim-
ited sensitivity of ET to changes in LAI. At low LAI, an
increase in LAI potentially decreases evaporation from the
soil surface. For a low-LAI ecosystem with a wet soil sur-
face, whole-ecosystem ET (plants plus soil) may even
decrease with increasing LLAI (Schulze er al. 1994). At
higher LAI in poorly coupled canopies, ET is increasingly
insensitive to increasing LAI (Schulze et al. 1994). Only in
aerodynamically rough vegetation does ET increase with
LAI up to very high values (Jarvis & McNaughton 1986;
McNaughton & Jarvis 1991).

SOIL MOISTURE

In the large majority of studies on plants grown under ele-
vated CO,, water was supplied in abundance, effectively
suppressing potential effects of CO, on the water budget.
In studies that include a drought treatment, CO, sensitivity
often increases as water availability decreases. On the
basis of a review of 29 studies, Idso & Idso (1994) con-
cluded that the response of photosynthesis or growth to a
30Pa increase in atmospheric CO, increased from a mean
of 31% under well-watered conditions to a mean of 62%
under drought. In peanuts, elevated CO, produced a 16%
increase in dry matter accumulation under well-watered
conditions but a 112% increase under severe drought
(Clifford et al. 1993). ’

Leaf water potentials are often less negative in plants
grown at elevated CO, than in those grown at ambient CO,.
More studies report effects on midday than pre-dawn water
potential, indicating that much of the effect is a dynamic
component reflecting decreased transpiration rather than
increased soil moisture (e.g. Owensby ez al. 1993). In some
cases, effects of increased CO, on midday water potential
emerge only late in the growing season (Bhattacharya et al.

. 1994; Jackson et al. 1994), probably as a consequence of the
time course of canopy development, water supply and evap-
orative demand. '

Direct observations of increased soil moisture under ele-
vated CO, are currently limited to grassland ecosystems. In
field experiments on mediterranean grassland in California,
doubled CO, resulted in increases in gravimetric moisture
in the rooting zone of up to 0-05 g g™ (Fig. 2). Elevated CO,
led to increased soil moisture only late in the growing sea-
son, largely after the last recharge of the rooting zone, and
only in grassland on moderately productive sandstone-
derived soil. In less productive sites on serpentine-derived
soil, the effects of CO, on soil moisture were less clear (A.
L. Fredeen & C. B. Field, unpublished results), perhaps

0.10
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Figure 2. Response of soil moisture to increased CO, in an
experiment with open-top chambers in California grassland on
sandstone soil in 1993. Soil moisture at depths of 0-0-0-15m
(circles) and 0-15-0-30 m (squares) is shown. Dashed lines and
open symbols represent ambient CO, concentration, and solid lines
and closed symbols represent elevated CO, concentration. The
effect of CO, on soil moisture was significant on the moderately
productive sandstone soil on two dates in April. Error bars are
standard errors. (The figure is based on unpublished results of A.
L. Fredeen and C. B. Field.)

reflecting the relative importance of soil evaporation in this
ecosystem (Schulze et al. 1994).

A number of studies document extensions of active
growth or protection of physiological integrity under
increased CO, and attribute the changes to improved water
relations. In greenhouse studies on peanut canopies, for
example, Clifford er al. (1993) observed a small response
(an increase of 16%) of dry matter accumulation to ele-
vated CO, under well-watered conditions but a large
response (an increase of 112%) under severe drought. The
large stimulation under elevated CO, was largely a conse-
quence of an extended period of physiological activity.
Knapp et al. (1993) measured net photosynthesis and leaf
conductance on the dominant C, species of tallgrass prairie
grown at high and low CO, in the field. Using plants
removed from the field and measured under well-watered

* conditions and a common CO, concentration, they found

that, in a dry but not a wet year, both A, and g, were higher
in plants from high-CO, plots, indicating that some aspect
of growth at high CO,, probably the increased soil mois-
ture, was protecting photosynthetic capacity and maximum
stomatal conductance. With measurements of A, and g, on
the dominant C; species in mediterranean grassland,
Jackson et al. (1994) observed an approximately 10d
extension in the period of active photosynthesis and tran-
spiration under increased CO,.

Results of many studies indicate that effects of increased
CO, are typically increased under drought conditions (Idso &
Idso 1994). Unfortunately, it is not yet possible to partition
this effect into components related to increased soil moisture
and increased growth or photosynthesis per unit of water
used. But the initial indication is that, at least in drought-sen-
sitive habitats, effects on soil moisture may be important.

© 1995 Blackwell Science Ltd, Plant, Cell and Environment, 18, 000-000



In general, decomposition is very sensitive to soil mois-
ture (Tietema et al. 1992), creating the possibility that ele-
vated CO, could lead to increases in decomposition rates,
which is the opposite of the prediction based on the effects
of increased CO, on tissue composition (Field et al. 1992).
Of course, increased decomposition could also lead to
decreased storage of carbon in the soil. In an ecosystem
with significant amounts of woody biomass, increased
decomposition could potentially transfer limiting nutrients
from soil to wood, allowing increased carbon storage per
unit of nutrients (Shaver ez al. 1992). In grasslands, how-
ever, increased decomposition is likely to lead to a loss of
soil carbon and a decrease in total carbon stores.

In the long run, changes in the distributions of species
and biomes may be some of the most important ecosystem
responses to elevated CO,. Since moisture balance is one
of the key determinants of biome boundaries (Woodward
1987, Prentice et al. 1992; Nielson 1993), the effects of
CO, on soil moisture may affect species composition.
Several papers have hypothesized that increased CO, has
played a role in the invasion of C, grasslands by woody C;
species (Idso 1992; Polley, Johnson & Mayeux 1992), an
argument recently challenged by Archer, Schimel &
Holland (1995). CO,-stimulated invasion of C; species
into C, regions does not necessarily require effects on soil
moisture, although there are many examples of shrub
establishment in grasslands only during wet years or with
artificial watering (Williams, Hobbs & Mooney 1987).

In the CO, experiments to date that have operated for
less than one generation of the dominant plants, one would
not expect major changes in species composition. Yet
some changes in community composition have been
observed. In mixed C;-C, stands in Chesapeake Bay salt
marsh, increased CO, increased the biomass of the domi-
nant C; but not the dominant C, species (Curtis et al.
1989). In tallgrass prairie in Kansas, the C; species Poa
pratensis tended to decline in all treatments with chambers
(as a result of increased temperature) but was, under high
water, more abundant at elevated than ambient CO, (Nie et
al. 1992b). Under low water, however, Poa pratensis was
less abundant at high than at low CO,. Future studies on
the possibility of species changes with increasing CO,
should consider the role of water balance and perhaps use
water treatments as a tool for assessing potential mecha-
nisms. A focus on ecosystems dominated by plants with
short generation times will facilitate experiments on this
topic.

RUN-OFF

Any process that decreases ecosystem ET potentially leads
to increased run-off and deep percolation. Since these are
the primary sources of freshwater for anthropogenic uses,
and since freshwater resources are threatened in many
areas (la Riviere 1989), effects of altered CO, on run-off
should be a central concern of the global change research
agenda. While run-off has been an important issue in many
GCM experiments on CO,-induced climate change, few

© 1995 Blackwell Science Ltd, Plant, Cell and Environment, 18, 000-000
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studies have addressed the consequences for run-off of
CO, effects on leaf conductance.

Aston (1984) and Idso & Brazel (1984) used models to
estimate changes in run-off for arid to semi-arid water-
sheds in Australia and Arizona, respectively. In both sets
of simulations, stream flow increased substantially when
effects of increased CO, were simulated with either a 50%
(Aston 1984) or a 33% (Idso & Brazel 1984) reduction in
& Increases in run-off ranged from a few per cent in
lightly vegetated areas to 100% or more with full vegeta-
tion cover. Though based on reasonably detailed models,
neither of these simulations adjusted for factors that tend to
suppress the increase in run-off (e.g. increased leaf area
index or altered species composition in response to
increased CO,), and neither evaluated the consequences of
increased run-off, including increased erosion and leaching
of mineral nutrients in addition to increased freshwater
resources.

Hatton ez al. (1992) extended these efforts by combining
a three-dimensional hydrological model with a relatively
detailed plant model that predicts dynamics of both leaf
conductance and leaf area index in response to elevated
CO,. In their simulations, transpiration decreased slightly
and catchment yield increased slightly under elevated CO,.
The small responses of the hydrological variables in this

“study reflect the partial compensation of decreased g; by

increased LAL

Experimental studies of effects of CO, on run-off pre-
sent daunting experimental challenges. Confirmation of an
effect of increased CO, on run-off has not been a priority
in experimental programmes. Studies on ET from C; and
C, crops in the same region (Baldocchi 1994) or from cul-
tivars with contrasting water-use efficiencies might pro-
vide useful surrogates for understanding effects of
increased CO, on canopy conductance.

ECOSYSTEM EVAPOTRANSPIRATION

~ The contrast between the controls on ET at the leaf and

canopy scales is increasingly appreciated in the ecological
and agricultural communities (Jarvis & McNaughton
1986; Raupach & Finnigan 1988; McNaughton 1989;
McNaughton & Jarvis 1991; Monteith 1995a; Raupach
1995). We summarize only selected points of these discus-
sions to provide a foundation for understanding the role of
the effects of CO, on surface conductance (g,: the bulk
conductance combining canopy and soil terms) in regulat-
ing canopy-scale ET.

For a single leaf in a well-stirred chamber or canopy,
transpiration is- a nearly linear function of leaf conduc-
tance. In moving to the canopy scale, two processes act to
suppress the sensitivity of transpiration to g,. The first of
these involves the humidity of the boundary layer. Drying
of the boundary layer in response to decreased g, increases
the driving gradient for transpiration, partially compensat-
ing for the decrease in g,.

The other process involves leaf temperature. A decrease
in g leads to a decrease in latent heat flux (AE), requiring
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Figure 3. Schematic diagram of the mechanisms regulating the
sensitivity of canopy or regional evapotranspiration (ET) to a
decrease in canopy conductance (g.). An upwards arrow adjacent
to a process indicates an increase, and a downwards arrow
indicates a decrease. Positive effects are shown with solid arrows,
negative effects with dashed arrows. Abbreviations are defined in
the text. Five types of mechanism are potentially important. These
are (1) stabilization of ET as a result of the effect of decreased ET
on increasing D, (2) stabilization of ET as a result of the effects of
increased canopy temperature on increasing D, (3) stabilization of
ET as aresult of the effects of boundary layer entrainment on
increasing D, (4) positive feedback on ET as a result of decreased
&. as a physiological response to increased D, and (5) modulation
of the effect of increased T on D through altered net radiation.

dzCBL
~ar refers to the height growth rate of the CBL. £6T refers to the
thermal radiation emitted by an object at temperature T.

an increase in sensible heat flux (H) to balance the net radi-
ation (R,) (Fig. 3). Sensible heat flux is proportional to the
difference between canopy and free air temperatures,
which means that an increase in H (from the canopy to the
atmosphere) always requires an increase in canopy temper-
ature. For canopy temperatures below air temperature, an
increase in canopy temperature decreases the flux of sensi-
ble heat from the atmosphere to the canopy. Canopies that
are less well coupled to the atmosphere require larger tem-
perature changes for a given change in H. However, an
increase in canopy temperature increases the vapour pres-
sure difference (D) between leaf and canopy, which tends
to increase transpiration and partially counteract the effect
of the decrease in g,.

Both of these effects potertially occur at the scale of ele-
vated-CO, experiments in greenhouses, growth chambers,
open-top chambers and FACE. For example, Idso et al.
(1993), reviewing experiments from a variety of experimen-
tal facilities, concluded that teperature increases in plants
grown at increased CO, are directly proportional to decreases
in g,. In all of the elevated-CO, experiments to date, how-
ever, the magnitude of these effects is strongly determined by
the experimental infrastructure. None of the experiments,

including the FACE experiments, has operated on a scale or
with a technology consistent with natural, canopy-scale regu-
lation of the relationship between g, and ET.

In addition to the two effects that tend, at the canopy
scale, to suppress the sensitivity of ET to a CO,-induced
decrease in g, other processes act to resist the suppression
or even amplify the sensitivity. First, the humidity
response of stomata, leading to decreased g, in response to
increased D (Monteith 1995b), tends to close stomata fur-
ther as a consequence of the drying of the boundary layer
caused by the initial closing. Secondly, the increase in
canopy temperature necessary to drive the increase in H
also increases radiative energy dissipation, which tends to
decrease R,, decreasing the sum of latent and sensible het
fluxes required to balance R, (Fig. 3).

The quantitative balance between the factors that tend to
stabilize ET and those that tend to increase its sensitivity to
changes in g, is treated in detail by Jarvis & McNaughton
(1986), Raupach & Finnigan (1988), Martin, Rosenberg &
Mckenney (1989), Collatz et al. (1991), Vugts (1993) and
Raupach (1995). The critical parameters are the relative
magnitudes of bulk surface and canopy boundary layer
conductances, as well as the sensitivity of g, to humidity.

A number of analyses use the Penman—Monteith equa-
tion (Penman 1948; Monteith 1981) as the starting point of
assessing the sensitivity of ET to changes in surface con-
ductance, at the canopy scale. The general conclusion from
these studies is that ET is more sensitive to changes in g, in
aerodynamically rough (forests) than aerodynamically
smooth (crop) canopies, in which the responsiveness of ET
to changes in g, decreases with increasing g.. Kelliher,
Leuning & Schulze (1993) reviewed data for a number of
forest and grassland plots. Following Raupach & Finnigan
(1988), they defined proportional sensitivity of ET to g, as

A=1-alayy; 3)

where a=AE/R,, and a,, is the same but with g set to
infinity. They concluded that the sensitivity of ET to g, is
always greater than 0-7 for conifer forests but decreases
with increasing g, in grasslands. Under the conditions of
their simulations, A, drops below 0-3 at g, of about
1 molm™s~! (Fig. 4).

Using maximum values of canopy conductance for crops
from Schulze et al. (1994) and the environmental condi-
tions assumed by Kelliher ez al. (1993), a typical value of
A for either broad-leaved or cereal crops under well-
watered conditions would be about 0-25 (Fig. 4). As a
result of canopy-scale feedbacks in most agricultural set-
tings, the possible water savings from increased CO, will
be dramatically smaller than the effects on g, A 40%
decrease in g, may decrease ET by an average of only 10%.
Water savings in aerodynamically rought ecosystems will
be substantially greater.

REGIONAL EVAPOTRANSPIRATION

Moving beyond the scale of the local ecosystem to the
scale of tens to hundreds of kilometres, two new sets of

© 1995 Blackwell Science Ltd, Plant, Cell and Environment, 18, 000-000



Fractional sensitivity of ET to changes in g,

©
(=]

0.5 1.0
gs (molm2s-1)

Figure 4. Fractional sensitivity of evapotranspiration (ET) to
changes in surface conductance (g;) as a function of g, for canopies
(—, conifer forest; ---, grassland) with high and low aerodynamic
conductances (g,= 170 mms~' for forest and g,=27 mm™' for
grassland), calculated from the Penman-Monteith equation and
assuming R, =500 W m™2 and D= 10 mmol mol™' (redrawn from
Kelliher et al. 1993).

feedbacks potentially modulate the effects of increased
CO, on stomatal conductance. These are related to the
planetary or convective boundary layer (CBL) and to the
mesoscale circulations generated by contacts between con-
trasting surface types.

Thus far, we have discussed atmospheric feedbacks on
ET from a leaf or canopy into a boundary layer of a fixed
depth. In nature, the layer of vertically mixed air near the
Earth’s surface thins and thickens in response to inputs of
energy and water. During a typical day in a forested region,
the CBL sinks to a depth of about the canopy height at
night and grows to one to several km during the day (e.g.
.Wofsy, Harriss & Kaplan 1988). As it grows, the CBL
entrains air from above. Since the boundary layer is humid-
ified by evapotranspiration from the surface, entrained air
is dry, relative to the rest of the CBL (McNaughton 1989).
This capture of drier, typically warmer air dries the CBL,
generally increasing D and acting as a further negative
feedback to decrease ET as a result of decreased g,
(McNaughton & Jarvis 1991; Monteith 1995a).

The negative feedback of entrainment on stomatal con-
trol of ET is limited by the processes that control the devel-
opment of the CBL. Since the height growth of the CBL is
driven by sensible heat at the surface, increases in vapour
pressure deficit that tend to increase ET also decrease the
availability of energy necessary for the growth and drying
of the CBL (McNaughton 1989). Thus, the stabilizing
effect of entrainment on ET in response to decreased g, is
never complete, and ET must decrease, at least slightly.

Using the CBL model of McNaughton & Spriggs (1986)
and meteorological data from a site in the Netherlands,
McNaughton & Spriggs (1989) explored the sensitivity of
ETto g,.. They expressed their results in terms of the
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Priestley-Taylor o coefficient (Priestley & Taylor 1972),
where o is the ratio of actual to potential ET. For each of the
9d they evaluated, o was largely insensitive to changes in g
for g, larger than 1 molm=s~', but it decreased by about
35% as g dropped from 1 to 0-1 mol m~2s™". Thus, inclusion
of a boundary layer model reinforces the conclusion that ET
will be largely insensitive to CO,-induced decreases in g, in
well-watered agricultural areas. In natural vegetation, where
g, is typically in the range of 0-1-1 molm™s~!, ET will vary
with changes in g, but canopy and boundary-layer feed-
backs will not entirely disappear.

In regions with heterogeneous surfaces (water, bare soil
and vegetation types of contrasting roughness, albedo and
surface roughness), a substantial fraction of the atmo-
spheric movement near the surface can be generated by
mesoscale circulation, circulation driven by the contrasts
in mass and energy exchange between the atmosphere and
different surface types (Pielke 1984). Canopy conductance
is a key parameter in controlling the intensity of mesoscale
circulations, with greater contrasts in conductance leading
to larger vertical and horizontal wind speeds (Avissar &
Pielke 1991). To the extent that increased CO, leads to
decreased contrast in surface conductance between bare
and vegetated areas, the intensity of mesoscale circulations
should decrease. If increased CO, leads to decreases in g,
that are consistently larger for some vegetation types (e.g.
larger for agricultural crops than for trees), mesoscale cir-
culations may be enhanced or suppressed, depending on
the relative values of g, at low CO,.

GLOBAL CLIMATE

Effects of increased CO, on leaf or surface conductance
clearly have the potential to affect surface temperatures,
from the leaf to the regional scale. Does the stomatal
response to increaséd CO, have different climate implica-
tions at the global scale? In particular, it would be useful to
know how temperature changes resulting from the stom-
atal and radiative (greenhouse) responses to increased CO,
compare. It would also be useful to know whether changes
in the surface energy balance driven by the stomatal
response to increased CO, influence the distribution or
amount of precipitation.

The large-scale control of precipitation has two impor-
tant terms. One reflects the recirculation of water evapo-
rated locally, which can be very important in a region such
as the Amazon basin (Salati 1987). The other reflects
large-scale transport, especially from the oceans to the
land. The concept that evaporation from the land surface
plays a major role in continental-scale climate is well
established. Shukla & Mintz (1982) performed one of the
clearest of the early simulations with extreme but unrealis-
tic surface changes. They used an atmospheric general cir-
culation model (GCM) to demonstrate that converting the
continents from completely wet to completely. dry could
increase surface temperatures by more than 20°C and
cause dramatic decreases in precipitation, especially in the
centres of the continents. '
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Simulating treatments that are less severe, Dickenson &
Henderson-Sellers (1988), Lean & Warrilow (1989) and
Shukla, Nobre & Seliers (1990) used GCMs with
improved land surface parametrizations to explore the con-
sequences of converting the Amazon basin from forest to
grassland. In these exercises, deforestation was simulated
with decreased surface conductance, increased albedo,
decreased rooting depth, and decreased roughness length.
All three studies simulated increased temperature (1-4 °C)
due to deforestation, the opposite of the effect expected
from the increased albedo. In the simulations of Lean &
Warrilow (1989) and Shukla et al. (1990), and in later
experiments by Dickenson and colleagues (Dickenson
1991), precipitation and evapotranspiration both
decreased, but with larger effects on precipitation. This
implies that changes in the regional surface energy balance
altered the global circulation in ways that brought less
moisture into the region. If decreased canopy conductance
caused by increased CO, causes similar effects, we might
anticipate that warmer surface conditions in a high-CO,
world will be accompanied by persistent changes in precip-
itation, with some regions becoming permanently drier.

Several groups are undertaking explicit tests of the
hypothesis that decreased canopy conductance, resulting
from increased CO,, can have important effects on climate,
and perhaps different effects from those mediated by pro-
cesses from the canopy to the regional scale. The experi-
ments to date have taken two different approaches to sim-
plifying the problem. Two studies (Henderson-Sellers,
McGuffie & Gross 1995; Pollard & Thompson 1995) used
full three-dimensional GCMs but conducted the conceptu-
ally simple experiment of comparing runs with normal and
doubled canopy resistance. Friend & Cox (1995) used a
single-column model of the atmosphere with radiatively
pagsive clouds but combined it with a more sophisticated
vegetation  model, including responses of both LAI and
canopy.conductance to increased CO,.

Both Pollard & Thompson (1995) and Henderson-

Sellers et al. (1995), who used versions of the CCM1 GCM

(Williamson et al. 1987), observed modest effects on sur-
face temperature (at 2m) as a consequence of doubling
canopy resistance. Running the atmospheric model with
radiative forcing for current CO,, Pollard & Thompson
(1995) found that doubling of stomatal resistance
increased surface temperature by a maximum of 0-5 °C for
single-point simulations. Temperature increases were sub-
stantially larger (2-5 °C) for parts of the surface in global
runs, with the largest effects in regions of tropical ever-
green forest and during the. summer in boreal forest.
Henderson-Sellers et al. (1995) examined climatic effects
of doubled canopy resistance in GCM runs with and with-
out radiative effects of increased CO,. Global mean effects
of doubling canopy resistance on surface air temperature
were small, 0-13 °C for the run with current atmospheric
forcing and 0-05 °C for the run with atmospheric forcing
for doubled CO,. In the experiments of both Pollard &
Thompson (1995) and Henderson-Sellers et al. (1995),
doubled canopy resistance led to predicted decreases in

latent heat flux and increases in soil moisture and run-off,

Friend & Cox (1995) also predicted that responses of the
vegetation to increased CO, lead to decreased latent heat
flux for an Amazon basin site. But, surprisingly, their sim-
ulations indicated small decreases in surface temperature
resulting from vegetation responses to increased CO,. The
stomatal model used by Friend & Cox (1995) predicts a
strong response of conductance to humidity (Friend 1991).
With this model, decreases in conductance caused by
increased CO, are amplified by drying in the atmosphere,
creating a positive feedback loop that leads to large
decreases in canopy conductance, even with modest pre-
dicted increases in LAIL

These exercises are at the stage of development where it
is more important to consider the type and sign of the
effects rather than the specifics of the predictions. Other
GCM experiments in the analysis stage use more sophisti-
cated descriptions of the land surface (G. J. Collatz, NASA
Goddard Space Flight Center, personal communications)
and will allow a broader range of interpretations. From
these initial experiments, the basic conclusion is that the
effects of CO, on leaf conductance may lead to climate
effects that are, in some sites and at some times, as large as
or larger than radiative (greenhouse) effects of increased
CO,. The GCM experiments are consistent with the analy-
ses at the canopy and regional scales in predicting the
largest effects in forested sites, where the sensitivity of ET
to changes in g is preserved over a large range of condi-
tions. Evidence that the climate is different with interactive
vegetation and that the vegetation responses are different
when fully interactive with the climate (Friend & Cox
1995; Henderson-Sellers & McGuffie 1995) argues for
linking climate and vegetation models for future research.

SUMMARY

Ecosystem effects of elevated CO, mediated through
decreased leaf conductance potentially take several forms,
of which few have been studied in detail. Most attention
has focused on the hypothesis that decreased g, alleviates
water stress, allowing increased canopy development.
Complete compensation of decreased g; by increased LAI
is rare, leading to the possibility of increased soil moisture
which may. have a number of consequences, including
increased nutrient mineralization, increased decomposition
and species changes. These effects of increased soil mois-
ture are most likely in water-limited ecosystems.

As the spatial scale increases from leaf to canopy to
region, a number of land surface and atmospheric pro-
cesses modulate the effect of elevated CO, on evapotran-
spiration, with some effects increasing the sensitivity of
ET to conductance, but with the dominant effects acting as
negative feedbacks. These negative feedbacks from atmo-
spheric processes are strongest in aerodynamically smooth
canopies with high canopy conductances, basically pas-
tures and agriculture.

Thus, effects of elevated .CO, on conductance are
unlikely to have large effects on the hydrological cycle in
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productive agricultural regions. To the extent that effects
on water balance have been important in small-scale exper-
iments to date, results of the experiments may not extend to
larger scales. Consequences of the CO, sensitivity of g,
will be most important in aerodynamically rough vegeta-
tion with low canopy conductances, especially natural
forests, shrublands and dry grasslands.

At the global scale, effects of elevated CO, on leaf con-
ductance will have consequences for surface energy bal-
ance and climate that are, at least in some cases, compara-
ble to those of the radiative (greenhouse) effects of
elevated CO,.
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