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Abstract

Extensive rangelands and other vegetation types that we know
today formed while atmospheric carbon dioxide (CO;) concen-
tration was low (50 to 75% of today’s concentration). Fossil fuel
burning and deforestation and other land use changes during the
last 200 years have increased CO, concentration by about 30%,
to the present 360 parts per million (ppm). Atmospheric CO, will
continue to rise during the next century, possibly to concentra-
tions that are unprecedented for the last several million years.
Mauch of the potential importance of CO, concentration to vege-
tation derives from its influence on plant carbon balance and
water relations. Plants grow by assimilating CO, that diffuses
into leaves through stomatal pores. Inevitably associated with
CO, uptake is transpirational loss of water vapor through stoma-
ta. Transpiration rates usually decline as CO, increases, while, in
many plants, photosynthesis and growth increase. These “prima-
ry” responses to CO; can lead to a multitude of changes at the
plant and ecosystem levels, ranging from alteration of the chemi-
cal composition of plant tissues to changes in ecosystem function
and the species composition of plant communities.

The direct physiological responses of plants to CO; and expres-
sion of these responses at higher scales differ among species and
growing conditions. Growth response to CO; is usually highest in
rapidly-growing plants that quickly export the carbohydrates
formed in leaves and use them for storage or new growth and
allocate a high proportion of fixed carbon to produce leaves.
Growth is also more responsive to CO, in plants with the Cy
(most woody plants and ‘cool-season’ grasses) than C4 photosyn-
thetic pathway (most ‘warm-season’ grasses). These and other
differences among species could lead to changes in the composi-
tion of rangeland vegetation, but generalizations are difficult. On
many rangelands, species abundances are determined more by
morphological and phenological attributes that influence plant
access to essential resources like nitrogen and light and reaction
to fire, grazing, and other disturbances than by physiological
traits that are sensitive to CO, concentration. Species composi-
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tion probably will be most responsive to CO; on moderately
water-limited and disturbed rangelands where multiple positive
effects of CO, on plant water relations can be expressed and
competition for light is minimized. Greatest initial changes in
species composition likely will occur on C3f/C4 grasslands and at
the transition between grasslands and woodlands. Plant produc-
tion should also increase on water-limited rangelands, but CO,
may have little influence on production when nuirient elements
like nitrogen are severely limiting.

Key Words: grasses, nitrogen, photosynthesis, primary produc-
tion, transpiration, vegetation change, water use efficiency

Resimen

Extensas dreas de pastizales y otros tipos de vegetacién que
ahora conocemos se formaron durante periodos de tiempo en los
cuales el biéxido de carbone (CO;) atmosférico era bajo (50 a
70% de la actual concentracién). El uso de combustibles fosiles y
la deforestacion, lo mismo que diversos usos de la tierra durante
los diltimos 200 afios han incrementado la concentracién de CO,
en aproximadamente 30 %, hasta alcanzar las 360 partes por mil-
I6n (ppm) del presente. El CO, atmosférico continuard aumen-
tando durante el préximo siglo, posiblemente hasta concentra-
ciones que no tienen precedente en los nltimos millones de afios.

La mayor parte de las implicaciones potenciales de los cambios
en concentracion de CO, con respecto a la vegetaci6n, se derivan
de su influencia sobre el balance de carbono y las relaciones
hidricas en las plantas. El desarrollo de las plantas por la asimi-
lacién de CO; que entra en las hojas por difusion a través de los
estomas. También, en forma inevitable, la pérdida de vapor de
agua por transpiracién a través de los estomas estd asociada con
la absorcién de CO,. Las tasas de transpiracién usualmente
decrecen a medida que el CO; se incrementa, mientras que en
muchas plantas, la fotosintesis y el crecimiento aumentan. Estas
respuestas “primarias” debidas al CO, pueden conducir a multi-
tud de cambios a nivel de planta y de ecosistema, estos cambios
pueden ir desde alteracion en la composicion quimica de los teji-
dos de las plantas hasta cambios en funciones dentro de los eco-
sistemas, y variacion en la composicion de especies dentro de las
comunidades vegetales,

Las respuestas fisiolégicas directas de las plantas al CO,, lo
mismo que la expresién de esas respuestas a mas alto nivel
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difieren de acuerdo a las especies y a las condiciones de crec-
imiento. La respuesta en crecimiento debida a CO; es usual-
mente mayor en plantas de crecimiento rapido, que rapidamente
exportan los carbohidratoes formados en las hojas y los usan para
almacenamiento o nuevo crecimiento. Estas plantas destinan alta
proporcién del carbono fijado para producir hojas. Respuestas
en crecimiento debidas a CO, son mas frecuentes en plantas de
sistema fotosintético C; (Ia mayoria de las plantas lefiosas y pas-
tos de estacion fria) que en plantas de sistema fotosintético C4 (la
mayoria de los pastos de estaciones calidas). Estas y otras difer-
encias entre las especies podrian conducir a cambios en la com-
posicién de la vegetacion en pastizales, pero es dificil hacer gen-
eralizaciones. En muchos pastizales, la abundancia de las
especies estd determinada mas por atributos morfolégicos y
fenolégicos que afectan el acceso de las plantas a recursos esen-
ciales como nitrégeno y luz , y por reacciones al fuego, pastoreo y
a otros factores disturbadores, que por mecanismos fisiolégicos
sencibles a la concentracién de CO,. La composicién de especies
posiblemente sera la de mayor repuesta a CO, en ambientes con
limitaciones moderadas de agua y en pasturas naturales inter-
venidas donde los miltiples efectos positivos de CO, en las rela-
ciones planta agua pueden expresarse y la competencia por luz es
minima. Los mayores cambios en composicion de especies posi-
blemente ocurrirdn en pastizales con mezcla de especies C3 y Cg,
Y en dreas de transicion entre pastizales y bosques. La produc-
cion de plantas en pastizales con limitaciones de agua debe tam-
bién incrementar, pero el CO, debe tener poca influencia en pro-
duccién cuando se presentan limitaciones severas de nutrientes
como nitrégeno.

Rangelands have been defined as areas that produce plants
grazed by wild and domesticated animals (Stoddart et al. 1975).
For this review, rangelands are defined as natural or seminatural
herbaceous formations comprised mostly of grasses, with or with-
out woody plants. Included in this definition of rangelands are
grasslands, savannas, and shrub steppe, which together are the
potential natural vegetation of about 25% of Earth’s land surface
(Lauenroth 1979). The characteristic that unites these ecosystems
as rangelands is the production of grass.

It is thought that grasses evolved during the warm, moist
Cretaceous Period 100 million years ago in seasonally or locally
dry habitats (Upchurch and Wolfe 1987). Extensive grasslands
apparently did not become widespread, however, until the mid- to
late-Tertiary 5 to 15 million years ago (Smeins 1983, Thomas and
Spicer 1987) when the climate became more arid. Further expan-
sion and maintanence of grass-dominated communities has been
linked to the influence of fire (Anderson 1982, Axelrod 1985)
and, more recently, human activities in restricting woody
encroachment.

Although aridity may have been necessary for grasses to
expand, extensive areas of grass did not appear until after atmos-
pheric carbon dioxide (CO,) concentration declined. Atmospheric
CO, concentration declined abruptly at the end of the Cretaceous
Period from perhaps as high as 3,000 ppm (parts per million) to
near the current 360 ppm, and has remained relatively low to pre-
sent (Fig. 1a; Lasaga et al. 1985, Berner 1990, 1992). During the
last 200,000 years, CO, concentration has fluctuated between
about 200 and 270 ppm between glaciation and interglacial peri-
ods (Fig. 1b; Barnola et al. 1987, Jouzel et al. 1993). Atmospheric
CO, rose near the end of glaciation about 10,000 years ago to the
preindustrial level (c. 275 ppm) from a glacial (~18,000 years ago)
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Fig. 1. Atmospheric CO, concentration through time. (a)
Atmospheric CO, concentration during the last 100 million years
as estimated with a geological carbon cycle model (Lasaga et al.
1985) and presented by Ehlermger et al. (1991). (b) The CO; con-
centration of air trapped in ice of the Vostok core from Antarctica
during the past 200,000 years. The envelope represents measure-
ment accuracy. Figure was redrawn from Jouzel et al. (1993). (c)
The CO, concentration in air extracted from dated layers of ice
cores from Siple and South Pole Stations, Antarctica and direct
measurements of atmospheric CO, concentration at Mauna Loa,
Hawaii. Figure was redrawn from Friedli et al. (1986) and updat-
ed with data from Keeling and Whorf (1994).
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minimum (160 to 200 ppm, Delmas et al. 1980) that is among the
lowest known CO, concentrations in geological history (Barnola
et al. 1987, Jouzel et al. 1993). During the last 200 years, fossil
fuel burning and deforestation and other changes in land use have
released more CO, into the atmosphere than has been removed by
diffusion into oceans or net uptake by plants. As a result, CO,
concentration has risen 30% to near 360 ppm (Fig. 1c; Keeling
and Whorf 1994). Continued release of CO, may swell the atmos-
pheric concentration to twice its current level during the next cen-
tury (Trabalka et al. 1986).

The role of CO, change in the expansion of grasses and devel-
opment of rangelands has largely been neglected until recently
(Smith 1976, Ehleringer et al. 1991). There is now evidence that
plants in which photosynthesis is relatively insensitive to low
CO, (C4 plants, like the grasses that dominate tropical grass-
lands) expanded after the atmospheric concentration declined
(Cerling et al. 1993). Little attention, however, has been given to
the influence that the sharp decline in CO, concentration at the
end of the Cretaceous likely had on the response of vegetation to
increasing aridity and other climatic factors. Relationships of
vegetation to the climate and other
variables may now be changing as CO,

ecosystems. Studies that have been conducted were neither large
enough nor continued long enough to fully accommodate species
and genetic change, shifts in soil properties, and other changes
that must be understood to predict CO, effects on natural ecosys-
tems.

Plant Physiology

Photosynthesis

Carbon dioxide is assimilated or fixed by the enzyme ribulose-
1,5-bisphosphate carboxylase/oxygenase (Rubisco) in leaf meso-
phyll cells of plants with the C; photosynthetic pathway.
Included among C; plants are virtually all trees and shrubs and
most of the “cool-season” grasses of rangelands. Rubisco also
reacts with the oxygen (O,) in air, resulting in the loss of CO, in
a process called photorespiration. Under current atmospheric con-
ditions and moderate leaf temperatures (20-25 °C), 30 to 50% of
the total amount of carbon (C) assimilated in C; photosynthesis is
lost to photorespiration (Long and Hutchin 1991). That propor-
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Fig. 2. Physiological and ecological factors influencing primary production (carbon gain) at each
of 3 levels along a hierarchical gradient of increasing complexity, from the leaf to plant com-
munity. Carbon gain at each level is influenced by water and nutrient availabilities and envi-
ronmental conditions like temperature. Effects of atmospheric CO, concentration become
imbedded in feed backs and increasingly less direct and well-understood as the temporal and
spatial scales of interest are expanded.
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tion decreases sharply as CO, concentration rises and tempera-
ture declines (Sharkey 1988, Ehleringer et al. 1991, Johnson et al.
1993). In plants with C, photosynthesis, including the grasses
that dominate most warm-temperate and tropical grasslands, car-
boxylation by Rubisco occurs in leaf bundle sheath cells using
CO, that was initially assimilated by the enzyme phosphoenol
pyruvate (PEP) carboxylase. Because PEP carboxylase does not
react with O,, and C, plants maintain high CO, concentrations in
bundle sheath cells, photorespiration is negligible in these species
(Pearcy and Ehleringer 1984).

When measured at high light intensity, C3 net photosynthesis
typically increases almost linearly to CO, concentrations
approaching the current level (Fig. 3; Long and Drake 1993),
partly because photorespiration decreases. Beyond this phase of
rapid increase, the additional C that is gained per unit of higher
CO, decreases progressively. Net photosynthesis is higher in Cg4
than C; leaves at low CO, concentrations, but C4 photosynthesis
usually becomes CO, saturated at comparably low concentrations
(Fig. 3).

The photosynthetic advantage of C, plants at low CO, concen-
trations is achieved at the expense of an additional energy
requirement. Because this energy comes from light, maximum
photosynthesis per unit of absorbed light is lower in C4 plants
than in C; species in which photorespiration is inhibited by high
CO, concentration (Ehleringer and Bjorkman 1977). High CO,
thus places C, plants at a disadvantage compared to C; species
when light limits growth.

Higher temperatures increase photorespiration in C; plants. By
reducing photorespiration, higher CO, increases the temperature
optimum for CO, uptake and the maximum temperature at which
positive photosynthesis can occur in C; species (Long 1991).
Studies of both C; photosynthesis and plant growth have demon-
strated that plants usually respond relatively more to an increase
in CO, concentration when temperatures are high (e.g., Idso et al.
1987, Campbell et al. 1995; but see Morgan et al. 1994a).

Respiration

Carbon loss to processes involved in the growth and mainte-
nance of plant tissues (respiration) is reduced by higher CO, in
some species, potentially further benefiting growth (Bunce 1990,
Amthor 1991). In some plants, CO, directly inhibits respiration
(Amthor et al. 1992). When plants are grown at elevated CO,, the
inhibition may also include indirect effects that result when plant
size, biomass distribution, and tissue composition are altered
(Amthor 1991).

Stomatal Conductance and Plant Water Relations

Stomatal pores usually close as CO, rises, thereby reducing
stomatal (leaf) conductance to water vapor and leaf transpiration
rate (Field et al. 1995). Morison (1987), in a review of studies on
25 species, found that conductance declined about 40% when
leaves grown at the current CO, concentration were exposed to
near twice the ambient concentration. There were no consistent
differences between C; and C,4 species.

Conductance is sometimes lower in leaves that have been
grown at high CO, than in those exposed for a short time to the
elevated concentration (DeLucia et al. 1985, Spencer and Bowes
1986, Woodward 1987a, Berryman et al. 1994, Polley et al.
1997a). Mechanisms for this CO, effect are not well-established.
In some plants prolonged exposure to higher CO, reduces the
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Fig. 3. Response of net photosynthesis of the Cy Chenopodium album
and C4 Amaranthus retroflexus to leaf intercellular CO, concen-
tration (c;) (Pearcy and Ehleringer 1984). Arrows indicate photo-
synthesis and c; expected at atmospheric CO, concentrations (cp)
of 200, 350, and 700 ppm if the ratio of ¢; to c, remains constant at
0.4 in the C4 plant and 0.7 in the C; species and the photosynthetic
response of each species to c; does not change with c,.

density of stomates on leaves (Woodward 1987a, Woodward and
Bazzaz 1988, Jones et al. 1995), but this trend is far from univer-
sal (Rowland-Bamford et al. 1990, Malone et al. 1993, Knapp et
al. 1994a, Morgan et al. 1994a). Stomatal response to CO, gener-
ally may be better correlated with photosynthesis than with stom-
atal density (Morison 1987, Polley et al. 1993).

By reducing conductance, rising CO, usually reduces leaf tran-
spiration rate. The decline in transpiration rate rarely matches that
in conductance, however. Low transpiration can lead to higher
leaf temperatures and increase the temperature and decrease the
humidity of air around and immediately above plant canopies.
These feedbacks increase the rate of water loss at a given conduc-
tance (Morison and Gifford 1984, McNaughton and Jarvis 1991).
When transpiration rates do decline, effects may include slower
rates of soil water depletion by plants, improved plant water rela-
tions, higher water use efficiency (biomass production/transpira-
tion, WUE), and greater production on rangelands and other
water-limited ecosystems.

These improvements in water relations are often the primary
benefits to plants in which photosynthesis is insensitive to CO,
(Owensby et al. 1993b). Doubling CO, halved stomatal conduc-
tance of the dominant C, species on tallgrass prairie in Kansas,
U.S.A. (Kirkham et al. 1991, Knapp et al. 1994b) and reduced
total evapotranspiration by 7 to 22% (Kirkham et al. 1991, Nie et
al. 1992b, Ham et al. 1995). Soil water content (Kirkham et al.
1991, Owensby et al. 1993b) and midday plant water potentials in
the prairie increased as a consequence (Knapp et al. 1993,
Owensby et al. 1993b). Elevating CO, had no consistent effect on
leaf and canopy photosynthesis in the C, prairie (Kirkham et al.
1991, Nie et al. 1992a, 1992b, Knapp et al. 1993), but increased
biomass production during dry years by delaying the onset of
drought (Fig. 4; Owensby et al. 1993b).
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Fig. 4. Peak above-ground biomass (top) and root biomass to 15-cm
depth (bottom) in C4-dominated tallgrass prairie exposed to ambi-
ent and enriched (twice-ambient) CO, concentrations. Total pre-
cipitation during 1989, 1990, and 1991 was 74%, 94%, and 80% of
the 30-year average, respectively. Means within a year differed
significantly if headed by different letters. Figures were redrawn
from Owensby et al. (1993b).

Partial stomatal closure is 1 mechanism by which CO, enrich-
ment ameliorates effects of drought and other environmental
stresses. Another is by improving plant carbon balance (Sage
1996a). Additional carbohydrates can be used to increase osmotic
adjustment and maintain turgor in water-stressed plants (Sionit et
al. 1981, Morse et al. 1993, Eamus et al. 1995) and improve plant
water balance or access to limiting soil nutrients by increasing
root growth or the fraction of plant biomass invested in roots
(Tolley and Strain 1985, Miao et al. 1992, Morgan et al. 1994b,
Polley et al. 1994).

Growth of Individual Plants

There often is a strong correlation between the photosynthetic
sensitivity and growth response of plants to CO, when required
resources like water, light, and N are readily available and plant
densities are low. Increasing CO, concentration, for instance,
usually stimulates photosynthesis more in C; than C,4 species.
The same is true of plant growth. Poorter (1993) found from a lit-
erature survey that doubling the current CO, concentration
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increased growth by a mean 41% in C; species compared to 22%
in C, plants. It is also known that leaf photosynthesis of C; plants
is more responsive to CO, over low concentrations representative
of the past compared to elevated concentrations predicted for the
future (Fig. 3). The same holds for plant C gain whether mea-
sured as growth or net photosynthesis of whole plants or plant
stands (Fig. 5; Gifford 1977, Baker et al. 1990a, Allen et al. 1991,
Dippery et al. 1995).

The correlation between physiological sensitivity and growth
response to CO, sometimes weakens when plant densities are
high or environmental conditions are less than optimal, the very
conditions that characterize many rangelands. Even when condi-
tions are favorable for growth, the proportional increase in
growth or production at higher CO, is typically but a small frac-
tion of the relative increase in leaf or canopy photosynthetic rates
(Poorter 1993, Schippi and Korner 1996). There are several rea-
sons for these trends.

Growth and its response to CO, are reduced when environmen-
tal conditions are unfavorable or resources are in short supply.
Low temperature, for example, reduces the amount of additional
growth that C; forage species realize when CO, is elevated
(Campbell et al. 1995), and probably contributes to the minimal
growth response of tussock tundra to higher CO, (Oechel et al.
1994). Water and nutrients, particularly nitrogen (N), limit pro-
duction on many temperate and tropical grasslands (Medina
1982, McNaughton et al. 1988, Seastedt et al. 1991) and limit the
absolute growth response of plants to CO, (Bazzaz 1990). Plants
can compensate somewhat for nutritional limitations by decreas-
ing tissue concentrations or reallocating elements from roots or
other tissues to leaves and from processes that are no longer lim-
iting to those that limit growth in the higher CO, environment
(Sage 1994, Polley et al. 1995). Plant nutrient use efficiency (bio-
mass production per unit of nutrient element in the plant) may
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Fig. 5. Response of plant biomass to CO, concentration, normalized
to 330 ppm (rice, soybean, wheat) or 350 ppm CO, (Abutilon).
Some plants of rice (Baker et al. 1990a) and soybean (Allen et al.
1991) were grown to maturity at 330 ppm CO,. The biomass of 24-
day-old wheat seedlings at 330 ppm CO, was calculated from a
rectangular hyperbola fit to the response of wheat biomass to CO,
levels from 200 to 800 ppm (Neales and Nicholls 1978). Some
plants of Abutilon were grown for 35 days at 350 ppm CO,
(Dippery et al. 1995).
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increase as a result (Owensby et al. 1993a, Polley et al. 1995),
and improve growth under nutrient stress. When production is
low, as under nutrient or water limitation, even a small absolute
increase in growth represents a large relative enhancement.
Indeed, Idso and Idso (1994) concluded from a review of 10
years of research that CO, enrichment can increase growth or
photosynthesis relatively more when light, water, or nutrients are
limiting than when these resources are abundant. The relative
enhancement in plant response was greatest under water limita-
tion, partly reflecting the increase in water use efficiency at high
CO,. There was little or no increase in the relative response of
nutrient-limited plants until the CO, concentration exceeded that
expected during the next century.

Factors internal to plants, like C allocation patterns and loss
rates and constraints on the rate at which C can be stored, further
affect growth responses to CO, (Fig. 2). When compared at a
given CO, concentration, leaf photosynthesis is sometimes lower
in plants that have been grown at elevated CO, than the current
concentration (DeLucia et al. 1985, Sage et al. 1989, Morgan et
al. 1994a, Polley et al. 1997a). This ‘down-regulation’ or adjust-
ment of photosynthetic capacity usually reduces, but does not
eliminate, the positive effect of higher CO, on C gain (Morgan et
al. 1994a). Down-regulation of photosynthesis could be benefi-
cial if resources committed to structures or processes that no
longer limit C fixation are used to improve physiological perfor-
mance in the new CO, environment. Such changes are not com-
mon, however (Sage 1994). Photosynthetic inhibition is often
associated with excessive accumulation of carbohydrates in
leaves that either physically disrupt chloroplasts or feed back to
reduce the synthesis of photosynthetic enzymes (Stitt 1991). The
inability of plants to export or use these extra carbohydrates can
often be traced directly or indirectly to nutritional limitations or
insufficient carbohydrate (assimilate) sinks in plants (Stitt 1991,
Sage 1994). “Sink strength” and plant growth response to CO,
are high during reproductive phases of growth, when rooting vol-
ume and N availability do not limit tissue development, and in
legumes with N,-fixing nodules.

Plant productivity is a function of both the ratio and magni-
tudes of processes that promote C gain and those, like senescence
(turnover), that reduce the amount of C that can be reinvested in
further growth. Atmospheric CO, probably does not affect tissue
senescence directly, but acts by altering plant nutrition or water
status and rates of growth and development. Higher CO, may
accelerate plant development and leaf initiation rates (Cure et al.
1989, Baker et al. 1990b) and thereby cause leaves to senesce
earlier in some species (St. Omer and Horvath 1983,
McConnaughay et al. 1996), but these effects are sensitive to
temperature (Coleman et al. 1991, Ackerly et al. 1992). In other
species and ecosystems, increasing CO, concentration reduces
rates of leaf senescence (Curtis et al. 1989, Polley et al. 1992) or
delays the onset of dormancy (Grulke et al. 1990).

Plants that grow rapidly usually invest a high percentage of
fixed C or total biomass into the means for acquiring still more C,
additional leaf area (Mooney 1972, Poorter and Remkes 1990). In
some plants, however, the increased supply of photosynthate at
high CO, is accumulated as starch, rather than invested in new
leaves or other tissues (Poorter 1993). Further, leaf area per unit
of plant biomass (the ratio of photosynthetic surface to mass of
respiring tissue) usually declines at high CO,. Leaves typically
are heavier per unit area when grown at elevated CO, concentra-
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tion (Jackson et al. 1995 ) partly, at least, because of carbohy-
drate accumulation (K6rner and Miglietta 1994). Root growth
and the fraction of plant biomass in roots also commonly increase
(Rogers et al. 1994), thereby decreasing the ratio of leaf area or
shoot biomass to plant biomass (Polley et al. 1994, Jongen et al.
1995). But, there is considerable variation in the response of
root:shoot ratios to CO, (Rogers et al. 1994). Carbon dioxide
enrichment increased the ratio of root biomass to shoot biomass
in the annual grass Bromus mollis (Larigauderie et al. 1988), for
example, but did not affect this variable in 2 perennial grasses
from the shortgrass steppe (Hunt et al. 1996). When biomass dis-
tribution patterns do change, it often is not clear whether the
modification reflects CO,-induced shifts in C partitioning or
merely results from changes in plant growth rates or soil nutrient
and water levels. As plants grow, they often invest relatively
more biomass in structural or support tissues like roots. In some
cases, therefore, plants have higher ratios of root biomass to
shoot biomass at elevated CO, simply because they are larger.
The few studies that have compared root and shoot fractions
among plants of similar size indicate that CO, concentration does
not consistently affect C distribution patterns (Farrar and
Williams 1991, Tischler et al. 1996). Plants alter partitioning to
compensate for resource imbalances (Brouwer 1983). Shoots
become relatively larger when light is limiting, for example.
Conversely, relative investment of biomass in roots increases
when nutrients and water become limiting, as may occur when
CO, enrichment stimulates plant growth and uptake of these
resources.

Rangeland Plant Communities

Primary Production

Observed Responses. Effects of CO, on production of plant
stands can usually be inferred from our knowledge of physiologi-
cal and whole-plant responses to CO,. Consistent with trends
observed on individual plants, many natural ecosystems, includ-
ing some grasslands, show little or no increase in standing crop or
production at higher CO, when temperatures are low or nutrients
are limiting (Oechel et al. 1994, Fredeen et al. 1995, Schippi and
Koémer 1996). Although atmospheric CO, concentration clearly
was suboptimal for maximal C3 growth during the past (Polley et
al. 1992, Dippery et al. 1995), Jenkinson et al. (1994) found no
relationship between atmospheric CO, and herbage yields during
the last century in the Park Grass Experiment in Great Britain.
Low temperatures or nutrient levels apparently limited produc-
tion.

By contrast, CO, enrichment consistently increases production
when essential nutrient elements like N are plentiful or water
begins to limit growth and positive effects of CO, on water rela-
tions are expressed. Elevating CO, increased above-ground pro-
duction (Curtis et al. 1989) and root growth of the C3 Scirpus
olneyi in pure stands and mixed communities with the C, species
Spartina patens (Ait.) Muhl.and Distichlis spicata on nutrient-
rich coastal salt marsh on Chesapeake Bay (Curtis et al. 1990).
Growth of C, species was not affected by CO, in this wet envi-
ronment (Curtis et al. 1989, Arp et al. 1993) or in tallgrass prairie
during wet years (Owensby et al. 1993b). Elevating CO, did
increase production in the C4-dominated prairie during dry years,
however (Fig. 4; Owensby et al. 1993b). By reducing evapotran-
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spiration (Kirkham et al. 1991, Nie et al. 1992b, Ham et al. 1995)
and soil water depletion (Kirkham et al. 1991, Owensby et al.
1993b), higher CO, delayed late-season senescence in the peren-
nial tallgrasses (Ham et al. 1995) and protected photosynthetic
processes during drought (Knapp et al. 1993). Doubling CO,; con-
centration also increased production of perennial grasses from
shortgrass steppe (Hunt et al. 1996). Production of a C; and a C,
grass increased by a mean 19% at high CO, when irrigated to
simulate precipitation in this water-limited grassland.

Limitations of Field Studies. Field experiments with CO,
obviously provide the most direct evidence for likely effects of
atmospheric change on production of rangelands and other
ecosystems. The cost of exposing field vegetation to different
CO, concentrations, however, limits the soil surface area and
number of plants that can be studied. Consequently, growth in
CO,-enriched plots is usually estimated from small samples of
vegetation collected a few times (sometimes only once) per year.
Such infrequent sampling clearly does not provide a rigorous
measure of primary production (Amthor 1995).

It is possible then that higher CO, stimulates production more
frequently than reported, but that existing sampling methods sim-
ply are not extensive or intensive enough to detect the increase.
Litter accumulation increases dramatically in some systems as
CO, rises, even when there is no accompanying change in stand-
ing crop of live tissue (Navas et al. 1995). One implication is that
net primary production also increased (although decomposition
rates could also have slowed). Root production on grassland is
usually underestimated because root turnover is not adequately
measured (Long et al. 1989). Elevating CO, increases root bio-
mass on grasslands with some consistency (Fig. 4; Owensby et al.
1993b, 1994, Newton et al. 1995, Jongen et al. 1995). The
increase in root production may be even greater, if turnover per
unit of measured root biomass does not decline at high CO,.
Several researchers have observed that CO, efflux rates from soil
(“soil” respiration) increase in plots exposed to elevated CO,
(Newton et al. 1995, Luo et al. 1996; but see Jongen et al. 1995),
suggesting that CO, stimulated root turnover. A variety of factors
other than decomposition of newly-produced root litter may con-
tribute to these trends, however. Included are respiration from
active roots and decomposition rates of C-rich root exudates and
native soil organic matter.

Perhaps the best evidence that CO, usually stimulates produc-
tion comes from measurements of CO, fluxes over plant stands.
Increasing CO, increases canopy photosynthetic rate or net
ecosystem CO, uptake (net photosynthesis minus soil plus plant
respiration) in almost all experiments, at least temporarily
(Grulke et al. 1990, Drake and Leadley 1991, Diemer 1994,
Fredeen et al. 1995, Ham et al. 1995). Sometimes, the increase in
CO, uptake is greater than can be accounted for by an increase in
plant biomass (Fredeen et al. 1995, Schippi and Kérner 1996),
suggesting that C is being stored or sequestered in soil. The extra
C could result from an increase in the mass of senescent roots or
increased C exudation, components of production that are diffi-
cult to quantify. Alternatively, it could reflect changes not direct-
ly related to production, like slower decomposition of native soil
organic matter.

Long-Term Controls on Production-Grazers. Grazers
strongly influence plant productivity on rangelands, but few
investigators have examined interactions between CO, concentra-
tion and plant response to defoliation. Tolerance to defoliation
often is associated with the ability to rapidly replace photosyn-
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thetic tissues and recover pre-defoliation levels of plant C gain
(Caldwell et al. 1981, Briske 1991). At least in C; plants, we
might expect that CO, enrichment would speed plant recovery
from defoliation by stimulating photosynthesis. That expectation
has not been supported by the few studies to date. Compensation
for defoliation was no greater at high than the present CO, con-
centration in a C; forb [(Plantago lanceolata L.; Fajer et al.
(1991)] or a C, grass [(Sporobolus kentrophyllus; Wilsey et al.
(1994)].

Individual animal productivity may also be affected by higher
CO, concentration if plant nitrogen concentration declines as
often observed (e.g., Owensby et al. 1993a). Microbes drive
digestion in ruminants (e.g., cattle, sheep, goats). When forage
quality is poor, the rate of digestion and intake of plant material is
reduced. Without dietary supplementation, growth and reproduc-
tion of individual animals could decrease as CO, concentration
rises (Owensby et al. 1996).

Long-Term Controls on Production-Species Change. A
consequence of practical limits on the size and duration of CO,
field experiments is that effects of plant species change and shifts
in genetic frequencies within species on plant productivity are
difficult to estimate (Campbell et al. 1995). A shift to species or
genotypes better adapted to higher CO, could increase productiv-
ity above that anticipated from the response of existing vegeta-
tion. Bolker et al. (1995) used a mathematical model to study the
response of productivity in a temperate forest over a period of 50
to 150 years to a doubling of CO, concentration. Effects of
species diversity were assessed by comparing the simulated
increase in basal area of trees in a forest with a constant species
composition and uniform sensitivity to CO, to that in a forest in
which species responded differently to CO,. Simulations that
incorporated species-specific responses to CO, and allowed
species change yielded about a 30% increase in basal area over
those that held species composition constant as CO, concentra-
tion increased.

Long-Term Controls on Production-Nitrogen Availability.
Low N availability is a common constraint on rangeland produc-
tion (Medina 1982, McNaughton et al. 1988, Seastedt et al.
1991). There is evidence from several growth chamber experi-
ments (Wong 1979, Lariagurarie et al. 1988) and an increasing
number of field studies (Owensby et al. 1994, Schippi and
Korner 1996) that low soil N limits plant growth responses to
higher CO,. Results from most of these studies, however,
depended on the biologically-available N initially in the system
studied. Account was not given to longer-term processes that
influence N availability, including species change, abiotic input
or loss of N, and biological fixation of N from the poorly-exploit-
ed atmospheric reservoir (Table 1).

Most of the N available to plants on rangelands comes from
microbial release (mineralization) from plant litter and soil organ-
ic matter. Nitrogen mineralization depends, in turn, on total
organic N and factors like soil abiotic conditions and the chemi-
cal composition of organic matter that regulate the activities of
decomposers.

Several have suggested that litter produced at progressively
higher CO, concentration will be N poor and contain greater
amounts of recalcitrant compounds, like lignin. Since microor-
ganisms require N, as well as C, they immobilize inorganic N
during decomposition of N-poor litter. Decomposition and N
mineralization could decline as a result and initiate a negative
feedback on N availability that reduces plant growth (Diaz et al.
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1993). Doubling CO, reduced the nitrogen concentration in
senescent shoots of grasses from shortgrass steppe (Hunt et al.
1996). There is evidence that grass roots produced at twice the
present CO, concentration decompose more slowly than those
grown at today's CO, level (Gorissen et al. 1995). Total N uptake
of the C, grass blue grama (Bouteloua gracilis (H.B.X.)
Griffiths) and soil solution NOj" levels were reduced at 700 ppm
relative to 350 ppm (Morgan et al. 1994b), also suggesting a neg-
ative feedback of elevated CO, on N mineralization and avail-
ability to plants.

The weight of evidence, however, does not support a negative
feedback by higher CO, concentration on decomposition and N
mineralization. In their review, O'Neill and Norby (1996) conclud-
ed that decomposibility of naturally abscissed leaf litter from plants
grown in the field was not greatly affected by the CO, concentra-
tion at which litter was produced. Indeed, growth CO, concentra-
tion had little effect on decomposition of standing dead material
from 3 tallgrass prairie species (Kemp et al. 1994). Others have
argued that increased C input to soil may actually stimulate the
recycling of N through microbes (Zak et al. 1993). Hunt et al.
(1991) used a simulation model to show that N cycling rates could
increase and partly offset the N limitation that resulted from greater
production of both the C; crested wheatgrass (Agropyron cristatum
(L..) Gaertn.) and C,4 blue grama as CO, rises.

Across ecosystems, abiotic factors like soil water content and
temperature may be better predictors of decomposition rate than
substrate quality alone (Hunt 1977, Hunt et al. 1988, Parton et al.
1987). Schimel et al. (1990) demonstrated that the higher temper-
atures expected as a result of increasing CO, concentration
should speed decomposition of soil organic matter and the
accompanying mineralization of N in grasslands in the central
U.S. Soil organic matter dynamics, like plant production, should
also be sensitive to changes in soil moisture, mediated directly by
altered precipitation or indirectly via CO, concentration. In sys-
tems where species composition or low N availability limit the
amount of extra growth expected from additional CO,, water
saved as a result of lower transpiration may accumulate in soil
(Kirkham et al. 1991) and stimulate microbial activity (Rice et al.
1994).

Over decades and centuries, it is the balance of N inputs and
losses and the partitioning of N among rapidly and slowly miner-
alizable pools in soil organic matter that dictate N availability to
plants. Nitrogen is added to unmanaged rangelands by organisms
capable of reducing atmospheric N, to ammonia (N,-fixation)
and as wet and dry deposition from the atmosphere. Rising CO,
may increase N input to rangelands by directly or indirectly pro-
moting N,-fixation, at least where nutrients other than N are not
limiting (Table 1; Eisele et al. 1989, Ritchie and Tilman 1995).
Herbaceous legumes are infrequent on many grasslands, appar-
ently because they are preferred by herbivores or limited by water
or nutrients other than N (Ritchie and Tilman 1995). Some of the

more successful woody invaders of grasslands (including species
of the genera Prosopis and Acacia), however, are also legumes.
Symbiotic fixation in these species can be stimulated by higher
CO, concentration, in some cases dramatically. Plants of the
woody legume huisache (Acacia smallii Isely), for example,
derived 3 to 4 times more N from fixation when grown for a year
at elevated CO, than the current concentration (Polley et al.
1997a). Nitrogen fixation in another grassland invader, mesquite
(Prosopis glandulosa Torr.), increased from near zero at the
preindustrial CO, level to 46% of plant N at the current concen-
tration (Polley et al. 1994). By adding fixed N to rangelands in
litterfall and root turnover, these woody invaders could increase
potential productivity and its response to CO, if N gains are not
offset by losses or the conversion of N to recalcitrant forms.

Aber et al. (1991) concluded from a simulation study of N
cycling in temperate forests that as long as N inputs exceed losses
there theoretically is no limit to the amount of N that may be
retained and cycled in the absence of other limitations on plant
growth. That N availability on many rangelands is limiting
implies that events like fire prevent N sequestration or that other
factors constrain plant production or N inputs. Increasing CO,
concentration should lessen limitations imposed on plant growth
by water by increasing water use efficiency. It may be that N
cycling will increase with CO, to the limit imposed by the higher
resource use efficiency or until other factors become limiting.

Rates of N input, litter quality, and the frequency of events like
fire that promote substantial N loss, all mediate how quickly N
accumulation and cycling approach the maximum possible at a
given CO, concentration (Aber et al. 1991). Where the net N bal-
ance is positive, the ultimate limit to N cycling is imposed by the
pool of potential species and their resource requirements relative
to availabilities. Potential production on many rangelands may,
therefore, be constrained by management practices that promote
N loss or preclude N accumulation by limiting species change.
Changes in species distributions and abundances lagged behind
past shifts in climate, often by several decades or centuries (Davis
1986), so it is likely that the inertia of present species composi-
tion will at least initially constrain production in N-limited grass-
lands as CO, rises at an accelerated rate through the next century.
Lags in species change and N accumulation presumably imposed
fewer limits on plant response to CO, in the past when concentra-
tions rose more slowly and with greater relaxation time between
changes than today.

Species Change

General Considerations. Our ability to anticipate species
change or even to define the role of atmospheric change in vege-
tation dynamics of the past is very limited. On rangelands, like
other ecosystems, species change is a directional process that
occurs when there is a shift in the relative abundances of existing
species or new species proliferate. This differs from the year-to-

Table 1. Three components of the nitrogen (N) cycle on rangelands that may be affected by atmospheric CO, concentration. Rising CO, may increase
(+) or decrease (-) each component of the N cycle by influencing listed factors and processes,

N mineralization rate N input N losses
- 7 Litter quality (C/N) + N, fixation + Gaseous emissions

(correlated with production and N turnover rates)
+ Litter quantity + Volatilization during fire

+ Soil water content

(increase in fire frequency)
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year variability in species abundances that is common on many
grasslands and other rangelands (e.g., Tilman 1996).

Pickett et al. (1987) identified 3 general causes of succession or
species change: site availability, differential species availability,
and differential species performance (Fig. 6). First, sites must be
available for colonization (site availability), especially when invad-
ing or expanding species establish from seed. Secondly, propagules
of expanding species must be available (species availability).
Existing species may spread vegetatively. For most invading
species, seed must be dispersed onto new sites. Thirdly, species
must perform differently at a site (species performance). Because
of superior growth, reproduction, competitive ability, or tolerance
to abiotic or biotic stresses, some species must eventually be
‘favored’ over others. If CO, concentration is to affect species
composition, it must influence at least 1 of these conditions.

Atmospheric CO, does not, of course,
directly affect propagule dispersal or cre-
ate sites for colonization. It can, however,
affect the production of seed and other
propagules and may indirectly alter some
of the disturbances that open sites for col-
onization. Atmospheric CO, most directly
affects plant performance, but so do sever-
al other factors including the availability
of essential plant resources, levels of non-
resource factors like temperature, and the
frequency and intensity of disturbances
like grazing and severe droughts (Fig. 6).
Carbon dioxide concentration and these
other factors interact with plant physiolo-
gy, growth form, and life-history charac-
teristics to influence plant-plant interac-
tions. We should expect, therefore, that
the primary mechanism by which CO,
influences vegetation and the relative
importance of CO, to species dynamics
will vary as other factors change.

Site Availability, Colonization sites are

Flammability is influenced by tissue chemistry. One of the fre-
quent changes in tissue chemistry at elevated CO, is accumula-
tion of non-structural carbohydrates (Kérner and Miglietta 1994),
which could increase flammability (Sage 1996b). Alternatively,
CO, enrichment may increase fire frequencies or intensities by
promoting expansion of species, like cheatgrass (Bromus tecto-
rum L.), with highly flammable litter (Smith et al. 1987). These
positive effects of CO, on fire could be offset to some extent by
an increase in the water potential of live vegetation (Knapp et al.
1993, Owensby et al. 1993b, Jackson et al. 1994). The intensity,
temperature, and rate of spread of fire decline as the moisture
content of fuel rises (Sage 1996b). Carbon dioxide enrichment
has been found to delay the onset of drought-induced senescence
on grasslands (Ham et al. 1995), thus potentially constricting the
period of greatest fire danger. Effects of severe drought are

; | Requi ts for Plant Species C}

1. Sites are available for colonization
Disturbances (fire, trampling by animals, severe drought)

2. Species are differentially available
Pool of seed and other propagules
Seed dispersal

3. Specles perform differently at a site
Plant characteristics affecting performance
- Morphology
- Physiology
- Life history
Biotic and abiotic factors affecting performance
- Disturbances (fire, herbivory)
- Resource availability (water, N)
- Climatic conditions (temperature)
- Plant-plant interactions

2. Mesquite seed are dispersed 3. Woody shrubs competitively

by livestock displace shaded grasses

created when existing plants die or distur- P
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asslands is fire. In the absence of fire, . :
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of litter, together with other changes on prairie <\_) 7 savanna
unburned rangeland, can inhibit germina- 1 f »*
tion (Kitajima and Tilman 1996) and, pos- / - — \\
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1993).
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water availability to seedlings l
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Through its effects on plants, rising CO,
concentration could modify 3 characteris-
tics that influence fire frequency and inten-
sity: fuel load, fuel chemistry, and fuel
water content (Sage 1996b). Fuel load is
highly correlated with biomass production
and turnover. In systems in which CO,
enrichment increases production, the rate
and extent of fuel accumulation should
also increase. Fires may burn more fre-
quently or with greater intensity.
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Fig. 6. (top) The 3 general requirements for plant species change and some of the processes
or conditions that contribute to each requirement (adapted from Pickett et al. 1987).
Rising atmospheric CO, concentration may affect the production of seeds and other
propagules (2) and indirectly influence certain disturbances (1), but most directly influ-
ences plant species abundances and distributions by altering plant performance (3). (bot-
tom) A model of vegetation change from midgrass prairie to mesquite (Prosopis) savanna
that illustrates mechanisms by which the requirements for species change may be satisfied.
Mechanisms are shown in boxes and are numbered (as above) to correspond with the
requirement for change to which they apply. Dashed lines indicate the point of action of
each mechanism along a temporal sequence (solid line) from open grassland to savanna
during invasion by mesquite.
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delayed by only a few days or weeks in most CO, studies, so it is
not likely that the probability of fire will decline significantly
except on relatively mesic grasslands with short drought periods.

Species Availability. In the absence of continued immigration,
invading plant populations will persist only if they reproduce and
their offspring establish. The most successful species and geno-
types within species may well be those in which reproduction and
fitness respond most to rising CO,. Responses of reproduction
and fitness to CO, differed among 3 annual species studied by
Farnsworth and Bazzaz (1995). Both, however, were poorly cor-
related with early vegetative growth. When reproduction is cou-
pled more closely to population-level phenomena than physiolog-
ical parameters, effects of CO, may even be counterintuitive.
Seed production of wild oat (Avena barbata Brot.), the dominant
species in annual grassland in California, increased much more at
elevated CO, during a dry than relatively wet year (Jackson et al.
1995). Doubling CO, concentration doubled the density and total
seed production of wild oat plants during the dry year, apparently
by increasing seedling establishment and survivorship.

Species Performance. Effects of CO, concentration on species
dynamics have been investigated extensively, mostly using artifi-
cial mixtures of plants. While much has been learned from these
studies, perhaps the most important lesson is that simple general-
izations are tenuous. It is widely-accepted, for example, that pho-
tosynthesis and growth are usually more responsive to CO, in C;
than C, species when environmental conditions are near optimal
for growth. It might, therefore, be expected that C; species should
increase at the expense of co-occurring C4 plants as CO, concen-
tration rises. That expectation frequently is supported (Bazzaz
and Carlson 1984, Arp et al. 1993, Johnson et al. 1993), but there
are exceptions. Basal cover of C; Kentucky bluegrass (Poa
pratensis L.) declined on C4-dominated tallgrass prairie when
CO, was elevated (Owensby et al. 1993b). Wong and Osmond
(1991) grew a C; (wheat, Triticum aestivum L.) and C, species
(Japanese millet, Echinochloa frumentacea Link) together under
different light, N, and CO, treatments. Contribution of the C;
plant to species mixtures increased when CO, was elevated, but
only at high N. The reverse occurred when N was low. In each
experiment, effects of CO, on the C; species were minimal
because other factors limited growth. Cover of Kentucky blue-
grass on tallgrass prairie declined at elevated CO, apparently
because the short-statured grass was shaded by taller species or,
perhaps, limited by low N availability. Similarly, Wong and
Osmond (1991) found that CO, concentration had little affect on
the outcome of C;/C, competition when light or N treatments
created size inequities between species.

The lesson from these and similar experiments is clear. Rising
CO, will have little or no impact on a species’ abundance when
CO,-insensitive aspects of plant biology or ecology limit growth
(e.g., Newton et al. 1994). Species abundances often are deter-
mined more by characteristics that influence plant access to
essential resources like nitrogen and light and reaction to distur-
bances (stature, morphology, phenology) than by physiological
traits that are sensitive to CO, concentration (Diaz 1995).

In general, therefore, we should expect that effects of CO, on
plant species composition will be greatest when rising CO,
improves plant access to or use of the most limiting resource. On
rangelands, the limiting resource is often water. Indeed, water
balance is perhaps the most important factor influencing species
distributions and abundances at the global scale (Woodward
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1987b, Stephenson 1990). The distribution of plant formations in
North America, for example, is highly correlated with 2 aspects
of water balance, deficit (evaporative demand not met by avail-
able water) and actual evapotranspiration (Stephenson 1990).
Vegetation in the southern U.S. changes from forest, to grassland,
and finally to shrubland as actual evapotranspiration decreases
and water deficit increases. The influence of water balance on
vegetation is particularly evident on grasslands and shrublands.
The distribution of grassland types is highly correlated with the
seasonal distribution of precipitation and timing and duration of
drought (Parton et al. 1994). Relatively small changes in factors
affecting water balance could cause comparably large changes in
the relative abundances of grasses and shrubs or other species on
rangelands. Indeed, transition zones between grasslands and
woodlands or forests may be among the first areas to experience
species change as CO, rises or climate changes (Sage 1996a).

Vegetation and water balance are coupled most directly
through transpiration. At equilibrium, the leaf area of vegetation
accumulates as existing species grow larger and new species are
added until transpiration depletes available soil water (Woodward
1993, Neilson and Marks 1994). As leaf area index (LAI)
increases, so does the height of vegetation (Woodward 1993) and
the likelihood that plants must compete for light (Tilman 1988,
Smith and Huston 1989). To the extent that rising CO, decreases
transpiration rate per unit leaf area and increases WUE, it will
increase leaf area. These changes should, in turn, favor taller
growth forms when competition for light is intense. On some
rangelands, tallgrasses may replace mid-grasses, independently of
photosynthetic pathway. On others, trees and shrubs may increase
at the expense of grasses.

Relationships of water availability to potential LAI can be used
to model or simulate the current distributions of forests (Neilson
1995). They might also predict vegetation on mesic grasslands
and savannas where LAI is relatively high. On most other range-
lands, LAI is smaller, annual and seasonal variation in precipita-
tion is greater, and drought lasts longer. Relationships of water
availability to leaf area are relatively poor predictors of vegeta-
tion in these ecosystems (Neilson 1995). In arid and semi-arid
regions, a plant's success probably depends largely on its ability
to acquire enough C during wet periods to replace maintenance
and other losses when soil dries (e.g., Bunce et al. 1979) or sur-
vive low soil water levels (Harrington 1991).

Lethal water potentials explain the distributional limits of some
species (Neilson and Wullstein 1983), but many plants may be
restricted to soil water levels that are not directly lethal. Bunce et
al. (1979) demonstrated that distribution of woody species along
an aridity gradient correlated more closely with the point at
which annual net C balance of leaves reached zero than with
lethal water potentials. Other studies are consistent with the con-
clusion that success in arid regions is correlated with a positive C
balance (Mooney and Dunn 1970, Orians and Solbrig 1977).
Westoby (1980), for example, advanced a C balance model to
explain the presence of different growth-forms on arid range-
lands. In these areas, periods with favorable soil moisture condi-
tions are separated by variable periods with no rainfall. Plants
face a tradeoff between the ability to rapidly deploy photosyn-
thetic tissues after rainfall (or sustain leaf area during drought)
and maintain high photosynthetic rates when water is available
(see also, Orians and Solbrig 1977). Different growth-forms are
favored as soil water availability changes through cycles of pre-
cipitation and drought.
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The C balance of plants that experience frequent or extended
drought will depend on several factors. Included are how quickly
leaf area and photosynthesis change with soil water content, C
uptake rates when water is available, and rates of soil water
depletion (Westoby 1980). Information at different CO, concen-
trations on the dynamics of leaf area and photosynthesis as soil
water availability changes is sparse. Leaf photosynthesis of indi-
vidually-grown plants sometimes declines more slowly as soil
dries at elevated than the current CO, concentration, but this usu-
ally reflects slower rates of transpiration and soil water depletion
at higher CO, concentrations. Leaf area in some ecosystems may
increase to use available water, perhaps following species
change, so rates of soil water depletion and the response of pho-
tosynthesis to declining water may not be greatly altered by
atmospheric change. Higher CO, may, therefore, be most benefi-
cial to aridland plants when water is available.

There is evidence, however, that rising CO, could also con-
tribute to species change by improving plant tolerance of water
stress. Marks and Strain (1989) found that raising CO, from the
current 350 ppm to 650 ppm almost doubled percentage survival
of droughted aster (Aster pillosus) plants. Similarly, more than
twice as many honey mesquite seedlings survived soil water
depletion at 710 and 1,050 ppm than 350 ppm CO, (Polley et al.
1996¢). By increasing seedling survival during drought, rising
CO, could increase abundance of species that previously were
excluded by low water availability.

Indirect or feedback effects of CO, on the pattern or timing of
water use by vegetation may prove as important to species
change as direct effects of CO, on growth. Water use efficiency,
as discussed previously, usually increases with CO, concentra-
tion. At the leaf level, this results from lower stomatal conduc-
tance and transpiration, higher photosynthesis, or a combination
of the two. In many Cj; plants, leaves fix C faster as CO, rises, so
part of the increase in C; WUE usually results from higher photo-
synthetic rates. Increased photosynthesis may translate, in turn,
into greater leaf area, partly offsetting effects of lower transpira-
tion per unit leaf area on total water use (Carlson and Bunce
1996). When plants are limited by low N availability, phenology,
or other factors, however, leaf growth may not increase enough to
negate water savings from slower transpiration rates. In C; annu-
al grassland in California U.S.A., doubling CO, concentration
reduced stomatal conductance and transpiration of the dominant
species, wild oat, by about 50%, and increased water content in
moderately productive sandstone-derived soil by 34% at season’s
end (Jackson et al. 1994, Field et al. 1995). The late-season
increase in soil water content apparently contributed to increased
growth of summer annuals (Chiariello and Field 1996). In most
C, plants, photosynthesis, growth, and leaf area are not very sen-
sitive to CO, when water is available. Higher CO, increases C,
WUE primarily by reducing transpiration per unit leaf area
(Kirkham et al. 1991, Knapp et al. 1994b, Polley et al. 1996a).
The major benefit to C4 plants occurs when rainfall declines and
plants use water 'saved' during relatively wet periods to prolong
growth (Owensby et al. 1993b; but see, Carlson and Bunce 1996).
In the short-term, this temporary increase in soil water content
did not greatly affect species composition on tallgrass prairie. In
the longer term as seed from additional species are added, plants
that are presently eliminated by drought may increase by exploit-
ing water saved by grasses. Low water availability reduces sur-
vival of woody seedlings on some rangelands (Paulsen 1950,
Harrington 1991, O'Connor 1995), so slower transpiration by
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grasses could favor woody invasion (Polley et al. 1996b).
Alternatively, higher levels of soil water might contribute to an
increase in water yield from mesic rangelands, as suggested by
model simulations of a forested catchment (Hatton et al. 1992).
Shrubs and grasses co-exist on some rangelands because they
use water from different soil depths (Knoop and Walker 1985,
Sala et al. 1989). Grasses root more shallowly than some shrubs
and use water from upper soil layers. Deeply-rooting shrubs sur-
vive largely on water that percolates below grass roots. The depth
to which rainfall percolates depends partially on soil water con-
tent (Hanks and Ashcroft 1980). By reducing transpiration rates
of grasses, rising CO, concentration may slow the depletion of
water in upper soil layers and increase deep percolation of subse-
quent precipitation. Deeply-rooting shrubs and other plants that
require this water may be favored as a result (Polley et al. 1997b).

A Challenge for Managers

Atmospheric and possible climatic change pose novel chal-
lenges for managers of rangelands. Rising CO, concentration
may increase forage production, but also change plant species
composition. Production and management systems that are tightly
coupled to the current mix of plant species or growth forms
could, therefore, be vulnerable.

A primary goal of rangeland management is ‘sustainability’,
the maintenance of plant and animal production within bounds in
the face of normal cycles of disturbances and weather (Chapin et
al. 1996). Productivity and other ‘ecosystem’ processes, like ele-
ment cycling, are regulated by what Chapin et al. (1996) term
‘interactive controls’: regional climate, soil resource availability,
functional types of organisms, and disturbance regimes. Negative
feedbacks that constrain changes in the 4 interactive controls
serve to reduce variability in ecosystem processes and, thereby,
foster sustainability. By contrast, factors that promote or strength-
en positive feedbacks can alter controls and change system prop-
erties. On some grasslands, for example, the combination of low
precipitation and soil water availability (climate, soil resources)
and high flammability of grasses (type of organisms) leads to
conditions (frequent fire, drought) that limit woody ingress and
so prevent changes in the functional types of plants present. One
way that this system of controls can be disrupted is by overgraz-
ing and the positive feedbacks that ensue. Grazers remove leaves
and so lessen both the fuel available for fire and rate at which soil
water is transpired. Survival of woody plants is improved by the
resulting decrease in fire frequency or intensity and increase in
soil water content. As the woody invaders grow, they shade and
further displace grasses, resulting in a positive feedback that
amplifies changes initiated by overgrazing.

Impacts of CO, enrichment are likely to be greatest when they
reinforce other de-stabilizing changes. By increasing the growth
rates of woody seedlings or improving their ability to survive
drought, for instance, rising CO, could act as a positive feedback
to overgrazing in promoting woody invasion. In other systems,
change resulting from CO, enrichment could benefit livestock
production.

One challenge for managers is to recognize conditions or
events that may augment effects of CO, enrichment and develop
management strategies to either enhance or offset these effects, as
appropriate. Required is an understanding of the causes of change
in the rangeland of interest and how rising CO, concentration is
likely to interact with these causes. The recently advanced ‘state-
and-transition’ model for management (Westoby et al. 1989)
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might be adapted to include effects of atmospheric change. The
primary tools of rangeland managers, changes in the numbers and
kinds of animals, timing of grazing, and use of fire, can be used
to manipulate 2 of the 4 interactive controls, disturbance regime
and the functional types of organisms present. The types of plants
present could be further manipulated by seeding or with herbi-
cides. Where cost effective, fertilization can be used to change
soil resource availability. It will not always be cost-effective to
manage for rangeland types that are not readily sustainable.
Therefore, alternative means of harvesting plant production
should also be considered.

Conclusions

Much has been learned about the effects of atmospheric CO,
concentration on plant physiology and how physiological changes
influence plant growth. With knowledge of soil resource avail-
ability, we now can predict with reasonable confidence the short-
term (years to decade) response of plant production to a change in
CO, concentration. What we most lack is an understanding of the
long-term (decades to centuries) consequences of greater C avail-
ability for rangelands and other ecosystems. Slowly-changing
processes, like those that determine N availability and cycling,
may affect production as much in the long term as the rapidly-
changing processes that have dominated research. We also know
little of how interactions between CO, enrichment and distur-
bance regimes will affect rangelands. Fire and herbivory (graz-
ing), for example, are 2 of the principal controls on production
and species abundances on rangelands, but interactions with CO,
concentration have scarcely been considered.

Effects of rising CO, concentration on rangelands are likely to
be numerous and varied, with secondary or indirect effects exert-
ing as great an impact on these systems as the direct effects of
CO, on photosynthesis. Indirect effects of atmospheric change on
fire frequency and intensity and soil water and N availability, for
example, may prove as important to vegetation dynamics and
production as the more direct and intensively-studied effects of
CO, on plant growth (Mayeux et al. 1994),

Consequences of atmospheric change for the species and
intraspecific genetic composition of rangeland vegetation remain
a major unknown. The way in which rangeland vegetation is
reshuffled by global change will, to a large extent, determine the
goods and services that humans derive from these systems.
Because of the complexities of factors interacting with CO,, it is
unlikely that vegetation change will always or even frequently
follow simple predictions. We know from paleobotanical
research that vegetative communities did not move as intact units
during the past (Davis 1986). Novel species combinations are
thus likely in the future. Because many rangelands are water-lim-
ited, it is likely that changes in plant water use and water balance
will play a dominant role in vegetation dynamics as CO, rises.
Species change will probably be greatest or at least most rapid in
relatively water-limited and moderately-disturbed ecosystems
where positive effects of higher CO, on plant water balance are
greatest and competition for light is minimized. Greatest initial
changes in species composition may occur at the transition

between vegetation types, as between grasslands and woodlands
or forests.
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