Ecological Applications, 14(1), 2004, pp. 208-219
© 2004 by the Ecological Society of America

CO, ENHANCES PRODUCTIVITY, ALTERS SPECIES COMPOSITION, AND
REDUCES DIGESTIBILITY OF SHORTGRASS STEPPE VEGETATION
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Abstract. The impact of increasing atmospheric CO, concentrations has been studied
in a number of field experiments, but little information exists on the response of semiarid
rangelands to CO,, or on the consequences for forage quality. This study was initiated to
study the CO, response of the shortgrass steppe, an important semiarid grassland on the
western edge of the North American Great Plains, used extensively for livestock grazing.
The experiment was conducted for five years on native vegetation at the USDA-ARS Central
Plains Experimental Range in northeastern Colorado, USA. Three perennial grasses dom-
inate the study site, Bouteloua gracilis, a C, grass, and two C, grasses, Pascopyrum smithii
and Stipa comata. The three species comprise 88% of the aboveground phytomass. To
evaluate responses to rising atmospheric CO,, we utilized six open-top chambers, three
with ambient air and three with air CO, enriched to 720 pmol/mol, as well as three un-
chambered controls. We found that elevated CO, enhanced production of the shortgrass
steppe throughout the study, with 41% greater aboveground phytomass harvested annually
in elevated compared to ambient plots. The CO,-induced production response was driven
by a single species, S. comata, and was due in part to greater seedling recruitment. The
result was species movement toward a composition more typical of the mixed-grass prairie.
Growth under elevated CO, reduced the digestibility of all three dominant grass species.
Digestibility was also lowest in the only species to exhibit a CO,-induced production
enhancement, S. comata. The results suggest that rising atmospheric CO, may enhance
production of lower quality forage and a species composition shift toward a greater C,

component.
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INTRODUCTION

Atmospheric CO, concentration has been rising
steadily from ~280 pmol/mol at the start of the in-
dustrial revolution to >365 pmol/mol today, and is
predicted to exceed 600 pmol/mol by the end of the
century (IPCC 2001). Most plant species exhibit in-
creased production when CO, concentration is in-
creased above present ambient concentrations (Poorter
1993, Drake et al. 1996). This growth enhancement has
been attributed to a direct stimulation in photosynthesis
and/or to improved plant water relations, depending on
the particular species and the environment (Poorter
1993, Drake 1996, Wand et al. 1999, Campbell et al.
2000). C, photosynthesis is limited by present-day am-
bient CO, concentrations while C, photosynthesis is
nearly CO, saturated. Consequently, early predictions
were that increasing atmospheric CO, concentrations
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would favor C; over C, species (Bazzaz 1990, Bowes
1993). However, subsequent research revealed that
while CO,-induced growth responses of C; species ex-
ceeded those in C, species, the differences were not as
great as expected based on their photosynthetic path-
way (Poorter 1993, Wand et al. 1999). In addition to
its direct effect on photosynthesis, increasing CO, also
induces stomatal closure and reduces transpirational
water loss, thereby enhancing plant water use efficien-
cy. This stomatal response occurs in most plant species,
regardless of photosynthetic pathway, and appears to
be the major reason growth responses to CO, do not
differ any more than they do between photosynthetic
classes (Owensby et al. 1993, 19965, 1999, Hunt et al.
1996, Morgan et al. 2001a). ‘

In native grasslands of North America like the sub-
humid tallgrass prairie of Kansas (Kirkham et al. 1991,
Nie et al. 1992, Owensby et al. 1993, 19965, 1999) or
the semiarid shortgrass steppe of Colorado (Morgan et
al. 2001a, b), enhanced production under elevated CO,
atmospheres has been attributed primarily to improved
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water relations through stomatal closure and increased
water use efficiency, and secondarily to increased pho-
tosynthesis. Improved water relations have also been
reported to be the major cause of increased production
in California annual grassland (Jackson et al. 1994,
Chiariello and Field 1996) and in nutrient-poor cal-
careous Swiss grasslands (Niklaus et al. 1998, Volk et
al. 2000) under elevated CO,. Collectively, these find-
ings suggest that this indirect effect of CO, on plant
water relations is a potentially important aspect of
grassland biomass response to CO,, and that response
may be especially strong in grasslands that are char-
acteristically water limited (Campbell et al. 2000, Volk
et al. 2000, Morgan et al. 2001b).

In addition to its effects on photosynthesis and water
relations, CO, enrichment may enhance seedling re-
cruitment (Edwards et al. 2001), which can signifi-
cantly alter plant community composition as well as
affecting its productivity. This can result from increas-
es in seed number to CO, (Jablonski et al. 2002), or
from the more indirect effects of CO, on the seedbed
environment (Edwards et al. 2001), most importantly
soil water content, light, and temperature, all of which
can effect germination, emergence, and seedling sur-
vival (Wester 1995, Minnick and Coffin 1999). How-
ever, the significance of seedling recruitment responses
to CO, is community dependent, as plant communities
differ in the occurrence and importance of reproductive
vs. vegetative recruitment.

Today’s remaining native grasslands are used exten-
sively for livestock grazing. As such, forage quality
and seasonality of its production can be as critical as
production in determining the value of these lands.
There have been reports that elevated CO, concentra-
tion may sometimes reduce forage quality (Owensby
et al. 1996a, Wand et al. 1999, Campbell et al. 2000),
primarily by lowering forage nitrogen concentration
(e.g., Owensby et al. 1996a). Perhaps more significant
are the theorized shifts in vegetation composition pre-
dicted in future CO,-enriched environments, with some
scenarios suggesting a movement toward plant com-
munities of lower forage quality (Polley et al. 1997,
Campbell et al. 2000). Collectively, these reports sug-
gest that rising atmospheric CO, concentration has the
potential to cause significant alterations in grassland
structure and function, with some outcomes leading to
grasslands that are more productive but less useful for
domestic livestock grazing.

In 1997, open-top chambers were installed on the
Colorado shortgrass steppe to evaluate the responses
of this grassland to elevated CO,. Morgan et al. (2001a)
reported that two years of CO, enrichment in this field
experiment had enhanced mid and total season pro-
duction of shortgrass steppe from 26% to 47%, with
no production differences detected between C; and C,
species. Similar results had been reported in an earlier
growth chamber study involving monocultures of the
same shortgrass steppe species (Hunt et al. 1996). This
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paper evaluates the effects of five years of CO, en-
richment on aboveground productivity of the same field
experiment (Morgan et al. 2001a), and examines pro-
duction responses across all species, by functional
groups (C; grasses, C, grasses, and herbaceous dicots)
and by site codominant species (Pascopyrum smithii
[Rybd.] A. Love, Cs; Stipa comata Trin and Rupr, Cs;
Bouteloua gracilis [H.B.K.] Lag, C,). Based on our
experience with these species and other work indicating
that altered water relations, and not photosynthetic
pathway, tend to dominate plant responses to CO, in
dry ecosystems, we hypothesized that production of
the shortgrass steppe would continue to be enhanced
in CO,-enriched atmospheres, and that the three dom-
inant grass species and three functional groups would
respond similarly to CO,. We assumed that recruitment
from seed would not be an important feature of the
system response to CO, over its 5-yr duration, due in
large part to the difficulty in reseeding the dominant,
B. gracilis, into disturbed sites (Hyder et al. 1971). A
second objective was to determine whether growth un-
der elevated CO, would alter forage digestibility of
codominant species, as it had in the tallgrass prairie
where lower forage N concentration was cited as a
contributive factor (Owensby et al. 1996a). Since N is
cycled tightly in the shortgrass steppe, with much of
it tied up in microbial biomass (Woodmansee et al.
1978), we hypothesized that forage quality would de-
cline in the shortgrass steppe under elevated CO, due
to the inability of those soils to provide additional N
to keep pace with CO,-induced growth responses (Hunt
et al. 1998), and would be reflected in reductions in in
vitro dry-matter digestibility for all species. We also
hypothesized that the decline in forage quality would
be similar across species, based on the assumption of
similar species production responses to CO, enrich-
ment.

MATERIALS AND METHODS
Site and treatment descriptions

The experiment was conducted at the USDA-ARS
Central Plains Experimental Range (CPER), 40°50’ N,
104°43' W at the northern limit of the shortgrass steppe,
a semiarid grassland on the western edge of the North
American Great Plains used extensively for livestock
grazing (Lauenroth and Milchunas 1991). The CPER
is ~56 km northeast of Fort Collins, Colorado, USA.
Long-term (52 yr) mean annual precipitation averages
321 + 98 mm (1 sp), with the majority occurring during
May, June, and July. Mean air temperatures are 15.6°C
in summer and 0.6°C in winter with July maximum
temperatures averaging 30.6°C. Dominant species at
the experimental Site are Bouteloua gracilis (compris-
ing 45% of the vegetation at the site in 1996), a warm-
season C, grass, and two cool-season C, grasses, Pas-
copyrum smithii (18% in 1996) and Stipa comata (25%
in 1996). These three species comprise ~88% of the



