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ABSTRACT .

Increasing atmospheric CO, concentrations and climatic change will have significant
effects on the ecology of grasslands. This peper evaluates results from four CO,
enrichment studies in contrasting grasslands. A Swiss study investigates the effects
of elevated CO, (600 pL L' CO;) on perennial ryegrass (Lolium perenne L.) and
white clover (Trifolium repens L), a New Zfa.land study examines how elevated
CO, (475 uL L CO,) affects a botanically diverse pasture, and studies in the Kansas
tallgrass prairie and the Colorado shortgrass steppe investigate the effects of an
approximate doubling of CO, in native grasslands. Productivity in afl four grasslands
was enhanced at elevated CO,, with the largest relative increases occurring in dry
years on the shortgrass steppe (71%) and on the sallgrass prairi¢ (36%). Nitrogen
additions, whether from fertilizer or legumes, enhanced the capability of these
grasslands to respond to CQy, and legumes were among the most competitive plant
types in the Swiss and New Zealand grasslands under elevated CO,. No evidence
was found to support the notion that C, grasses were more competitive under elevated
CO, compared to C, grasses. The results suggest that CO, enrichment and global
watming will have important impacts on grasslands.
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INTRODUCTION

Atmospheric CQ, concentrations have risen from about 280 uL L in pre-industrial
times ta 358 WL L' in 1995, and are projected ta doute aver gresent CO; concen-
tration by the end of this century {(Meams, 2000). A massive research effort has
been undertaken to determine the direct (e.g. photosynthesis, growth) and indirect
(climatic change responses) ¢ffects of elevated CO, and other trace gasses on agri-
cultural and naturai ecosystems. Although there is still uncertainty concerning the
degree of climatic change that may result from increases in atmospheric trace gasses,
aconsensus is emerging that significant global wartming will occur along with altered
precipitation patterns and increased storm intensity.

Our interest is with grasslands, which can be broken down roughly into two
categories: pastures that have been improved or created from forest clearing and
other human activities for the expressed purpose of raising and feeding domestic
Tivestock, and native grasslends that have evalved due to a pasticular megime of
precipitation and temperature (Laventoth, 1979). Both grassland types are impor-
tant sources of food, and in many locations are the only viable and sustainable
agriculture practice. Indeed, much of the land that has been converted to arable
crops is not sustainable, and would be better managed by converting back to grassland.

Most of the global change research conducted on temestrial ecosystems has
focused on the direct CO, responses rather than on the more indirect climatic conse-
quences, like warming. This focus on CO; has occurred because 1) the history and
projections of atmospheric OO, concentrations are better documented and understood
than the resultant climate change scenarios, and 2) considerable information already
is available on temperarure and precipitation responses of terrestrial ecosystems,
wheress Jong-term Sield stadies of CO, ensichment were rase umil cecently.

The responses of grasses 10 CO, were recently reviewed by Wand et al. (1999).
They report strong growth enhancements of both C, and C, grasses from elevated
€0, although greater responses of C, grasses. The greater sensitivity of C, species
has been attributed to their photosynthetic metabolism, which is un-saturated at
present atmospheric CO, concentrations. While photosynthesis in C, plants can
respond directly to increases in CO, above present atmospheric concentrations (e.g.
LeCain and Morgan, 1998}, the response is considerably more limited compared o
that of C, species. Ghannoum et al. (2000) suggest that in addition to increasing
leaf interceltular CO,, elevated CO, stimulates growth of C, grasses from improved
water relations and increased |eaf \emperature. The wates relations benefit of elevated
€O, wpplies 1 C, spesies as well, since stometes of most planis close with ising
CO,, resulting in water conservation and enhanced water use efficiency. Production
increases resulting from growth at elevated CO, are often accompanied by decreases
inplant N concentration, and there is some evidence that N may Linit plant response
to rising CQ, (Gbannoum and Conroy, 1998; Poorter er al. 1996). Similarly, there
is some indication that plants capable of fixing their own N may have a greater
capebility to respond to rising levels of atmospheric CO, (Poorter, 1993). In addition
to predicted productivity increases under elevated CO,, species composition of phant
communiics are likely to change, although the exact nature of these changes are
difficult to predict (Polley er al. 20000

The purpose of this report is to compare the results of four long-term field
sturdies of CO, surichment canducted in four contrasting grasslands, a Swiss pasty-
re, a New Zealand grazed pasture, Kansas tallgrass prairie, and Colorado shortgrass
steppe. Possible interactions of temperature with CO, will be only briefly addressed
since the focus of these studies has been primarily on CQ,responses. The contributors
of this report are all participants in the Global Change and Terrestrial Ecosystems
project, a Core Project of the International Geosphere-Biosphere Programme. The
following hypotheses of predicted grassland response to elevated CO, will be exa-
mined by evaluating the results of cach particular study as well as comparing results
across studies. .

1. Elevated CO, will enhance production of grasslands.

2. Grassland responses (relative and absolute) to elevated CO, will be limited

oy sail N, and will be greatest with additional Ninputs (fertilizer & legumes).

3. As water becomes more limiting, the relative response of grasslands to CO,

will become enhanced due to improved water usd efficiency.

4. C,species will be more competitive than C, species under elevated CO,

5. Legumes will be among the most competitive groups under elevated CO,.

6. Forage quality will decline as production increases under elevated CO,.

FIELD CO, ENRICHMENT EXPERIMENTS

Swiss Pasture FACE Experiment. The Swiss FACE experiment (Free Air Car-
bon Dicxide Enrichment) started in May 1993 and will continue until the end of
2002 Its obiectives are to measure the long-term effects of clevated atmaospheric
€O, (600 UL L' CO,) on different processes that affect growth, dry matter par-
titioning, symbiotic nitrogen fixation, competitive ability and carbon sequestration
into the sail.

FACE is a technology for fumigating plant communities with CO, (Lewin ef
al. 1994). ltinvolves mixing CO, with air and then releasing this CO, enriched air
from a system of pipes on the upwind side of a circular target area. A feedback
system uses wind speed, wind direction and the CO, concentration at the center of
the circle to adjust the point of release and the amount of CQ, delivered.

Perennial ryegrass (Lolium perenne L.) and white clover {Trifolium repens
L.) were grown as monocultures and as a bi-species mixture. These two species are
mepresensetive of intensively managed sermi-narueal geasslond in barid temperate
climate, They are the backbone of productive grassiand with high quality forage.

The FACE experiment is located at Eschikon (8°42'E, 47°27°N), 20 km
northeast of Zurich, a1 an aititude of 550 m above sea level. Monthly average daily
mean temperature was 12.3°C and the sum of precipitation was 8353 mm during the
growing season. The soil was classified as a fertile, eutric cambisol with pH between
6.5 and 7.6. The soil consists of approximately 28% clay, 33% silt, and 36% sand
and was designated as a clay loam (US classification). Soil organic matter varied
between 2.9% and 5.1%. Available phosphorus and potassium content were consi-
dered sufficient for high productivity (Liischer er al. 1998). The effect of elevated
CO, was combined with two N fertilization treatments (140 and 560 kg N hay™)
2nd Twe cstting frequencies (four w eight cutings per year), The sampling area in
each plot was fertilized with “N-enriched NH,NQ, at the beginning of the growing
season and three days after each cutting. The experiment consisted of three replicates
(see also Hebeisen ez al, 1997, Daepp et al. 2000).

Average photosynthetic rates of the youngest fully expanded leaves of L. pererne
increased by 30 (o 80% under elevated CO, as compared to ambient CO, (Rogers &f
al. 1998, Isopp 2000). Enhanced C assimilation led to different responses of dry
matter (DM) production of L. perenne and T. repens. In the beginning of the expe-
riment there was a fundamental interspecific difference in the yield response to CO,,
irrespective of nitrogen fertilization, Annual yield of T. repens in monoculture,
averaged over all management treatments, increased by 25% when grown at elevated
CO,. The CO, tesponse of T, repens was independent of cutting frequency and
nitrogen fetilization. In contrast, the annual DM yield of L. perenne in the high N
reatment (Table 1A) was more than twice as high as in the low N treatment (Table
1B). Athigh N, the relative effect of elevated CO; on the annual DM yield increased
significantly over the 5ix years and reached a relative increase of 25% under elevated
CO, in 1998. Atlow N, however, the relative effect of elevated CO, on DM yield
did not increase with time ahd remained weak (-11 ta + 9%) over all six years. The
consequence of these interspecific diffcrenccshqween T. repens and L. perenne in
the CO, response was a higher proportion of T. r#pens in the mixed swards at elevated
CO,. This was evident in all the combinations of defoliation and nitrogen treatments.
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However, the proportion of thed species was more strongly affected by N fertiliza-
tion and cutting frequency than by elevated CO,.

L. perenne monoculture in the low N treatment exhibited marked nitrogen
deficiency symptoms like increased root growth (Hebeisen er al. 1997} and a highly
significant reduction in herbage nitrogen concentration, L, perenne growing in as-
sociation with 7. repens and T. repens growing in monoculture or mixture showed
no nitrogen deficiency symptoms (Hartwig et al. 1999); nitrogen yield correlated
well with biomass production.

In the high N ceatment the contribution of fertilizer N 1o plant growth incressed
strongly over the years, indicating important net N input into the ecosystem. In
parallel, the response of N yield 1o clevated CO, increased, and the negative effect
of CO, on specific icaf area disappeared, indicating that sinks for photosynthate no
longer limited the response to elevated CO,. In the high N treatment, the ecosystem
seams 1o adapt to the new environmental conditions within a few years, However, in
the low N input system: the availability of mineral N strongly limited growth in both
CO, treatments.

An evalvation of the N-sources revealed that all nitrogen that was additionally
assimilated in T. repens under elevated CO,, both in mixture and monoculture,
derived from symbiotic N, fixation. No additional nitrogen was derived from the
soil mineral nitrogen pool. Total symbiotic N, fixation increased by 66% in the
grass legume mixmre under elevated CO, (Zanetti e1 al. 1997, Lischer er al. 2000)

The Swiss FACE grassland experiment demonswrates that CO, - induced changes
in floristic composition, in dry matter allocation and composition, in symbiotic N;
fixation, and in soil processes leads o multiple changes in a grassland ecosystem .
Thus, knowledge of CO, responses at the community level based on long-term field
experiments is a prerequisite to understand, predict or model the response of
grasslands to elevated CO,.

New Zealand Pasture Grazed FACE Experiment. The New Zealand Face expe-
riment is situated on a botanically diverse pasture that has been under permanent
grass since at least 1940, Prior to the start of the experiment a botanical survey
found 26 vascular plant species including annual and perennial C, grasses {e.8.
Anthoxanthum odoratum L., Lolium perenne L., Agrostis capiliaries .., Pog annua
L.), C, grasses (Paspalum dilatatum Poir., Cynodon dacrylon L.), annual and
perennial forbs (e.g. Hypochaeris radicata, Leontodon saxatilis, Cerastium glo-
meratum) and annual and perennial legumes (e.g. Trifolium repens L., T.
subterraneum, T. glomeratum). The management is typical of an extensive New
Zealand system; nitrogen is provided by the legumes and the fertilizer regime
(phosphate and potassium} is applied to encourage these species; grazing coptinues
all year. The site is on the west coast of the North Istand of New Zealand (40°14°S,
175°16’E) with a mean annual rainfall of 875 mm evenly distributed throughout
the year. Long term (30 year average) values for maximum and minimum tem-
peratures (°C) are: spring 16.6, 8.2; summer 21.3, 12.2; autumn 18.2, 9.1; winter
13.0, 4.2. The soil type is & black sand and soil moisture deficits are a frequent
occurrence during the summer period. Total N is of the order of 4.0 g kg soil’ and
total C 50 g kg soil”.

The FACE system comprises 3 enriched and 3 contro] rings each of 12 m in
diameter. The enriched rings have CQ, added so that the concentration at 25 cm
height above ground level is 475 pL L during the photoperiod. The rings are
periodically grazed by adult sheep when the herbage mass reaches 1800-2000 kg
har! amed prazed down to ¥ residuat of S00-700 kg ha*, During periods of low growth
rates (e.g. during surmmer soil moisture deficits) grazing is used to remove rank
growth in accordance with good management practice. Two areas in each ring are
protected from grazing and harvested by cutting. Enrichment of the pastures started
in October 1997 and has been continuous since that time.

After 27 months of envichment the cumulative total of herbage grown (herbage
harvested 10 2 cm above ground level) was significantly greater at elevated CO,
{18%) with the bulk of this response occurring during the period of peak growth
rates in spring (Fig 1A). The CO, effect was least marked during the auumn and
winter. The most responsive groups of specics were the forbs and legumes (Fig 1b);
of these, the legumes were considerably more important in terms of dry matter
produced. There was a wide diversity of C, grasses present, both annual and perennial,
and 1o consistent pattern of response 10 CO,; for example, A. edoratum responded
positively to elevated CO, while A. capillaris responded negatively. The major C,
species Paspalum dilatatum was stimulated by elevated CO,. The mechanism for
this has not been identified, but Ghannoum et al, (2000) list increased intercellular
(0, partial pressure, changes in diurnal CO, fixation patterns, improvements in
shoot water relations and increased Jeaf temperatures as possible ways in which C
species might respond 1o elevated CO,, Note that while C, species in this system can
play an importan: role during periods of summer moisture deficits, their conaribution
to total dry matter is small {less than 2%). The reason for'the greater stimulation in
spring and summer is not clear, but there is evidence to suggest that greater respon-
ses might be expected at higher temperatures and, given differences in seasonal
growth patterns of plant species, that interactions are likely between this ‘seasonal’
effect and the CO, responsiveness of different species (Newton e al: 1994).

The mechanisms driving changes in species composition at elevated CO, dre
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Figure 1 - Relative effects of elevated CO, {475 L L™ the concentration expected in
30 years fime compared o e current toncentration of 360 mb L") on a grazed pas-
ture in New Zealand after 27 months of enrichment: A) seasonal and total dry matter
measured from pre- and post- grazing cuts te 2 ¢m above ground level (there was a

significant efiact of CO, on total mass); B) species composition of the iotal dry matter

presented as functional groups (there was a significant group=CQ, interaction; G nutrient
content of herbage {measured as g m#); OMD=digestible organic matter (not significantly
different); protein, ADF=acid digestible fibre, GHO=water soluble carbohydrates {all
significantly greater at elevated CQ,).

vatious. In the New Zealand FACE, one important mechanisin is increased
recruitment from seed (Edwards er o 2000). The total seed rain of a number of
species was greater at elevated CO,, including grasses (A. odoratum, L. perenne,
Poa pratensisy, legumes (T, repens, T. subterraneum) and forbs (H. radicara, L.
saxarilis). In the case of A. odoratum, H. radicata, L. saxatilis and T. repens, this
was due to both more inflorescences m and more seeds per inflorescence; for the
other species it was due to increased inflorescence numbers. Int successive seasons
the greater seed rain resulted in greater seedling density of the forbs and legumes
and greater abundance of these species (Fig. 1B), Edwards et al, (2000) make the
point that recruitment from seed is an important mechanism of species compositional
change in this environment and is perhaps an underestimated mechanism in other
syslems.

In common with many other experiments there has been some reduction in the
protein content within species at elevated CO,. However, because of increases in
yield and in species composition towards greater legume content, the nutrients
available for animal growth have actually increased at elevated CO, (Fig 1C).

Grazing by animals has the potential to interact with pasture responses to
elevated CO; (Newton er al. 2000); this may occur as a result of selectivity in the
diet of animals, physical damage to plants and canopy, or because of heterogeneity
in nutrient returns. After 3 years, differences have started 1o develop between areas
that are grazed by enimals and areas in which grazing was simulated by cutting.
The most striking difference has involved changes in species composition, with a
stronger response of legumes 10 CO, in the grazed areas (Newton e al. 2000).

Itis important to consider that the level of CQ, enrichment in this experiment is
quite modest (475 pL L), equating to the concentration expected in 2030. Despite
this small increase marked changes in ecosystem processes have been observed; in
particular changes in species compeition to favor dicot species. The increased le-
gume content is beneficial to animal production, However, it will be important to
determine whether the greater legume abundance can be sustained or whether the
frequently observed oscillations in legume-grass balance wil) simply have 2 larger
amplitude.

The longer-term consequences of elevated CO, for soil processes also needs to
be included in our projections. Around a naturally occurring CO, spring in the
north of New Zealand positive relationships are evident between atmospheric CO-
concentration and net mineral-N production (Ross er af. 2000) and rates of infection
of roots by arbuscular mycorrhizal fungi (Rilkig er al, 2000). These results suggest
nutrient availability to plants may change in the longer-term.

Grasslands of the North American Great Plains. As one travels west 1o east
from the Rocky Mountains o the eastward extension of the Central Great Plains of
North America, grassiands transition from short-grass steppe to mixed grass prairie
and finally to tallgrass prairie. This transition corresponds ta a precipilation gradient
from the semi-arid regions on the lee side of the Rocky Mountains to areas of relatively
high and more evenly-distributed rainfall in the sub-humid 12llgrass prairie region.
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Two CO, enrichmment experiments have been conducted in this region utilizing open-
top chambers of similar design and dimension, one on taligrass prairie in Kansas
{Owensby ef al, 1999) and the other on shortgrass steppe in northeastern Colorado
(Morgan et al. 2001). .

Kansas Tallgrass Prairie OTC Experiment. The tallgrass prairte site is adjacent
to the Kansas State University campus at Manhattan, KS, USA, lat. 39°12'N, long.
96°35' W (Owensby et al. 19934,b). Long-term maximum/minimum emperatures
(°C ) are spring 19,6; summer 32,19; auumn 21,7; winter 5,-7. The 30-year avera-
ge annual precipitation is 840 mm, with 520 mm falling during the growing season,
A mixture of C; and C, vegetation occurs, with dominance by two C, grasses,
Andropogon gerardii Vitman and Sorghastrum nutans (L.} Nash. Sub-dominants
include a C, grass, Pog pratensis L., and two other C, grasses, Bouteloua curti-
pendula (Michx.) Torr. and Sporobelus asper varasper (Michx.) Kunth, Average
peak phytomass of this grassland occurs in early August 21435 g m?, with less than
10% contributed by herbaceous dicots. }

Tallgrass prairie was exposed to elevated CO; over an 8.year peried from [589
to 1996. Open-top fumigation chambers (OTCs, 4.5 m in diameter by 4.0 m in
height) were placed over the natural vegetation int late March, 1989 and retained on
the same area for eight years (Owensby et al. 1999). Treatments replicated three
times consisted of ambient CO;-no chamber, ambient CO, with chamber, and twice
ambient CO,-enriched with chamber. A two-year study was conducted in separate
chambers with elevated CO, and N fertilization.

The primary responses to elevated CO, were mediated through reduced water
use by the ecosystem due to reduced stomatal conductance, which improved water
use efficiency (Owensby et al. 1993b; Knapp et al. 1993ab; Knapp ef al. 1994;
Knapp et al. 1995; Ham et al. 1995; Bremer er al. 1996; Owensby ef al. 1996;
Hamerlynck er al. 1997, Owensby et al. 1999), Volumetric soil water content of
the 0-100 ¢m soil Jayer was determined using nentron scattering, and was genetally
higher in elevated CQ, plots than ambient, mainly during periods when precipitation
limited normal plant growth due to water stress. In four of the eight years, plots with
elevated O, had greater aboveground phytornass than those with ambient CO,
(Fig 2). Root in-growth phytomass was greater under elevated CO; in three of the
six years when it was measured. The basal cover and relative amount of warm-
season perennial grasses (C,) in the stand changed little during the 8-year period,
‘but basal cover and reative amount of cool-season perennial grasses {C,) in the
stand declined in the elevated CO, plots and in ambient CO, plots with ¢hambers.
Forbs (C,) and members of the Cyperaceae (C;) increased in basal cover and relative
amount in the stand at elevated compared to ambient CO,.

Above- and belowground phytomass production and leaf area of fertilized plots
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Figure 2 - Peak aboveground biomass (g m?) of Kansas taligrass prairie exposed to
ambient cenditions, chambered ambient GO, and chambsred slavated GO, from1949
to 1996. From Owensby et al. (1999).

were greater with elevated than ambient CQ, in both years of the N/CO, study
{Owensby er al. 1994). The increase in phytomass at high CO, occurred mainly
aboveground in 1991, a dry year, and belowground in 1990, arelatively wet year.
Nitrogen concentration was lower in plants exposed to elevated CO,, but total
standing crop IN was greater at high CO,. Increased root phytomass under elevared
CQ, apparently increased N uptake, The phytomass production response (o elevated
CO, was much greater on N-fertilized than unfertilized prairie, particularly in the
dry year. Phytomass production response to elevated CO, was suppressed by N
limitation in years with below-normal precipitation.

Stomatal conductance was reduced by as much as 50% under elevated CO,
comnpared o ambient. The result was an improved water status for plants exposed to
elevated CO,, which was reflected by a less negative xylem pressure potential
compared to plants exposed to ambient CO,. At the canopy level, evapotranspiration
(ET) was reduced by 22% under elevated CO,. Increases in net carbon £xchange
{NCE) at the ecosystem level under elevated CO, were primarily cansed by continued
photosynthesis under elevated CO, when water stress had essentially stopped
photosynthesis under ambieat CO,. Additionally, whole-chamber data collected on

days with high evaporative demand showed that ecosystem guantym, yield under
elevated CO, remained high in the afternoon period {e.g. - 0.029 mymg] €6, mmol
PAR), but decreased under ambient CO, (e.g. - 0.021 mmol CO, ygqy PAR}.
Greater NCE and lower ET resulted in higher daytime water use cfficiency under
CO, enrichment vs. ambient (9.84 vs, 7.26 g CQ, kg H,0).

Acid digestible fiber (ADF)and N values from the ambiert and elevateg co.
diet samoples obtained from esophageally-fismiated sheep were used 10 estimage the
growth response of yearling steers grazing tallgrass prairie. Estimated gain for steprg
consuming forage produced under elevated CO, in 1989 was lower than g,
praduced under ambient CO, summed over the 150-day growth period (2X co, .-
80.6 kg; 1X CO, - 99.6 kg), with the greatest reduction in gain coming in the early
season. Forage N concentrations were reduced under elevated CO, and fiber cop.
centrations increased, both of which should reduce ruminant productivity. Since
ruminant intake declines as forage quality decreases, there cannot be a compensatory
intake response o maintain productivity levels comparable to current kevels. For
domestic livestock, diets can be supplemented to compensate for reduced forage
quality, but with wild maminants, or for ruminants in developing countries, diet
supplementation likely will not be an option. The result will be reduced growth and
reproduction,

Effects of elevated CQ, on the quantity and quality of belowgronnd biomass
and several soil organic maiter pools were determnined at the conclusion of tne eight-
year CO, enrichment experiment (Jastrow er al 2000). Soil was sampled to a depth
of 30 cm beneath and next o the crowns of C, grasses in these plots and in
unchambered plots. Elevated CQ, increased the standing crops of rhizomes (87%),
coarse roots (46%), and fibrous roots (40%) but had no effect on root litter (mostly
fine root fragments and sloughed cortex material 500 mm). Soil C and N stocks
also increased under elevated CO,, with accumulations in the silt/clay fraction over
wwice that of particulate organic matter (POM; >33 mm). The mostly root-like,
light POM (density <1.8 Mg m™) appeared to tum over more rapidly, while the
more amorphous and heavy POM (density >1.8 Mg m™) accumulated under elevated
CO,, Rhizome and root C:N ratios were not greatly affected by CO, enrichment,
However, elevated CO, increased the C:N ratios of root litter and POM in the surface
3 ¢m and induced a small but significant increase in the C:N ratio of the silt/clay
fraction 1o a depth of 15 cm. Eight years of CO, enrichment may have affected
elements of the N cycle (including mineralization, immobilization, and asymbiotic
fixation), but any changes in N dynamics were insufficient to prevent significant
plant growth responses.

Starting in 1991 and ending in 1996, soil sampies fromQto 5 and 5to 15 em
depths were taken for measurement of microbial biomass C and N, total C and N,
microbial activity, inorganic N and soil water content. Soil microbial biomass C
and N tended to be greater under elevated CO, than ambient CO, in the 5-15 cm
depth during most years, and in the month of October, when analyzed over the
entire study period. Microbial activity was significantly greater at both depths in
elevated CO, than ambient conditions for most years, During dry periods, the greater
water conkent of the surface 5 cm soil in the clevated CO, treatments increased
microbial activity relative to the ambient CO, conditions. The increase in microbial
activity under elevated CO, in the 5-15 cm layer was not correlated with differences
in soil water contents, but may have been related o increases in soil C inputs from
enhanced root growth and possibly greater root exudation. Totat soil C and N in the
surface 15 cm were, after § years, significantly greater under elevated CO, than
ambient CO,. Decomposition is likely enhanced under elevated CO, compared with
ambient CO;, but inputs of C are greater than the decomposition rates. Soi] C
sequestration in tallgrass prairie and other drought-prone grasstand systems is,
therefore, considered plausible as atmospheric CQ, increases.

Colorado Shortgrass Steppe OTC Experiment. The shortgrass steppe is a semi-
arid grassland along the western edge of the Great Plains of the United States,
strerching from southeastern New Mexico and Western Texas north to the
Colorado-Wyoming border at 41 °N latitude (Lauenroth and Milchunas, 1991).
The study site is at the USDA-ARS Central Plains Experimental Range (CPER),
lat. 40° 40' N, long. 104° 45" W, in the shortgrass steppe region of north-eastemn
Colorado (Lavenroth and Milchunas, 1991), about 56 km north-east of Fort Collins,
CO. Twenty year season maximum/minimum temperatures (°C ) are spring 17,2;
summer 27,11, awtamn 12,-3; winter 6,-8. Long-term (35 yr) mean annual preci-
pitation averages 320 min, with the majority occurring during May, June and July.
Vegetation of the site is dominated by the warm-season, C, grass Bowreloua gracilis
(H.B.K.) Lag., but contains an abundance of cool-season, C, grasses, most im-
portantly Pascopyrum smirhii (Rydb.) A, Love and Stipa comata Trin and Rupr,
as well as a variety of C, forbs. Over the course of the study, C, grasses accounted
for 61% of the aboveground vegetative dry mattes, C, grasses (primarily B. gracilis)
accounted for 35%, and the remaining 4% was in forbs. Average peak aboveground
phytomass of this grassland occurs in late July at 70 g m? (Shoop et al. 1989). with
stmilar production estimated in belowground organs. The soil at the experimental
site is 2 Remmnit fine sandy loam (Ustollic cambbrthids). Six hexagonal open-top
chambers, 4.5 m diameter by 3.8 m high, were constructed with a galvanized steel
tubing frame covered with clear, Lexan (Regal Plastics, Littleton, CO, USA) panels.
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Three chambers were maintaina¥ ar ambient CO, concentrations, three at appro-
ximately twice ambient (720 uL L"), and three other ngn-chambered experimental
sites servest as controls. After a baseline field season with no CO; enrichment (1996),
chambers were placed over the experimental plots each growing season from roid-
March until after plant senescence in late October from 1997 throuigh 2000. Three
more years of CO, enrichment are planned. )

Recommended stocking rates are low on the shortgrass steppe due its low pro-
ductivity. About half of the vegetation is defoliated only once during a growing
season from cattle grazing, so a single defoliation, by species, at the approximate
time of seasonal peak phytomass on half of the harvestable plot area was conducted
to evaluate possible interactions of defoliation by grazers with the CO, response. A
final harvest (after senescence) at the end of the growing season of previously
defoliated as well as un-defoliated plants provided a seasonal measure of aboveground
production.

Aboveground plant productivity hias been consistently enhanced in shortgrass
steppe vegatation under a double ambient CO, regime, as indicated by increases in
standing aboveground peak phytomass ranging from 20% (ns) to 71% (Fig. 3A).
Root in-growth bag and minirhizotron data suggest simifar COx-induced produc-
tion responses in belowground plant organs (D.G. Milkchunas, unpublished data).
The greatest relative increase occurred in a dry year (2000) in which production at
mid-season was about half of the long-term average for the site. Results from the
first two years of CO, enrichment indicate no significant interactive effect of defo-
liation on the CO, growth enhancernent, After 4 years of CO, enrichment, no relative
differences in growth responses to CO, have been detected between C, and C, grasses,
although a trend (P=0.11) in 1997 suggested a slightly higher CO,-induced pro-
duction increase for the forb group. A significant chamber effect in most years resulted
in higher production inside than outside chambers, a result we believe was due to
chamber warming and earlier green-up in the spring.

Measurements of leaf gas exchange from the OTC study as well as from previous
controlled environment work (Morgan et al. 1994a; Read et al. 1997) indicate that
short-term increases in CO, stimulate photosynthesis in the C; F. smirhii, but long-
term (greater than & few days to a week) exposure of P. smithii leaves to elevated
CO, results in consistent and significant downward photosynthetic acclimation.
Consequently, leaf photosynthetic activity per unit leaf area conducted under chamber
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Figure 3 - A) Above-ground phytomass on the Colorado shortgrass steppe datarmined
at the approximate time of peak seasonal biomass production in unchambered, ambient
(370 L L") and elevated (720 pL L) CO, plots. Significant treatment ditferonces (P <
0.05} determined from Analysis of Variance, with ditferent letters within year indicating
significantly different (P < 0.05) treatment means as determined by Fishers LSD. B)
Average growing season soil water content s determined by neutron probe -far
unchambered, amblent and etevated CO, plots. Bars are standard emors of seasonal
means.

conditions often is similar between ambient and elevated CO, chambers, and
enhancements under elevated CO, are generally less than 15% compared to leaves
in ambient chambers. The decline in photosynthetic capacity of CO,-enriched P,
smithiileaves often is associated with reduced forage N concentrations and enhanced
leaf carbohydrate levels (Read et al. 1997; Morgan et al. 2001}, We found that
photosynthesis in leaves of the dominant C, grass, B. gracilis, as well as other C,
grasses, are not CO,-saturated at present ambient CO, concentrations of 360 mmol
mol {(LeCain and Morgan, 1998; Morgan ¢t al. 1994a), suggesting that some direct
photosynthetic enhancement is possible in B, gracilis as a result of rising CO, con-
centrations (see also Ghammoum er 2/, 2000). Consequently, both C, and C, grasses
of the shortgrass steppe exhibit some photosynthetic enhancement due to CO,
enrichment, but because of significant photosynthetic acclimation in the C,, P, smithii,
differences in CO, responses are not great,

The consistent and strong responses of this grassland to CO, enrichment appear
to result as much from improvements in water relations as from any other factor.
Weekly measuremnents of leaf water potential and soil water content have revealed
a very strong influence of elevated CO, on water in the shortgrass steppe, with
higher leaf water potentials (Morgan et al. 2001) and soil water contents (Fig. 3B)
in CQ -enriched chambers compared to ambient chambers. These wetier conditions
in CO-enriched chambers are likely due 1o partial stomatal closure, which improves
leaf level as well as sysiem level water use efficiency (Lapitan et al. 200(; Morgan
et al. 1994a, 1998), indirectly enhances photosynthesis and maintains significant
photosynthetic activity later in the growing season as soil water is depleted (Morgan
et al. 2001; see also Chiariclle and Field, 1996), Increased infection of roots with

-vesicular-arbuscular mycorrhizae dnd increased partitioning of phytomass to

belowground organs may also contribute to improved plant water relations of CO,-
enriched shorgrass steppe grasses through more efficient mining of soil water
(Morgan &f al. 1994b),

N fertilization is not economically feasible and therefore not an important issue
in shortgrass steppe rangelands of the Western Great Plains, nor are legumes an
important fearure of the landscape. Nevertheless, the dynamics of soil N cycling
plus the seasonality of plant growth can result in a variable available soit N pool, so
interactions of N with CO, may be important. Further, N is considered the most
growth-limiting nutrient in grasslands. Results from our OTC study indicate that
production increases under elevated CO, are accompanied by reductions in shoot N
concentrations, most notably in the C, species (Morgan ez al. 2001). This confirms
what we have observed in these species and grassland soils in controlied environment
experiments (Hunt er al. 1996; LeCain and Morgan, 1998; Morgan ez al. 1994b;
Read and Morgan, 1996; Read e al. 1997), One of the adaptations sometimes seen
in plants exposed to elevated CO,, increased partitioning of phytomass to
belowground organs (Rogers et al. 1994,1996), has been observed in some of our
studies with shortgrass steppe grasses and soils, and appears to be driven by reductions
in plant N concentration (Morgan ez al. 1994b,1998, 2001). We suspect that much
of the reduced plant N concentration under elevated CO, is due to enhanced growth
in a N-limited system, resulting in a dilution of plant N (Hunt er al. 1998). These N-
deficiency effects of CO, enrichment are less evident or non-existent under condi-
tions of high N fertility (Morgan et al, 2001).

SYNTHESIS

CO, Enrichment Experiments. The results of these four field CO,-enrichment
experiments support our first hypothesis that elevated CO, will enhance grassland
production. However, a comparison both within and between studies revealed large
differences in the relative responses (Table 2). In the Swiss pasture, production res-
ponses to elevated CO; (600 pL. L) increased over time, up to maximal
enhancements of 25% for T. repens and fentilized L. perenne, but CO, had con-
siderably less effect on production in non-fertilized L. perenne swards. Production
was stimulated 18% in the New Zealand pasture under 475 pL. L' CO,, compared
to growth enhancements of up to 3§% in tallgrass prairie and 71% in shortgrass
steppe under doubled ambient CO, concentration. In the two C,-dominated native
grasslands, CO,-induced growth responses were greatest in the driest years, with no
significant CO, growth enhancements in half of the measurement years in the sub-
humid tallgrass prairie, but only one year in the semi-arid shortgrass steppe when
significant and large CO, enhancements in growth were not observed. These results
support our third hypothesis that the relative respenses of grasslands will tend to be
greater as water becomes more limiting. Gas exchange and water balance research
in Kansas (Ham er al. 1995; Nie er al. 1992; Owensby er al. 1999) and Colorado
(Lapitan e al. 2000; Morgan et al. 1998, 2001) indicate that the primary effect of
CO, on production of the tallgrass prairie and shoregrass steppe is through impro-
ved water relations that result in higher water use efficiency.

All four projects confirm that the capability of these systems to respond to CO,
and the nature of those responses is conditioned by N (Table 2). Extensive inves-
tigations of monoculture and bi-species responses of T. repens and L. perenne plus N
fertilizer studies provide compelling evidence that responses of plants to ¢levated
€0, is limited by N, and that growth enhancements in grasslands will be greatest
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when legumes are present or adeqguate N fertiliza-
tion OCEUIS. The Swiss and New Zealand FACE
experiments indicave that N-fixing legumes may be
wmpetiﬁvcly favored in many systems as CQ,
increases, Other resporises, like the tendency of CO,-
enriched plants to partition more phytomass to
peiowground organs (Rogers er al. 1994,1996),

10 be one of several N deficiency responses
that develop in plants subjected to high CO; concen-
trations when available soil N is ingufficient to meet
theincreased demands of CO;-enriched plants. These
responses will have an important effect on how
different species respond to elevated CO,, and will
cenainly impact forage quality. These results sppport
the notion that legumes should become*more
competitive in grasslands as atmospheric CO, con-
centration rise.

Perhaps the most surprising result has been the
jack of any evidence to indicate a superior growth
response in C, compared to C, grasses. In tallgrass
prairi¢, long-term CO, enrichment resulted in a de-
cline in basal cover for C, grasses, while coverof C,
grasses remained unchanged (Table 2). In the New
Zealand pasture a wide range of responses among
C, grasses was reported resulting in little stirmulation
overall, while, in contrast the major C, grass
(Paspalum dilatatum) was stimulated by CO,. The
reasons for the range of C, responses is not
understood, but as abundance in the New Zealand

pasture appears to relate strongly Dorecmiuncntpmcessesaswellasvegémﬁvegmwm
(Edwards et ai. 2000) there are a range of possible influences (allocation to seed,
predation/grazing, availability ef microsites) that might nodify plant response to
elevated CO,. The basis for the response of the dominant C, species is also unclear,
but a number of potential mechanisms can be suggested (Ghanmoumn et al. 2000)
including the improved shoot watet relations described below. In the shortgrass steppe,
production of C; and C, grasses respond similarly and strongly to elevated CO,. The

Table 1 - Changes in the effect of elevated CO, on different parameters of pure L. perenne swards from the Swiss
FACE experiment (1993 - 1998} athigh N fertilisation (A; 560 kg N ha’ y%) and atlow N fertilisation
(B; 140 kg N ha”' y') over six years. (according to Daepp et al, 2000)

Six Year Mean at CO, Effect CC, Effact Annual Change of GO,
350 pl L1 CQ, 1% year 6 yaar Effect (% y) d
A-High N
DM yield 1400 g m? +7% +26% ar- 0.67
SLA 21.4cm2 g’ -18% 0% 62" 0.3
[N] 33.0mgg’ - 20% - 14% 12ns 0.20
N yiald 46.1 g m? -13% +B% 40 059
* Nisoil) 29% -1% C o+ 22% 50 0.86
BLowN
Six Year Mean at CO, Effect CO, Effect Annual Change of CO,
350uL L' CO, 1# year & year Effect (% v} R
DM yield 720 gm? +5% + 9% 1.2ns Q.08
SLA 15.8 cmig’ - 20% - 13% 1.8ns 0.39
NI 20.7mg g’ -16% -21% 0.3ns 0.07
N yield 146gm? -13% -16% 0.6ns 0.03
N(soil) 68% 0% « 2% 0.1ns 0.01

CO, effsct = (annual mean at 600 uL L CQ, / annual mean at 350 pl. L' CO,) x 100.
Anryg change of CO, effect = the siope of the linear regression analyzing the CO, effect as afiecied by the year of
CQ, annichment. Significance of the slope (hs = not significany; * = p<0.05; ** = p<0.01) and ¢ of the linear regression

are given.

DM yield: annual dry mass yield harvested above a cutting height of 5 cm.

SLA: specific leaf area.

[N]: concentration of N in the harvested herbage.
Nq{soil): proportion of N yleld derived from uptake of mineralized N from soil organic matter (SOM} and not from
fartllizer N {measurad with the N dilution mathod ).

Table 2 - Site descriptions and grassland responses 1o increases in CO,,

decline in C, grass basal cover in the tallgrass prairie could have resulted because of
the strong CO, responses of the tall C, grasses A. gerardii and 5. nutans which
tower above and shade the C, dominant, P. pratensis (Owensby et al. 1999), Simi-
lar CO,-induced growth enhancements of C, and C, grasses in the shortgrass steppe
occurred because they were driven primarily by the effects of CO, on water relations
(Morgan er al. 1998, 2001), which benefited C, and C, grasses alike. The results of
these three field experiments are contrary to earlier predictions of greater responses

Grassland Precip. and  Production Piant Commenity N ftartility & legumes Forage quaiity Defcliation and
Temp. Responge to and Species Grazing Interactions
Elevated CCQ, Changes/Responses
Swiss Pasture  Ann. Precip.  Monocuiture: L. p prod B ies: Productivity Greatest production Forage (N} lower In Fraguent defollation of
L perenne & B53 mm under elevated CO, increased over  and N yield greater under respansas occur with N CO,enniched L. perenne, L peranng increased
T, repang in 6 y1, trom 7 — 25% with high N alavated CO, with 7. repens. ferdilzer Input and legumes. but no N deficiency root/shoot ratios, but
mono- cultures fartilizer, and trom nagative Higher preportion of T repens N reduction in monocultures  when grown in assceiaion no interaction
& bi-spacies. responsas to 9% with low N. in mixad swards under of CO-enviched L. peranne. with T. repens. Higher with CO,.
T repens: 25% higher production stevated CO,. Plant community N fixation enhanced 66% in M yield under GO,
over 6 yrs. compesition influenced more by grassegume mixture under  enrichment. Increased
N fertility and deloliation than by CO,. elevated CO,. Growth carbohydrates undar
enhancament of L. perenne CO, enrichment.
dependent an N supply.
New Zealand Ann. Pracip. 18 % higher aboveground Ralative change in aboveground Absolute and relative Decline in forage [N] Greater CO, enrichment
Grazed Pasture B75 mm phytomass harvested biomass after 27 months CQO, ncreases In abundanca in individual species enhancement of
C,and C, from plant community ennchment: C, grasses: 7% of legumes. but higher total digestide  legumes under
grasses; forbs; Temp. (")  ower 27 monthe G, grasses: 65% Legumes: 92% Qrganic makter, protein, grazing compared
legumes; {max/min) €, enrichment. Forbs: 1056%. and water spluble to cutting.
annuals & cerbo-hydrates under high
perenniais Sp 178 CO; on a ground area basis.
Su 2112
Au 189
W 134
Kangas Ann. Precip.  Productivity attected littte Litthe long-term sifact of el d " Resp to elavated CO, Raductions in shoot N, Imeraction of defoliation
TaHgraas 840 mm in wet ysars, and enhanced COon cover and relative amount limited by N.- Total soil N but total N aither with CQ, dependent on
Praine uft to 36% under slevated of C, grasses. Bazal cover in upper 15 cm higher after unchanged or higher in goit water, In dry yaar,
Cyand C, Tomp. {°C} CO;innomal ar dry ysars. and redative amount of jorbs aight years of CO, aboveground tissues alevated CO,
grasses; {max/mir} {all ©,) and members of Cyperacaa antichment. because of production anhanced re-growih.
daminanis incraased, but decreased for C, increases under elevated  In wet year, no effect of
are A garardll, Sp 196 grasses. CO,. increased fiberand  CO, on re-growth.
S. nutans, P Su 3219 lowar digastibility under
pratensis, Ay 217 elevated CO,
<10% forbs W 57
Colorada Ann, Precip.  Seasonal aboveground production Aher 4 yaars of GO, enrichment, no Responses (o elevated CQ, Reductions in shoot (V] Tha relative
Shorigrass 320 mm consistently enhanced oy CO,, differances in responsea of C,orC,  fimited by N. The tendency to  when elevated CO; leads  enhancement
Steppe C, and with highest ralative responses grasses aboveground phytomass increasé blomass partitioning  to production increases, of aboveground
C, grasses, Temp . (°C) (71%) occurrting in driast to slevated CO,. A trend suggesting  to belowground organs under N yield generally preater  plant production is
dominated by C, ) growing graater growth responses of slavated CO, declines as scil  under slevated CO,. similar in plots
B. gracilis, with forbs in ane year. N increases. Native lsgumas deloliated once
Cys Pamithi Sp 172 rot impertant in the compared to
and 8. comats;, Su 271 shorigrass steppe. non-defofiated plots.
<7% forbs Ay 123

w A8
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of C, species o elevated CO, (é‘.’érBazzaz. 1990). The complexity of ecosystert
character likely modifies the CO, responses of species in the field, so the assessment
of different species responses, most of which have been examined previously in
manocultures and in controlled environments, may differ substantially in the field,
especially in native grassland ecosystems composed of numerous species (Owensby
eral. 1999). Further, the importance of waler rejations in the responses of plants to
elevated CO, has probably not been appreciated, and may be particularly irnportant
in the substantial growth responses of C, species (Ghannoum er al. 2000; Wand et
al. 1999).

Both the Kansas and New Zealand studies indicate significant growth respon-
ses of forbs to elevated CO,, and there was limited proof of a strong forb response to
elevated COQ, in the Colorado shorigrtass steppe. Forbs are a small fraction of
phytomass in all three of these grasslands, but their responsiveness to elevated CO,
(Table 2) suggests the possibility that they may become more important in future
CO,-enriched grassiands.

A common theme across all four studies was a decline in shoot N concentration
at elevated CO, unless supplemental N was provided via N fertilization or with N-
fixing legumes. This has several important implications for grasslands and for
foraging muminants, First, as mentioned above, it suggests that legumes may become
more competitive in grasslands. It also means that the use and introduction of legu-
mes into grasslands may become more important as forage quality declines. While
it appears that the N yield of many grasslands may increase under elevated CO,,
due to significantly enhanced production, the utilization of forage may decline since
intake by ruminants goes down with forage quality. In more intensively-managed
improved pastures, N fertilization and the introduction of legumes may be econo-
mically viable means by which to respond 10 rising atmospheric CO,. In rangelands,
N fertilization is not economically feasible, and the inter-seeding of legumnes is diffi-
cult at best with today’s technology. The responses of native legumes to elevated
CO, may be an import factor in how these grasslands will evolve to support grazing
by both domesticated and wild animals.

The evaluation of how CO, enrichment interacts with defoliation responses
were obtained primarily from mechanical defoliation. There was no interaction of

CQ, with defoliation response in the shortgrass steppe study, although a single mid-

sumnmer cutting stirmulated production (Table 2). In the tallgrass prairie, the respon-
se to CO, was greater when defoliation occurred in a dry year, but made little diffe-
rence in seasonal production in an unusually wet years. Frequent defoliation of L.
perenne increased root/shoot ratio in the Swiss pasture, but had no impact on the
CO, respense. The only study to utilize grazing animals, the New Zealand FACE
experiment, indicated that sheep grazing enhanced the CO, response of legumes,
These results are o few and differences between experiments too great (o effectively
summiarize across grasslands, but they clearly indicate a possibility for defoliation
of pastures to interact with the CO, response through various mechanisms (e.g.
water, N, plant reserves).

The long-term responses of these grasslands will be controlled to a large extent
by soil processes. Results of these studies all indicate a decline in N concentration of
CO,-enriched foliage when soils are not supplemented with N. These results suggest
available soil N may limit the long-term responses of grasslands to rising CO,.
However, a New Zealand experiment conducted at a naturally occurring CO, spring
indicated Jong-term CO, enrichment led to increased soil mineral N. And eight years
of CO, enrichment on the tallgrass prairie resulted in higher total N in the surface
15 cm of the soil profile. Work in all four of the grasslands featured in this paper
indicate enhanced microbial activity under elevated CO,. These results suggest
elevated CO, will alter belowground biological processes that will affect the availa-
bility of soil nutrients, but the results are too sketchy to speculate exactly how those
changes will control grassland responses in futare CO;-entiched environments.

Interactions of CO, with Global Warming. This report has focused on CO, res-
ponses, but a few comments on global warming, its impact on grasslands and
interactions with CO, seem warranted. The latitudinal distribution of plant functio-
nal types has been described, in part, through long-term temperature patterns (Terri
and Stowe, 1976}, so it seems likely that predicted increases in global temperatures
will have important impacts on plant species production, distribution and plant
community composition. In general, relatively large increases in temperature should
favor warm-scason plants (howevert, see Alward er al. 1999). However, there may
be interactions with CO, that modify or even cancel temperature effects on vegetation.
For instance, while warming may favor warm-season C, species, some of the effects
of CO, enrichment on C, photosynthesis will tead to counter that response, rendering
C,/C, distribution changes relatively insensitive to increases in temperarure (Polley
et al. 2000). Further, while warmer temperatures may enhance the CO, preduction
response, differences in plant development may lead to complicated interactions
between CQ, and species response as temperature increases (Newton e7 al. 1994).

The effect of warming on hydrology ineroduces other uncertainties. By itself, a
warming trend will increase potential evapotranspiration, leading to desiccation.
However, the tmproved water use efficiency under elevated CO, will tend to counter
that response. In semi-arid grasslands, significant increases in both temperature and
CQO, may eventually shift the competition more in favor of C, grasses because of 1)

the overriding benefit of CO, to improving plant water relations of most plant spe-
cies, regardless of photosynthetic pathway, and 2) the adagtation of C, species to
warm temperatures.

Warmner temperatures will no doubt shift plant communities with elevation. At
very high mountain elevations where plant response to CO, is presently limited or
completely absent due to cold temperatures, global warming may push temperatures
high enough to elicit 2 significant plant growth response to CO, (NSsberger er al,
2000). Extremne temperatures will likely impact species distributions and abundance
through reproduction, competition or survivorship, although species response
differences are diverse and difficalt to predict (Polley et al. 20000,

Changes in climate will likely impact foraging by ruminants. High daytime air
temperatures currently reduce total grazing time for cattie with little or no
compensatory nighttime grazing, Experiments and computer simulation models have
suggested that in general, the potential for animal production will be increased in
northern regions of the Great Plains with moderate global warming, but could be
reduced in some caitle breeds in southern regions due to protracted periods of high
temperatures (Hanson et al. 1993). For domestic livestock enterprises, increased
stocking rates may be recommended because of the reduced intake of lower quality
forage which will further reduce animal gains. Dietary supplementation may be
used 1o maintain current production levels, but that will increase cost of production.
Wild ruminant diet quality will be affected, and it is likely that they will have reduced
growth and reproduction.

CONCLUSIONS

A comparison of resuits ameng four field CO, enrichment ¢xperiments conducted
in contrasting grasslands suggests that productivity of grasslands should increase as
CO0, concentration rises. However, the ultimate responses of these grasstands 1o
CO, and other aspects of global change will involve more complex changes in spe-
cies dominance and survival along with alterations in soil biogeochemisiry, much
of which is still poorly understood. Collectively, these four projects do'provide strong
evidence that soil N will figure importantly in the CO, responsiveness of grasslands,
and a strong case can be made, based on the Swiss and New Zealand FACE
experiments, that legumes will be 1} important in supporting CO,-induced produc-
tion responses and 2) more competitive in future CO,-enriched environments. The
results from the two native grasslands also support the notion that water limitations
will enhance the CO, production response through improved water use efficiency.
But the hypothesized competitive advantage of C, over C, plants, based on differences
in photosynthetic metabolism, is not bomne out in these field stadies. Further, feed-
backs of soil processes to COs-induced plant responses are only beginning to be
understood, and while there is now sufficient information to confirm significant
soil-based biological responses, the long-term trajectory of those responses on whole
ecosystetns is poorly understood. The consequences for animal production are even
less understood. Long-term global change studies, conducted in field environments,
combined with modeling exercises will be required to unravel the complexities of
how grasstands ecosystemns will respond to increased CO, and climate change.
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