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- Project Summary
Increased biomass production in terrestrial ecosystems with elevated atmospheric
CO, may be constrained by nutrient limitations as a result of increased requirement
or reduced availability caused by reduced turnover rates of nutrients. To determiné
the short-term impact of nitrogen (N) fertilization on plant biomass production under
elevated CO,, we compared the response of N-fertilized tallgrass prairie at ambient
and twice-ambient CO, levels over a 2-year period. Native tallgrass prairie plots
(4.5 m dia) were exposed continuously (24 hr) to ambient and twice-ambient CO,
from 1 April to 26 October in 1990 and 1991. We compared our results to an
unfertilized companion experiment on the same research site. Above- and
belowground biomass production and leaf area of fertilized plots were greater with
elevated than ambient CO, in both years. The increase in biomass at high CO,
occurred mainly aboveground in 1991, a dry year, and belowground in 1990, a wet
year. Nitrogen concentration was lower in plants exposed to elevated CO,, but total
standing crop N was greater at high CO,. Increased root biomass under elevated
CO, apparently increased N uptake. The biomass production response to elevated
CO, was much greater on N-fertilized than unfertilized prairie, particularly in the dry
year. We conclude that biomass production response to elevated CO, was
suppressed by N limitation in years with below-normal precipitation. Reduced N
concentration in above- and belowground biomass could slow microbial
degradation of soil organic matter and surface litter, thereby exacerbating N
limitation in the long term. The reduced tissue N concentration higher acid
detergent fiber under elevated CO, compared to ambient for forage collected by
esophageally fistulated sheep indicated that ruminant growth and reproduction

would likely be reduced under elevated CO.,.




- Introduction

Atmospheric carbon dioxide concentration is increasing (Boden et al., 7990) and is
expected to double by the middle of the next century. Ecosystem-level experiments
in natural terrestrial systems are limited, and Mooney et al. (1991) emphasized thé
need for additional research on terrestrial ecosystem response to elevated CO.,.
Responses of individual plants and assemblages of plants to elevated CO, in
controlled-environment studies have been summarized by various authors (Strain
and Cure, 1985; Bazzaz, 1990; Newton, 1991). Productivity responses to CO,
enrichment at the single plant level in controlled environments usually have been
dependent on photosynthetic pathway. Carbon fixation rates in plants with the C,
pathway generally show a greater response to increasing CO, levels than rates in
C, plants (Nijs et al,, 1988; Reichers and Strain, 1988; Wray and Strain, 1986;
Kimball, 1983).

The response of natural ecosystems to CO, enrichment has been researched for
estuarine saltmarsh communities (Curtis ef al. 1989a), an Arctic tundra tussock
sedge ecosystem (Oechel and Strain 1985), and a tallgrass prairie ecosystem
(Owensby et al. 1993ab). Curtis et al. (1989a) concluded that communities
dominated by Scirpus olneyi (C;) had greater productivity, and that senescence was
delayed at high compared to ambient CO,. Production in Spartina patens (C,)
communities was not increased with CO, enrichment. Oechel and Strain (1985)
reported that an Arctic tundra tussock sedge ecosystem initially responded to CO,
enrichment with increased productivity, but the increase disappeared within the first
year. They reasoned that an acclimation response had occurred in the
photosynthetic mechanism. Owensby et al. (1993a) concluded that tallgrass prairie
productivity was enhanced with twice-ambient CO, primarily through increased

water-use efficiency of the C, perennial grass dominants.



- Productivity in most temperate terrestrial ecosystems usually is limited by moisture
and/or nutrient availability. Increased water-use efficiency under elevated CO, has
been documented, but effects of supplemental N in natural systems have not been
studied. Because essentially all nutrients are cycled within the ecosystem an&
nutrient supplies in natural systems are relatively constant, increased productivity
indicates an increased nutrient-use efficiency. Curtis ef al. (1989a) and Owensby et
al. (1993a) reported increased productivity for natural plant communities under
elevated CO, with the same nutrient resources as communities with ambient CO,
after 4 and 3 years, respectively. In those natural ecosystems, CO, enrichment
reduced N concentration for both C, and C, species, regardless of biomass
production response (Curtis et al, 1989b; Owensby et al, 1993b). However,
nutrient limitations may negate any long-term increase in productivity in

elevated-CO, environments.

We assessed effects of ambient and elevated (double ambient) atmospheric CO,
concentrations on above- and belowground biomass production, leaf area, and N
concentration of above- and belowground biomass in a N-fertilized, tallgrass prairie.
Effects of CO, enrichment on fertilized and unfertilized prairie were compared to
test the prediction that increased biomass production was limited by N on

CO,-enriched tallgrass prairie.

Objectives

To characterize the effects of double ambient CO, enrichment and
nitrogen fertilization on changes in diet selection and diet quality for
ruminants.

- To monitor plant population dynamics under ambient and CO,-enriched
atmospheres with nitrogen fertilization.
To measure biomass accumulation and leaf area during the growing
season under ambient and CO,-enriched atmospheres with nitrogen
fertilization.
To determine relative root biomass accumulation in ingrowth bags under
ambient and CO2-enriched environments with nitrogen addition.



- Materials and Methods
Study Site

The experimental site was located in pristine tallgrass prairie north of Manhattan‘,
KS, USA (39.12°N,96.35°W, 324 m above mean sea level). Vegetation on the site
was a mixture of C, and C, species, dominated by the C, grasses, Andropogon
gerardii Vitman and Sorghastrum nutans (L.) Nash. Subdominants included Poa
pratensis L. (C,), Bouteloua curtipendula (Michx.) Torr. (C,), and Sporobolus asper
var. asper (Michx.) Kunth (C,). Members of the sedge family (C,) made up 5-10%
of the composition. Principal forbs (all C,) included Vernonia baldwinii var. interior
(Small) Schub., Ambrosia psilostachya DC., Artemesia ludoviciana Nutt., and
Psoralea tenuiflora var. floribunda (Nutt) Rydb.. Average peak aboveground
biomass (dry wt.) of 425 g - m? occurs in early August, of which 35 g - m? is from
forbs (Owensby and Anderson, 1967). Soils in the area are transitional from Ustolls
to Udolls (Tully series: fine, mixed, mesic, montmorillonitic, Pachic Argiustolis).
Slope on the area is 5%. Fire has occurred 2-3 times in 10 years. Past history has
included primarily winter grazing by cow-calf pairs. The 30-year average annual

precipitation is 840 mm, with 520 mm occurring during the growing season.

Fumigation chambers were placed over the natural vegetation in late March, 1990
and retained on the same area for 2 years. Twice-replicated treatments consisted of
ambient CO,_plus N (AN), chamber plus ambient CO, plus N (CAN), and chamber
plus CO,-enriched plus N (CEN). CO,-enriched treatments received approximately
twice the ambient concentration. N was applied as ammonium nitrate at 56 kg ha™
in late March of both years. Data from an unfertilized companion experiment
(Owensby et al., 1993a) with the same CO, treatments (A, CA, CE) were used to

compare the interaction of N with plant response to CO,.




. Fumigation Chambers

Each open-top chamber (4.5 m in diameter by 3.25 m in height) had a cone-top
baffle that reduced the top opening to 3 m. The baffle added 0.75 m to the height c;f
the chamber for a total height of 4 m. An aluminum structural framework was
covered by 0.16 mm thick , UV-resistant, polyethylene film. The cone-top baffle
reduced the opening by 54%, thereby restricting the precipitation that entered the
chamber. Within 24 hours following each rainfall event, water equal to 54% of the
rainfall amount for an unchambered plot was added using a rotating sprinkler
adjusted to cover the diameter of the chamber. Aluminum edging was placed
around the upsiope bottom edge of the chamber to prevent runoff from entering the
chamber. No edging was placed on the lower half of the chamber. One half of each
plot was used to estimate biomass production and nutrient concentrations, and the
remaining half was grazed by esophageally fistulated sheep to determine forage

quality differences among treatments.
CO, Treatment

Mass flow controllers, interfaced to a computer, were used to regulate CO, flow rate
into the enriched chambers based on real-time measurement of CO, in the
chambers. CO,-enrichment began on 1 April in both 1990 and 1991. Carbon
dioxide enrichment and environmental data acquisition were continuous until late
October of each year. The polyethylene film covering the chambers was removed in
late October and replaced in late March. During periods of high photosynthetic
activity, CO, concentrations in the nonenriched treatments (A, CA, AN, CAN)
measured at 1 m above the soil surface were 330-340 pl I'', but during nighttime
hours, CO, levels reached 400+ pl I'. At the beginning of the sampling period for
each chamber or unchambered plot, a delay of 20 seconds allowed for the IRGA

and sample lines to be purged of previous gasses. Ten readings were then taken




- for all measured parameters and discarded. A paired-t comparison was made on
the next 10 readings of CO, concentration and the mean of those readings was
accepted if the data fell within a 5% confidence interval. Otherwise, readings in
sets of 10 were tested until they did not differ. CO, concentration was determine&
using an infra-red CO, analyser ( LCA-2, Analytic Development Co., Hoddesdon,
UK.) which was calibrated initially and following three samplings of the 6 plots using
a high resolution CO, zero gas (300 pl I'") and span gas (800 pl I'") (Scott Specialty
Gases, Inc., Troy, MI, USA - + 1% accuracy). Following each 6-plot sampling
period, a baseline gas was sampled and used to correct for instrument drift during
the previous sampling periods. The coefficient of variation for the CO,

measurement was always = 0.2%. Each plot was sampled once per hour.

Chamber Environment

Air (T,) and soil (T, temperatures, air dew point temperature (T,), and
photosynthetic photon flux density (PPFD) were measured an average of once per
hour during each day of the growing season. Soil water content was measured
weekly using a CPN - 503 DR Hydroprobe (Campbell Pacific Nuclear Corp.,
Martinez, CA 94553). PPFD was reduced by approximately 11% inside the
chambers as determined by quantum sensors (LI-COR, Lincoln, NE, USA; Model
LI-190SB) mounted 1 m above the soil surface within and outside a chamber. Soil
temperature was measured at -10 cm, and air temperature at 30 cm, 100 cm, and
300 cm from the soil surface. No difference (P<0.10) occurred in soil temperature
(-10 cm) between chambered and unchambered plots. Likewise, the temperatures
at 30 cm were similar in all plots. At 100 cm, the temperature inside chambers was
slightly more than 2 C higher than that in unchambered plots on the hottest days for
the period 1000 hr to 1500 hr CST (P<0.10). Also on the hottest days, the
maximum temperature at 300 cm was some 5 C higher in chambered than in
unchambered plots from 0800 hr to 1500 hr CST (P<0.10). The air delivery system
for chambered plots kept temperatures at plant canopy height approximately equal
6




-to ambient conditions. T,, averaged 1 C higher in chambered plots than in
unchambered plots from 1200 hr to 1500 hr CST (P<0.10). Even though that
difference was slight, higher humidities inside the chambers may have reduced
evapotranspiration and indirectly affected soil water content (Owensby et a}.
1993a). Soil water content, measured at 20, 30, 40, 50, 60, 80, 100, 120, 140,
160, 180, and 200 cm below the soil surface, was significantly higher in chambered
plots than in unchambered plots from mid June to late August in both years
(P<0.10). CEN plots had higher soil moisture levels than CAN plots under drought
conditions during the sampling period (P<0.10).

Meteorological Conditions

Precipitation was slightly below normal in 1990 except in August, and temperatures
averaged slightly above normal during the growing season (Table 1). Precipitation
in 1991 was much below normal during June through October, and temperatures

were above normal.
Aboveground Biomass Sampling

in 1990, sampling began on 14 May and continued at 2-week intervals until 23 July
and then at 4-week intervals until 15 October. Samples were clipped to ground level
from two, 0.2 x 0.5 m plots randomly located in the ungrazed half of each plot. In
1991, peak live biomass was estimated by clipping two, 0.25 m? plots randomly
located in the ungrazed half of each plot on 8 August. Peak biomass in tallgrass
prairie normally occurs in early August. All biomass sample plots that had been
previously clipped were excluded from the randomization for the following sample
dates. Clipped samples were placed in an ice chest and transported to the
laboratory where they were refrigerated until separation into the following

components: A. gerardii, other C, grasses, P. pratensis, other C, grasses, grass-like




- plants (including Carex and Cyperus), and forbs. Immediately after separation of
the samples, leaf area was estimated for each species or species group using a
leaf area meter (LI-COR, Lincoin, NE, USA; Model L/-3100). After leaf area
determination, samples were dried in a forced-air oven for 72 hr at 55 C, ana
weighed directly from the oven. In 1991, 20 tillers of A. gerardii and P. pratensis
were collected and dried as above starting on 15 May and continuing at 2-week
intervals until 24 July and then at 4-week intervals until 16 October for

determination of N concentration.

Belowground Biomass Sampling

An estimate of relative belowground biomass production was obtained using buried
root ingrowth bags (Lund et al., 1970). In early June 1990, four, 5-cm diameter soil
cores were removed to a depth of 156 cm from the center of each plot. Fine-mesh
nylon bags, filled with a mixture of fine and coarse sand to a volume equal to the
soil core, were placed in the core holes. Eight bags were placed in new holes in
each plot in late March, 1991. Root ingrowth bags were removed from the soil in
early November of each year. Roots that had grown into the bags were removed,
dried for 72 hr at 55 C, and weighed.

Chemical Determinations

Root and shoot tissues from the biomass sampling were ground to pass a screen
with 1 mm diameter holes and digested with sulfuric acid/hydrogen peroxide
solution (Linder and Harley, 1942). N concentrations were colorimetrically
determined (Technicon, 1977). Average total standing-crop N was determined by
multiplying N concentration by standing biomass. Acid detergent fiber was

determined using the detergent analysis system (Van Soest 1967).
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- Data Analysis

Data for each year were analyzed separately using ANOVA (SAS 6.06.01, SAS
Inst., Cary, NC, USA) as a randomized complete block design. The model included:
replication and CO, treatment, and, when applicable, date and the date x CO,
treatment interaction were included. Relative values (%) were analyzed following
an arc sine transformation. Statistical significance for the F test was at P< 0.10.
Means were separated using Duncan's Multiple Range Test (P< 0.10). Statistical
analysis indicated no sampling date x CO, treatment interaction for aboveground
biomass in 1990 and N concentration in 1990 and 1991; therefore, seasonal means

are reported.

Results

Aboveground Biomass and Leaf Area

In 1990, A. gerardii biomass (bm) and leaf area (la) averaged over all clipping dates
were greater for CEN plots than for CAN and AN plots (bm, P=0.0001; la |,
P=0.0001) (Fig. 1). P. pratensis biomass and leaf area averaged over all clipping
dates did not differ among treatments (bm, P=0.3630; la, P=0.1186). Forb biomass
and leaf area averaged over all clipping dates were significantly greater in CAN and
A plots than in CEN plots (bm, P=0.1830; la, P=0.1987). Total biomass and leaf
area for all species groups combined averaged over all clipping dates were
significantly greater in CEN plots than in CAN and A plots (bm, P=0.0011; Ila,
P=0.0001).

In 1991, biomass and leaf area were sampled only in early August. Biomass and

leaf area of A. gerardii (bm, P=0.0717; la, P=0.0130) and all species combined (bm,
P=0.0721; Ia, P=0.0010) were greater in CEN plots than in CAN and AN plots (Fig.

2). P. pratensis biomass and leaf area did not differ among the treatments (bm,
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- P=0.2128; la, P=0.2330). P. pratensis peak biomass and leaf area occurred in early
June, so the August sampling date does not reflect an estimate of peak biomass,
but should indicate relative treatment responses. Forb biomass was greater in
chambered than unchambered plots (bm, P=0.7398; Ia, P=0.6138).

L3

Root Ingrowth Biomass

In 1990, root ingrowth biomass, measured in nylon bags, was essentially doubled in
CEN plots compared to CAN and AN plots (P=0.0001) (Fig. 3). In 1991, CEN plots
also had greater root ingrowth biomass than CAN plots, which had greater biomass
than AN plots (P=0.0536).

N Concentration and standing crop N

The N concentration in aboveground tissues of A. gerardii and P. pratensis,
averaged over nine sampling dates, was always lower in CEN plots than in CAN
and AN plots in both 1990 and 1991 (P=0.0001) (Fig. 4). In 1990, P. pratensis and
A. gerardii biomass both had higher N concentrations in CAN plots than AN plots; in
1991, P. pratensis biomass showed the same response, but A. gerardii had similar
N concentrations in CAN and AN plots (P=0.0001). Average standing crop of N of
A. gerardii was greater in CEN plots than in CAN and AN plots in both 1990 and
1991 (P=0.0001) (Fig. 5). Average N standing crop in A. gerardii was similar in
CAN and AN plots in 1990, but was greater in AN than CAN plots in 1991 (0.0001).
Average standing crop N of P. pratensis during 1990 did not differ in CEN and
CAN plots, but was higher in AN plots (P=0.0001). However, in 1991, average N
standing crop of P. pratensis was greater in CEN plots than in CAN and AN plots,
with AN values being greater than CAN values (P=0.0001). |




- Comparison of Unfertilized and Fertilized Response to Elevated CO,

In order to determine whether N availability limited the response of tallgrass prairie
to elevated CO,, we compared relative biomass production response of N-fertlilizef:i
plots to those from unfertilized plots in a study conducted concurrently on the same
site (Owensby et al. 1993a) (Figure 6). These data show that aboveground biomass
production under elevated CO, was limited by N availability, particularly in 1991, a
dry year. During 1990, the increased aboveground biomass production in
CO,-enriched plots compared to unchambered ambient plots was primarily from the
C, perennial grasses. Owensby et al. (1993a) showed that the fumigation chamber
affected water relations in a manner similar to that of elevated CO,, and that the
effects were not additive. Therefore, we compared the unchambered ambient plots
to the CO,-enriched plots. When fertilized, total biomass production was 24%
greater on elevated CO, plots than ambient and 16% greater on unfertilized. The
primary increase came from A. gerardii. However, in 1991 the increase in biomass
production from elevated CO, with N fertilizer was 90% and 33% on the unfertilized
plots. A. gerardii biomass production in 1991 under elevated CO, compared to
ambient was apparently greatly limited by N availability (a 166% increase in
biomass on fertilized plots and a 19% increase on unfertilized). = Aboveground
biomass production enhancement by supplemental CO, in P. pratensis, and dicot

herbs was amplified greatly by N fertilizer in 1991.

Forage Quality:

ADF concentration was higher with CO, enrichment than under chamber-ambient
and ambient CO, for the C, species (Fig. 7) (P<<0.10). Forage quality tests
individually indicate relative nutritive value among treatments, but fail to integrate
the impact of a treatment across different measured parameters. For example, a
reduction in nitrogen concentration or an increased fiber concentration indicate a

reduction in forage quality, but they do not indicate the impact on the efficiency of
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- utilization of the energy in the diet or the impact on ruminant production. We used
the ADF and N values from the ambient and elevated CO, diet samples to estimate

the growth response of yearling steers grazing tallgrass prairie.

Chemical composition affects the energetic value of plant materials when used as

feeds for livestock (Blaxter, 1962). Therefore, we estimated the magnitude of the

impact on livestock gain that could result from the changes in chemical composition
observed in response to enhanced CO, concentration. Weight gain projections
were calculated for beef cattle that were assumed to be between 12 and 24 months
of age and experiencing relatively rapid growth while grazing tallgrass prairie during
the late spring and summer periods.

The initial step in the simulation process involved estimation of organic matter
digestion (OMD) from the ADF concentration (Minson, 1982). Accuracy of OMD
predictions using this approach has been quite good when compared with OMD
values determined directly in cattle consuming tallgrass-prairie forage (Sunvold and
Cochran, 1992). Subsequently, digestible energy (DE) concentration was
estimated from the OMD concentration and then the metabolizable energy (ME)
concentration was predicted from the DE concentration (Minson, 1990). The
efficiency of ME use for maintenance (k.,) and the efficiency of ME use for
production (i.e., gain; k) were estimated using the associated protein values and
ME concentrations (expressed as a percentage of gross energy) as described by
Blaxter (1989). Metabolizable energy values and their associated efficiencies were
then used to estimate the gain that might be realized by a rapidly growing, yearling
steer consuming a given amount of forage. Although weight would obviously be
changing over the course of the grazing period, to simply the simulations an
average weight of 250 kg was used in all calculations and forage intake was
.assumed to be the same for cattle consuming forage from CO,-enriched and
ambient CO, environments (intake would likely be lower for cattle consuming forage
produced in an elevated CO, environment). Amount of forage intake was assumed
to decrease as season progressed based on measurements from previous studies
12




- at our location. The amount of net energy needed for maintenance was estimated
by dividing the k,, into the sum of an estimate of fasting heat production (FHP) and
activity (Agricultural Research Council, 1980). Once maintenance was accounted
for, we estimated the amount of gain that could be supported from the remaining ’
ME. This was determined by multiplying the ME available for gain by the k,, .
Finally, the calorific values of weight gain presented by Blaxter (1962) were used to

convert megacalories of gross energy in the gain into weight gain values.

Estimated gain for steers consuming forage produced under elevated CO, was
lower than that produced under ambient CO, summed over the entire growth period
(2X CO, - 98 kg; 1X CO, - 116 kg), with the greatest reduction in gain coming in the
early season (Fig. 8). There was a greater reduction in gain in 1989 than 1990.
Owensby et al. (1993ab) reported that there was a larger increase in biomass
production in 1989 than 1990 and a greater reduction in N concentration under

elevated CO, compared to ambient.

Discussion and Conclusions

The primary purpose of this study was to test the hypothesis that the increased
biomass production in a tallgrass prairie under elevated CO, would be limited by N
availability, in both the short and long term and to determine the effects of elevated
CO, on forage quality. Short-term limitations of seasonal biomass production under
elevated CO, would be associated with the inherent low availability of N in tallgrass
prairie. This hypothesis assumes that other resources are not limiting. In the
taligrass prairie, both water and N have been shown to limit aboveground biomass
production (Owensby ef al. 1969). In a previous study without supplemental N,
Owensby et al. (1993ab) concluded that the primary impact of elevated CO, on
biomass production was mediated through improved water-use efficiency. In

addition, Knapp et al. (1993) reported that the photosynthetic capacity under
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optimal conditions of A. gerardii was greater in a dry year under elevated CO,.
Therefore, we predict that increased water-use efficiency and increased
photosynthetic capacity of the dominant C, perennial grasses during years of
suboptimal precipitation in a CO,-enriched tallgrass prairie will result in increaseh
above- and belowground production. Owensby ef al. (1993ab) also concluded that
increased N uptake occurred because of increased root exploration of the soil mass
and that N-use efficiency increased because the N requirement of the plant was
reduced. Numerous studies have shown reductions in N concentration for C, and
C, species under elevated CO, across a wide range of nitrogen availabilities
(Hoching and Meyer 1985, Larigauderie ét al. 1988; Coleman et al. 1991).

If the response of aboveground biomass production to elevated CO, results
primarily from increased water use efficiency (Owensby et al. 1993a), the N
availability may more greatly limit the response of tallgrass prairie to elevated CO,
in years when higher WUE is expressed as an increase in biomass production.
This expectation is supported by data on aboveground biomass production in this
study and by similar results for unfertilized prairie. Hunt ef al. (1991) modeled
ecosystem function with elevated CO, (2 X ambient) and their results predicted
persistent increase in primary production in spite of what they concluded was N
limitation, but nutrient cycles in ecosystems exposed to elevated CO, are
essentially unstudied. However, root ingrowth biomass production was greater in
1990, a wet year, than in dry 1991. Since roots do not grow into dry soil, and the
root ingrowth bags extended to only 15 cm, this result is not unexpected. Root
growth may have been shifted to a greater soil depth in the dry year. Bazzazz
(1990) and Newton (1991) reviewed the research dealing with natural ecosystems
and concluded that generally root growth increased proportionately more with

elevated CO, than shoot growth.




- The chamber effects determined by plotting the ratios CAN/A and CA/A (Fig. 6)
gave mixed results. Nevertheless, we concluded that presence of the chamber
imposed N limitation on biomass productivity. The total aboveground biomass
response was due to a large effect on dicot herbs. Owensby and Smith (197§)
reported that dicot herb production and population density were increased by N

fertilization in tallgrass prairie.

Long-term impacts of the apparent N limitation to growth can be inferred from the
effects of elevated CO, on N concentration in biomass. Owensby et al. (1993b)
reported a general reduction in N concentration of unfertilized tallgrass prairie
species subjected to elevated CO,. Those reductions in N concentration were
greater than the reductions found in the current fertilized study. Nevertheless, CO,
enrichment caused reductions in tissue N concentration even with supplemental N.
Reductions in N concentration in above- and belowground biomass could
potentially slow N cycling by limiting microbial decomposition rate. Indeed, Rice et
al. (1993) measured direct stimulation of microbial activity by adding N to the same
plots used in this study. Without added N, CO,-enriched plots had a greater soil
carbon content than ambient CO, plots, indicating reduced microbial activity or
greater C input. They concluded that N limitation under elevated CO, would slow

nutrient cycling and exacerbate N limitation.

Based on the data presented here and those presented earlier by Owensby et al.
(1993ab), we conclude that the future impact of elevated CO, on tallgrass prairie
will entail increased biomass production in years with water stress and that N

availability will limit the magnitude of the response.

Since N and fiber concentrations in the diet of ruminants impact forage digestibility
and utilization efficiency, the reported reduced N and increased fiber concentrations

in plants grown under elevated CO, will likely impact ruminant productivity

15



negatively. Data reporting reduced productivity or increased consumption for
insects consuming diets of plants grown under elevated CO, support that
conclusion. Contrary to the results from insect studies, where intake increased as
diet quality decreased, ruminant intake declines as forage quality decreaseé.
Therefore, there cannot be a compensatory intake response to maintain productivity
levels comparable to current levels. For domestic livestock, diets can be
supplemented to compensate for reduced forage quality, but with wild ruminants, or
for ruminants in developing countries, diet supplementation is not an option. The
result will be reduced growth and reproduction. Further, changes in climate may
impact foraging by ruminants. High daytime air temperatures currently reduce total

grazing time for cattle with little or no compensatory nighttime grazing.
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Table 1. Monthly precipitation (mm) and average daily maximum temperatures (C)
and deviation from normal for the study site.

Month Ppt.
(mm)

Jan 27
Feb 22
Mar ,
Apr 23:
May

Jun
Jul
Aug
Sep
Oct
Nov
Dec
Total
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Figure 1.

Aboveground Biomass (g m-2)

Leaf Area Index
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Figure Titles

Mean aboveground biomass (g m?®) and leaf area index for
indicated species and species groups averaged over niné
growing season sampling dates in 1990 for native tallgrass
prairie exposed to twice-ambient and ambient CO,
concentrations and with 56 kg ha™ added as ammonium nitrate.
Means within species or species groups with a common letter

do not differ [Duncan's Multiple Range Test, P< 0.10].
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Figure 2.

Mean aboveground biomass (g m?) and leaf area index for
indicated species and species groups in early August, 1991 for
native tallgrass prairie exposed to twice-ambient and ambient
CO, concentrations and with 56 kg ha’ added as ammoniun’1
nitrate. Means within species or species groups with a common

letter do not differ [Duncan's Mulitiple Range Test, P< 0.10].
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Figure 3. Root biomass in ingrowth bags to a 15 cm depth in tallgrass
prairie exposed to twice ambient and ambient CO,
concentrations and with 56 kg ha™ added as ammonium nitrate.
Data are means of four bags per plot in 1990 and eight bag;

per plot in 1991 replicated three times. Means with a common

letter within year do not differ [Duncan's Multiple Range Test,
P<0.10].
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Figure 4.

Nitrogen Concentration (%)

Nitrogen concentration (%) for aboveground biomass of
Andropogon gerardii and Poa pratensis averaged over nine
sampling dates in 1990 and 1991 for native tallgrass prairie
exposed to twice-ambient and ambient CO, concentrations witi1
56 kg ha™ N added as ammonium nitrate. Means within species
or species groups with a common letter do not differ [Duncan's
Multiple Range Test, P< 0.10].
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Figure 5.

Standing Crop of Nitrogen (kg ha ™)

Standing crop total N (kg ha™) of Andropogon gerardii and Poa
pratensis averaged over nine sampling dates in 1990 and 1991
for native tallgrass prairie exposed to twice-ambient and
ambient CO, concentrations with 56 kg ha” N added a!s
ammonium nitrate. Means within species or species groups
with a common letter do not differ [Duncan's Multiple Range
Test, P< 0.10].
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Figure 6.

Relative stimulation of aboveground biomass production by

twice-ambient carbon dioxide concentrations compared to

unchambered ambient plots with (treatment ratio, CEN/A) and

without (CE/A) supplemental nitrogen (left) and by the open-toé)
chamber effect with (CAN/A) and without (CA/A) supplemental

nitrogen (right).

Treatment abbreviations are defined in the

text. Ange= A. gerardii, Popr= P. pratensis, Dicot= dicot herbs.
Unfertilized data from Owensby et al. (1993a).
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Figure 7.
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Acid detergent fiber of diet samples collected on the indicated
dates in 1990 by esophageally fistulated sheep from taligrass
prairie exposed to 2X ambient and ambient atmospheric CO.,.
Means within the sam day of year with a common letter do nc;t
differ [Duncan's Multiple Range Test, P< 0.10].
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Figure 8.

Steer Gain (kg/day)

Estimated steer gain derived from acid detergent fiber and
crude protein of diet samples collected on the indicated dates
in 1990 by esophageally fistulated sheep from tallgrass prairie

|3

exposed to 2X ambient and ambient atmospheric CO,

2X CO, Aambient CO, 1989
I .
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