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Since plants utilize CO2 as the substrate for photosynthesis, terrestrial plants

may be directly affected by increasing levels of CO2 in the atmosphere. Plants native to

the sagebrush steppe are predicted to increase in growth in response to elevated CO2

through increased water use efficiency and higher photosynthetic rates. This study

examined the interactions between edaphic factors and CO2 in order to determine how

species native to the sagebrush steppe may respond to elevated CO2.

The objectives of these experiments were to:

1. determine if Sitanion hystrix, Artemisia tridentata ssp. wyomingensis, and Stipa

thurberiana alter their growth and physiology in response to CO2 and soil temperature.

2. determine if Sitanion hystrix and Artemisia tridentata ssp. wyomingensis alter their

growth and physiology in response to CO2 and water stress.
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Two experiments were conducted using environmentally controlled chambers. 

In the first experiment, Sitanion hystrix, Artemisia tridentata and Stipa thurberiana 

were exposed to ambient (374 ppm) or high (567 ppm) CO2 conditions and low (13 °C) 

or high (18 °C) soil temperature. After four months in the chambers, plants were 

harvested and plant material was divided into shoots, roots, and leaves. 

Results from the first experiment demonstrated that carbon dioxide and soil 

temperature modified the growth of these species. Sitanion hystrix increased its shoot 

and root weights at elevated CO2 when grown under low soil temperatures. Artemisia 

tridentata had lower plant weights under elevated CO2 and 18 °C soil temperature than 

plants grown at ambient CO2 and 13 °C. Shoots of Stipa thurberiana were responsive 

to soil temperature and roots were responsive to CO2 at 18 °C. 

In the second experiment, Sitanion hystrix and Artemisia tridentata were 

exposed to ambient (371 ppm) or high (569 ppm) CO2 and well-watered or water 

stressed conditions. Results indicated that there were no interactive effects betweeen 

CO2 and water stress with respect to plant growth or physiology. CO2 increased water 

use efficiency in S. hystrix and increased water use efficiency of A. tridentata at the 

beginning of the experiment but had no interactive effects with water stress on growth 

or photosynthesis. 

Results suggested that the effect of CO2 on plant growth and productivity of the 

sagebrush steppe is dependent upon the soil temperature to which the plants are 

exposed. Differences between species in their response to CO2, soil temperature, and 

water stress were also apparent in this experiment. 



These controlled environment studies should pave the way for field studies in 

the sagebrush steppe in order to determine if differences in carbon allocation, resulting 

from changes in CO2 and soil temperature, are realized in the field. Alterations in 

carbon allocation may potentially alter the competitive relationships between species 

and influence successional processes in the sagebrush steppe. 
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GROWTH AND PHYSIOLOGICAL RESPONSES OF SITANION HYSTRIX,
 
ARTEMISIA TRIDENTATA SSP. WYOMINGENSIS, AND STIPA
 

THURBERIANA TO ELEVATED CO2: INTERACTIONS WITH SOIL
 
TEMPERATURE AND WATER AVAILABILITY
 

CHAPTER 1: INTRODUCTION 

Plant Response to CO2 

The concentration of CO2 in the atmosphere is dynamic and has been steadily 

increasing since the turn of the century. Changes in the uptake of CO2 by 

photosynthesis and oceanic dissolution as well as the release of CO2 by community 

respiration, decomposition, fires, and oceanic release may have contributed to the 

overall increase in CO2 (Bowes, 1993). In addition, anthropogenic activities such as 

deforestation and the burning of fossil fuels, may have also contributed to the global rise 

in CO2. 

Since plants utilize CO2 as the substrate for photosynthesis, terrestrial plants 

may be directly affected by increasing levels of CO2 in the atmosphere. Plants which 

utilize the C3 photosynthetic pathway have been shown to exhibit higher photosynthetic 

rates in response to elevated CO2. Higher photosynthetic rates are thought to result 

from higher levels of available CO2 and decreased photorespiration (Poorter, 1993). 

Stomatal conductance generally decreases with increasing levels of CO2, although the 

mechanism by which this occurs is unknown (Murray, 1995). Plant respiration may also 

be directly affected by CO2 but may decrease or increase depending on the plant species. 
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Increasing levels of CO2 may also indirectly affect plants, through decreased 

stomatal density, changes in root morphology and increased root:shoot ratio (Murray, 

1995). Transpiration has also been shown to decrease as a result of lowered stomatal 

conductance (Kimball et al., 1993). Increasing CO2 can also increase starch formation 

and result in lower specific leaf areas in plants grown at elevated CO2 (Bazzazz, 1990). 

As a result of physiological, biochemical and morphological responses to CO2, 

plant growth generally is enhanced as CO2 concentrations increase. Kimball (1983) 

analyzed data on 38 plant species and found an overall 33% increase in yield due to 

elevated CO2. Poorter (1993) reported an average 37% increase in yield after averaging 

data from 156 different species. 

Among C3 plants, there is considerable variation in their ability to increase 

growth and photosynthesis in response to elevated CO2. Several hypotheses have been 

set forth to explain these differences among species. Poorter (1993) suggests that 

species with high sink strength will be more reponsive to elevated CO2. Therefore it 

would follow that indeterminate species, which possess more meristematic tissue, may 

be more responsive than determinate species to increasing CO2. In addition, species 

which possess more leaf area per plant may also be more responsive to increasing CO2. 

Species with a greater amount of leaf area may have a greater absolute carbon gainper 

unit weight if the percent change in photosynthesis is consistent across species. 

Plant development may also play a role in determining whether species will 

respond to increasing CO2. As plants age, relative growth rates often decline and an 

increasing percentage of carbon is invested in support (Poorter, 1993). Differences 
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between species in the rate of plant development may cause differences in plant 

response to CO2. 

Life history strategies and life form characteristics may also play a role in 

determining which C3 species will respond to CO2 (Poorter, 1993). Fast growing 

species may be more responsive to elevated CO2 due to increased leaf area, higher 

growth rates, or increased sink strength. 

Variation in the capacity for C3 plants to respond to CO2 may also result from 

differences in their responses to changes in soil temperature (Ye lle et al., 1987), water 

availability (Sionit et al., 1981; Chaudhuri et al., 1990), air temperature (Idso, 1987), 

light (Sionit et al., 1982), and nutrient availability (Patterson and Flint, 1982). 

Therefore growing different species in similar environmental conditions may elicit 

different responses to CO2 due to interactions between CO2, species, and other 

environmental factors. 

Sagebrush Steppe Ecosystem 

CO2 research has primarily focused on commercially important crops and trees 

(Mooney, 1991). In addition, CO2 response studies have emphasized species from the 

eastern deciduous forest (Eamus and Jarvis, 1989), tundra (Oechel et al., 1994), and 

wetlands (Drake et al, 1989). This study is among the first to focus on species in the 

sagebrush steppe ecosystem. The sagebrush steppe occupies 44.8 X 106 ha and occurs 

primarily in Oregon, Washington, Nevada, Idaho, Utah, and Wyoming (West, 1993). 
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Although few field studies have been conducted, the sagebrush steppe is predicted to be 

moderately responsive to CO2 based upon water and nutrient availability (Mooney, 

1991). Ecosystem productivity of drought-stressed ecosystems is predicted to increase 

due to decreased stomatal conductance and increased water use efficiency. 

Artemisia tridentata ssp. wyomingensis Nutt. is the dominant subspecies of A. 

tridentata in Oregon and occurs throughout central and eastern Oregon (Harvey, 1981). 

Subspecies wyomingensis possesses many morphological and physiological 

characteristics that enable this species to dominate the sagebrush steppe in Oregon 

(Miller et al., 1991). A. tridentata ssp. wyomingensis, a long lived perennial shrub, has 

perennial leaves throughout the year and ephemeral leaves in the spring when 

environmental conditions are favorable for growth. In addition, this species has a well-

developed taproot and lateral root system that enables it to withstand drought stress in 

the summer months. 

Two species known to co-occur in A. tridentata ssp. wyomingensis stands are 

Stipa thurberiana Piper and Sitanion hystrix (Nutt.) Smith (Hironaka et al., 1983). 

Stipa thurberiana is a slow-growing, perennial grass which occurs in Oregon, 

Washington, Idaho, Nevada, and portions of California, Montana, and Wyoming. Few 

physiological studies have been conducted with Stipa thurberiana despite its presence 

across the west. 

Sitanion hystrix is a relatively short-lived, perennial grass with a life span of 5

10 years (Hironaka et al., 1983). S. hystrix is one of the few native species able to 

compete with Medusahead (Taeniatherum asperum), an exotic annual, and therefore S. 
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hystrix is an ecologically important species for study (Hironaka and Sindelar, 1973). 

Research Objectives 

The general goal of this research was to assess the responses of ecologically 

important species of the sagebrush steppe to increasing CO2. Since edaphic factors 

often affect the growth of arid land plants and are capable of modifying plant responses 

to CO2, the research protocol included root temperature and water supply treatments. 

The experimental approach was to raise species native to the sagebrush steppe 

community in controlled environment chambers where CO2, root temperature, water 

supply, and other environmental factors that affect plants, were monitored and 

systematically manipulated. 

The objectives of this research were to: 

1. determine if Artemisia tridentata spp. wyomingensis, Stipa thurberiana, and Sitanion 

hystrix alter their growth and physiology in response to CO2. 

2. determine if root temperature modifies the response of Artemisia tridentata spp. 

wyomingensis, Stipa thurberiana, and Sitanion hystrix to elevated CO2. 

3. determine if water stress alters the response of Artemisia tridentata spp. 

wyomingensis, Stipa thurberiana, and Sitanion hystrix to increasing CO2. 
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CHAPTER 2: RESPONSES OF PLANTS FROM THE SAGEBRUSH
 
STEPPE COMMUNITY TO INCREASING CO2: THE ROLE OF SOIL
 

TEMPERATURE
 

Abstract 

Wyoming big sagebrush (Artemisia tridentata ssp. wyomingensis), squirreltail 

(Sitanion hystrix), and Thurber needlegrass (Stipa thurberiana) were grown in ambient 

(374 ppm) or high (567 ppm) CO2 and low (13 °C) or high (18 °C) soil temperature. Of 

the three species studied, only Sitanion hystrix altered its growth in response to elevated 

CO2. Sitanion hystrix had increased total plant weights in elevated CO2 when plants 

were grown at low root zone temperature (13 °C). Increased plant weight at elevated 

CO2 and low root temperatures was primarily attributed to an increase in root weight in 

Sitanion hystrix. Total plant weights of Artemisia tridentata were consistent across root 

zone treatments but leaf area was lower at low root temperatures. Total plant weights 

and shoot weights of Stipa thurberiana increased in response to soil warming but were 

unaffected by elevated CO2. Elevated CO2 and soil temperature have the potential to 

alter the growth and carbon partitioning of arid land plants. Further research is needed 

to determine how elevated CO2 will affect plant communities of the sagebrush steppe. 

Introduction 

The amount of CO2 in the atmosphere has increased from the pre-industrial level 

of 280 ppm to 350 ppm currently, due to the consumption of fossil fuels and 

deforestation (Mooney, 1991; Bazzaz, 1990). As the concentration of CO2 continues to 
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increase, plants may respond by altering their photosynthetic rates, stomatal aperture, 

respiration rates, carbon allocation, water-use efficiency, specific leaf area, and leaf 

biochemistry (Murray, 1995). The effects of elevated CO2 on plant growth and 

photosynthesis are modified by factors such as light (Sionit et al., 1982), air temperature 

(Idso, 1987), photoperiod (Mozafae et. al., 1993), nutrient availability (Patterson and 

Flint, 1982), water stress (Sionit et al., 1981; Chaudhuri et al., 1990) and soil 

temperature (Ye lle et al., 1987). Understanding the interactions between these variables 

may enable scientists to predict how natural plant communities will change in response 

to rising CO2 levels. 

Scientists speculate that the sagebrush steppe of Oregon, Washington, Idaho and 

Wyoming will be moderately responsive to elevated CO2 based upon the overall level of 

nutrients and water present in the soil (Mooney et al., 1991). Predicting changes in 

overall productivity based solely upon water and nutrient availability, however, may not 

adequately describe how increased CO2 will influence the sagebrush ecosystem. 

Soil temperatures play an important role in regulating the seasonal growth of 

grasses and shrubs (Stuckey, 1941). Soil temperatures in the sagebrush steppe can vary 

20 °C over the course of a day, as a function of time, depth, cover, and amount of 

surface litter (Pierson and Wight, 1991). Soil temperatures have also been shown to 

vary seasonally and can fluctuate as much as 36 °C over the course of one year (Black 

and Mack, 1986). Diurnal and seasonal fluctuations in root temperature influence plant 

germination rates (McDonough and Harnis, 1974) and seedling establishment as well as 
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the rate of pollen growth (Delph, unpublished) and growth of mature individuals 

(Davidson, 1969). 

Greenhouse studies have shown that changes in soil temperature, while 

maintaining a constant air temperature, can alter plant respiration (Szaniawski and 

Kielkiewicz, 1982) carbon allocation (Davidson, 1969; Engels, 1994), nutrient relations 

(Clarkson, 1986), and water uptake in plants (Kramer, 1940). Therefore spatial and 

temporal variations in soil temperature may modify plant response to CO2 by restricting 

the uptake of water and nutrients and altering the allocation of resources within 

individuals. In addition, elevated CO2 and soil temperature may alter the competitive 

relationships between grasses and shrubs of the sagebrush steppe and cause changes in 

the overall productivity of the sagebrush steppe. Changes in the productivity and 

species composition of the sagebrush steppe may have important implications for 

livestock grazing and wildlife forage. 

The effects of soil temperature and CO2 on plant growth and physiology were 

examined using Wyoming big sagebrush (Artemisia tridentata ssp. wyomingensis), 

bottlebrush squirreltail (Sitanion hystrix), and Thurber's needlegrass (Stipa 

thurberiana). Artemisia tridentata (a slow growing shrub), Sitanion hystrix (fast 

growing grass), and Stipa thurberiana (slow growing grass) co-occur in the sagebrush 

steppe and were chosen to represent species which differ in their life form and life 

history strategies. The objectives of this study are (1) to determine if Artemisia 

tridentata ssp. wyomingensis, Sitanion hystrix, and Stipa thurberiana are responsive to 

changes in soil temperature and CO2 concentration and (2) to determine if plant 
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response to CO2 and soil temperature differs between species that differ in their life 

history strategies. 

Methods and Materials 

Seed Collection and Propagation 

Seeds from Wyoming big sagebrush (Artemisia tridentata ssp. wyomingensis), 

squirreltail (Sitanion hystrix), and Thurber needlegrass (Stipa thurberiana) were 

collected from the Northern Great Basin Experimental Range in Harney County, 

Oregon. Seeds were planted in flats containing a 3:1 mixture of sterilized coarse river 

sand and native soil obtained from the experiment station. Flats were placed in 

environmentally controlled chambers (CSTR). After all three species had germinated in 

the CSTR units, two seedlings were transplanted into each pot containing the 3:1 soil 

mixture. Thinning occurred approximately two weeks after transplanting. 

Experimental Design 

This experiment was a split plot design where the CSTR was designated as the 

wholeplot. At the wholeplot level, CSTR chambers were randomly allocated as ambient 

CO2 (374 ppm) chambers or high CO2 (567 ppm) growth chambers. These conditions 

reflected the current concentration of atmospheric CO2 and the estimated CO2 

concentration in the year 2010 (Keeling et al., 1989). 

Chambers were also randomly assigned high (18 °C) root zone temperatures or 

low (13 °C) root zone temperatures. These soil temperatures fall well within the range 
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expected during the field growing season (Black and Mack, 1986). Plants of the three 

species were allocated to the treatment combinations, and pots were placed in their 

respective CSTR chamber. 

Treatment Conditions 

Throughout the experiment, the twelve CSTR chambers used in this experiment 

were maintained at a mean relative humidity of 48% ± 10% and a 16 hour photoperiod. 

Light in the chambers was supplied by 1000 W metal halide lamps which subjected 

seedlings to light levels of approximately 600 gmol I11-2 s-1. Air temperature ranged 

from 15 °C during the night to 24 °C during the day. 

Soil temperature was maintained independently of air temperature by a using a 

root chiller located at the base of each chamber. In addition, a foam septum within each 

chamber limited the mixing of air between the roots and shoots. Chambers allocated to 

the low soil temperature treatment were maintained at an average root temperature of 

13 ° ± 1.48 °C. Root chillers maintained low root zone temperature chambers at a mean 

root temperature of 18 ° ± 2 °C. 

High CO2 chambers were maintained at a mean CO2 concentration of 374 ppm ± 

24.2 ppm while high CO2 chambers averaged 567 ppm ± 5.2. Seedlings were watered 

to field capacity every second day using gravimetric analysis to ensure plants were 

grown under optimal water conditions. 
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Nutrient Analysis 

After 28 days in the chambers, one pot from each of the twelve treatment 

combinations (CO2 * soil temperature * species) was randomly selected and chosen for 

nutrient analysis. Soil samples were obtained from the base of the pots, sieved, ground, 

and digested in sulfuric acid and H202. Nitrogen and phosphorus were analyzed using 

the Alpkem rapid flow analyzer 300 (Perstorp, Silverspring, MD) and potassium was 

analyzed using the Perkin-Elmer Atomic Adsorption Spectrophotometer 5000 (Perkin-

Elmer, Norwalk, CT). Analysis of soil nitrogen revealed that percent nitrogen was 

lower than that observed at the field site at the Great Basin Experimental Range. Plants 

were subsequently fertilized each week using a 20-20-20 nutrient solution at a rate of 1 

tablespoon per gallon of water. 

Gas Exchange Analysis 

In order to compare physiological responses to CO2 and soil temperature, gas 

exchange measurements were taken at the conclusion of the experiment. Gas exchange 

data was collected using the LI-COR 6200 Portable Photosynthesis System (LI-COR 

Inc., Lincoln, NE) and was measured on randomly selected plants (n = 36) within the 

treatment combinations on exposure days 111, 113 and 117. A small window in the 

chamber door allowed for gas exchange measurements within the growth chambers. 

Diurnal changes in photosynthesis (gmol CO2 m2 s-1), stomatal conductance (mmol r11-2 

2 -1,1), transpiration (mmol H2O m s ), internal CO2 concentration (ppm), and water-usei 

efficiency (imo' CO2/ mmol H20) were recorded for all species over a three day period. 
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Growth Analysis 

Harvest occurred 127 days after planting. Sitanion hystrix and Stipa thurberiana 

were separated into shoots and roots, and Artemisia tridentata was separated into stems, 

leaves and roots. Leaf area measurements were taken on a random sample of the 

population (n= 108) using the LI-3000 Portable Area Meter (LI-COR Inc., Lincoln, NE). 

Plant material was dried at 60 °C for at least three days and dry weights were recorded 

for each plant part. Root:shoot ratios were also calculated using dry weights. 

Statistical Analysis 

Growth data were analyzed using the generalized linear models procedure 

(PROC GLM) to calculate main effects and interaction terms (SAS). When interactions 

were significant, comparisons were made using Student-Nuemann-Keuls multiple 

comparison procedure. Comparisons were made between species and treatments, and 

results reported were significant at the 0.05 level of significance. 

Gas exchange measurements were averaged over the course of a day to develop 

a univariate response for each variable. Each response was analyzed using GLM; 

Student-Nuemann-Keuls multiple comparison procedures were used to assess 

differences when interaction terms were significant. Statistical differences were 

reported when p < 0.05. 
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Results 

Growth Responses to CO2 and Soil Temperature 

The effect of CO2 on total plant weights was dependent upon soil temperature. 

Plant weights of Sitanion hystrix, were significantly higher at elevated CO2 when plants 

were grown at low soil temperatures (Figure 1). At high soil temperatures, however, 

total plant weights were not significantly different between the CO2 treatments. Total 

plant weights of Stipa thurberiana were significantly higher at high soil temperatures at 

both CO2 concentrations. Artemisia tridentata, exposed to low soil temperature and 

ambient CO2, had higher plant weights than plants exposed to high soil temperature and 

high CO2. 
Increases in total plant weight in Sitanion hystrix were primarily attributed to an 

increase in root weights. Root weights were higher in elevated CO2 when plants were 

grown in cool soils (Figure 2) while CO2 had no effect on root growth at high soil 

temperatures. Changes in root weights of Stipa thurberiana in response to the 

treatments did mirror changes in total plant weights. Root weights of Stipa thurberiana 

were highest when grown under elevated CO2 and high soil temperatures. Root weights 

of Artemisia tridentata were consistent across treatments. 

Shoot weights of Sitanion hystrix were higher at elevated CO2 but were 

unaffected by soil warming (Figure 3). Stipa thurberiana had higher shoot weights at 

high soil temperatures but were unaffected by CO2 treatments. Root weights of 

Artemisia tridentata were unaffected by root temperature or CO2 treatments. 
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Root: shoot ratios of Sitanion hystrix and Artemisia tridentata were not 

significantly different between CO2 and soil temperature treatments (Figure 4). R:S 

ratios of Stipa thurberiana were significantly higher at elevated CO2. R:S ratios of 

Sitanion hystrix were higher than root: shoot ratios of Stipa thurberiana and Artemisia 

tridentata at both levels of CO2. 
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Figure 1. Mean total plant weight (g) of Sitanion hystrix, Artemisia tridentata ssp. 
wyomingensis, and Stipa thurberiana exposed to ambient (374 ppm) or high (567 ppm) 
and low (13 °C) or high (18 °C) root zone temperature. Means with similar letters are 
not significantly different at the 0.05 significance level as determined by Student
Neumann-Keuls multiple range test. Comparisons were made between species and 
treatments. 
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Figure 2. Mean root weight (g) of Sitanion hystrix, Artemisia tridentata, and Stipa 
thurberiana exposed to ambient (374 ppm) or high (567 ppm) and low (13 °C) or high 
(18 °C) root zone temperature. Means with similar letters are not significantly different 
at the 0.05 significance level as determined by Student-Neumann-Keuls multiple range 
test. Comparisons were made between species and treatments. 
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Figure 3. Mean shoot weights (g) of Sitanion hystrix, Artemisia tridentata, and Stipa 
thurberiana exposed to ambient (374 ppm) or high (567 ppm) and low (13 °C) or high 
(18 °C) root zone temperature. Means with similar letters are not significantly different 
at the 0.05 significance level as determined by Student-Neumann-Keuls multiple range 
test. Comparisons were made between species and treatments. 
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Figure 4. Mean root: shoot ratios of Sitanion hystrix, Artemisia tridentata, and Stipa 
thurberiana exposed to ambient (374 ppm) or high (567 ppm) and low (13 °C) or high 
(18 °C) root zone temperature. Means with similar letters are not significantly different 
at the 0.05 significance level as determined by Student-Neumann-Keuls multiple range 
test. Comparisons were made between species and treatments. 



21 

In all three species, the amount of leaf area per plant remained constant across 

the CO2 treatments. When averaged across CO2 treatments, total leaf areas of Sitanion 

hystrix and Stipa thurberiana were consistent across soil temperature treatments (Table 

1). Artemisia tridentata, grown at high root-zone temperatures, had lower leaf areas 

than plants grown at low root temperatures. At both root temperatures, specific leaf 

areas of Sitanion hystrix and Artemisia tridentata were significantly greater than 

specific leaf areas of Stipa thurberiana (Table 1). 

Physiological Responses to CO2 and Soil Temperature 

Photosynthetic rates (nnol CO2 1112 s-1), were unaffected by elevated CO2 and 

soil temperature (Table 2). Photosynthesis was not significantly different between 

species. 

Stomatal conductance (mmol I11-2 s-1) and transpiration (mmol H2O m-2 s-1) were 

not statistically significant between soil temperature or CO2 treatments and were 

consistent across exposure days. Stomatal conductance was significantly higher in 

Artemisia tridentata (p < 0.05, Table 2). 

Water use efficiency (gmol CO2/ mmol H20) was not affected by soil 

temperature treatments. When averaged across soil temperature, water use efficiency 

was significantly higher on exposure day 181 (p < 0.05) than water use efficiency on 

exposure day 175 (Table 4). In addition, water use efficiency was significantly higher at 

high CO2 concentrations in all species (p < 0.05). Artemisia tridentata had the lowest 

water use efficiency rates of the three species. 
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Table 1. The effect of soil temperature on leaf area (cm2)and specific leaf area (cm2/ g) 
of Sitanion hystrix, Artemisia tridentata spp. wyomingensis, and Stipa thurberiana. 
Means with similar letters are not significantly different at the 0.05 significance level as 
determined by Student-Neumann-Keuls multiple range test. 

Root Leaf Specific leaf 
temperature area area 

Sitanion 13 °C 412 ± 11 (d) 88 ± 2 (b) 
hystrix 

18 °C 413 ± 11 (d) 101 ± 2 (c) 

Artemisia 13 °C 332 ± 13 (c) 105 ± 3 (c) 
tridentata 

18 °C 236 ± 15 (b) 98 ± 4 (c) 

Stipa 13 °C 167 ± 4 (a) 57 ± 2 (a) 

thurberiana 
18 °C 167 ± 5 (a) 41 ± 1 (a) 
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Table 2. The effect of soil temperature and CO2 on mean photosynthesis (i.tmol CO2 111-2 
s-1), stomatal conductance (mmol I11-2 s-1) and transpiration (mmol H2O m2 s-1) of 
Sitanion hystrix, Artemisia tridentata spp. wyomingensis, and Stipa thurberiana 
measured on exposure days 175, 176, and 181. Values were averaged across exposure 
days and expressed as the mean ± standard error of the mean. 

Species Treatment Photosynthesis Stomatal Transpiration 
conductance 

Sitanion 374 ppm 13 °C 6.2 ± .98 214 ± 29 3.6 ± .63 

hystrix 18 °C 8.5 ± 2.0 477 ± 230 6.9 ± 3.1 

567 ppm 13 °C 7.7 ± .73 254 ± 40 4.1 ± .63 
18 °C 8.8 ± 2.4 274 ± 120 4.4 ± 1.8 

Artemisia 374 ppm 13 °C 8.2 ± 2.9 779 ± 120 11.3 ± 1.6 
tridentata 18 °C 4.9 ± 1.1 577 ± 110 7.8 ± .98 

567 ppm	 13 °C 5.3 ± 1.5 554 ± 49 7.8 ± 1.4 
18 °C 7.7 ± 1.4 623 ± 94 8.9 ± .78 

Stipa 374 ppm 13 °C 7.8 ± 1.7 350 ± 96 5.57 ± 1.5 
thurberiana 18 °C 4.0 ± 1.4 395 ± 48 5.87 ± .32 

567 ppm	 13 °C 6.1 ± 1.7 207 ± 70 3.5 ± 1.4 
18 °C 9.6 ± 3.7 313 ± 68 5.2± 1.2 
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Table 3. The effect of CO2 on mean water use efficiency (gmol CO21 mmol H20) of 
Sitanion hystrix, Artemisia tridentata spp. wyomingensis, and Stipa thurberiana 
measured on exposure days 175, 176, and 181. Measurements were averaged across 
soil temperature treatments. 

Species Treatment WUE 175 WUE 176 WUE 181 

Sitanion hystrix 374 ppm 1.1 ±.15 2.2 ± .18 1.7 ± .35 

567 ppm 1.6 ± .23 2.4 ± .84 2.4 ± .15 

Artemisia tridentata 374 ppm .44 ± .02 .72 ± .09 .83 ±.14 

567 ppm .64 ± .39 .88 ± .16 .81 ± .30 

Stipa thurberiana 374 ppm .96 ± .37 1.4 ± .32 .89 ± .46 

567 ppm 1.88 ± .37 2.03 ± .45 1.57 ± .20 
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Discussion 

Growth Responses to CO2 and Soil Temperature 

Previous studies indicate that water and nutrient uptake may increase as a 

function of soil warming, due to reductions in the viscosity of water and higher root 

hydraulic conductivity (Bolger et al., 1992; Kramer, 1949; Nielsen, 1974). Soil 

warming may also directly increase the activity of meristematic tissue in grasses, since 

shoot growing points are located at the soil surface (Engels, 1994; Larigauderie et al., 

1991). 
Increases in soil temperature have been shown to increase total plant weights 

until the optimum soil temperature is reached (Ketellapper, 1960). In this experiment, 

soil temperature modified the response of Sitanion hystrix to increased CO2. Sitanion 

hystrix, grown at low root temperature, had increased plant weights at elevated CO2. 

Plants, grown at high root temperatures, had similar plant weights under both ambient 

and high CO2 conditions. Artemisia tridentata had the lowest plant weights when 

grown under elevated CO2 and high root temperature. Stipa thurberiana had higher 

total plant weights at high root temperatures but was unaffected by CO2 treatments. 

Sitanion hystrix, Artemisia tridentata, and Stipa thurberiana differed in the 

partitioning of dry matter in response to CO2 and soil temperature. Shoot weights of 

Sitanion hystrix were higher under elevated CO2 but were unaffected by soil 

temperatures. This contradicts Davidson's model, which predicts that shoot growth is 

more responsive than root growth to changes in root temperature (Davidson, 1969) 
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The ability of Sitanion hystrix to maintain high shoot weights at both soil 

temperatures may reflect high overall root respiration rates and high sink strength. High 

root respiration and sink strength may also explain the higher specific leaf areas (thinner 

leaves) at high soil temperature. 

Sitanion hystrix had increased root growth in elevated CO2 when grown at low 

soil temperatures. This species may respond to CO2 only at low soil temperatures due 

to the lower respiratory costs associated with reductions in soil temperature (Szaniawski 

and Kielkiewicz, 1982). 

Plant weights of Artemisia tridentata were similar under both soil treatments. 

Previous studies of Artemisia tridentata spp. wyomingensis indicate that germination is 

unaffected by temperatures ranging from 2 °C to 30 °C and may reflect an ability to 

tolerate a broad range of temperatures (McDonough and Harniss, 1974). The absence of 

a soil temperature response in Artemisia tridentata may also reflect the positioning of 

shoot meristematic tissue above the ground level (Larigauderie et al., 1991). 

In Artemisia tridentata, the amount of leaf area per plant was responsive to soil 

warming. Leaf area was lower at high soil temperatures but transpiration at the leaf 

level remained constant. Higher respiration rates associated with increased soil 

temperatures may cause reductions in leaf area to reduce respiratory costs at higher 

temperatures. 

In this study, Artemisia tridentata was not responsive to elevated CO2. The lack 

of a CO2 enrichment response in Artemisia tridentata ssp. wyomingensis was 

unexpected since Johnson and Lincoln (1991) found a 43% increase in shoot dry weight 



27 

when Artemisia tridentata spp. tridentata was grown in elevated CO2. The absence of a 

CO2 response in subspecies wyomingensis may reflect the slow growth rates of this 

subspecies. 

Stipa thurberiana altered its shoot weights in response to soil warming but were 

unaffected by CO2 concentrations. Shoot weights responded to soil temperature more 

than roots, which is consistent with previous findings which show that shoots are more 

responsive than are roots to changes in below-ground resources (Davidson, 1969; 

Mitchell, 1954). Shoot weights may also increase as soils warm due to higher 

meristematic activity and greater rates of tillering (Larigauderie et al., 1991). Small 

changes in root weights may result from increased water and nutrient uptake coupled 

with higher carbohydrate production. 

Root: shoot ratios of S. thurberiana are significantly lower than Sitanion hystrix, 

and may indicate a lower overall sink strength in the roots of Stipa thurberiana. 

Therefore soil warming may increase carbohydrate production more than sink strength 

in the roots, resulting in lower specific leaf area (thicker leaves) in Stipa thurberiana. 

Root:shoot ratios of S. thurberiana were significantly higher at elevated CO2, due to 

changes in both root and shoot weights. 

Life History Strategies May Affect Plant Response to CO2 and Soil Temperature 

Early seral species, such as Sitanion hystrix, have been shown to be more 

responsive than late seral species, such as Artemisia tridentata and Stipa thurberiana, to 

changes in water and nutrient availability (Redente et al., 1992). In this study, Sitanion 
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hystrix, a C3 perennial grass, had the highest plant weights at harvest and altered its 

below-ground growth in response to soil temperature. By maintaining similar above-

ground weights under different soil temperatures, Sitanion hystrix may effectively 

outcompete other species by denying them space and sunlight. Since Sitanion hystrix 

exhibits growth early in the spring, it may be advantageous for this species to maintain 

similar above-ground weights under different soil temperature regimes. 

Early successional species often require high levels of nutrients, water, and light 

to maintain high growth rates (Redente et al., 1992). High sink strength may be 

required to utilize large amounts of resources and would result in high growth rates and 

high specific leaf areas in early successional species such as Sitanion hystrix. Late seral 

grasses, such as Stipa thurberiana, are often characterized by lower growth rates, high 

storage capacity for nutrients, and an inability to respond to changes in resource 

availability (Redente et al., 1992). Late seral species have also been shown to possess 

lower photosynthetic rates and higher transpiration rates under saturating light 

conditions. In this experiment, Sitanion hystrix had similar photosynthetic rates 

and transpiration to Artemisia tridentata under light levels of approximately 1000 gmol 

m2 S-1 . 

Late seral shrubs, such as Artemisia tridentata spp. wyomingensis, have slower 

growth rates and may be less responsive than early successional species to changes in 

soil temperature. The absence of a CO2 and soil temperature response in Artemisia 

tridentata may be due to low growth rates, low water use efficiency, and tolerance to a 

wide range of soil temperatures (McDonough and Harniss, 1974). 
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This study suggests that elevated CO2 and soil temperature have the potential to 

alter the growth and carbon partitioning of arid land plants. These controlled 

environment studies should pave the way for field studies in the sagebrush steppe in 

order to determine if differences in carbon allocation, resulting from changes in CO2 

and soil temperature, are realized in the field. Alterations in carbon allocation may 

potentially alter the competitive relationships between species and influence 

successional processes in the sagebrush steppe. 
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CHAPTER 3: THE EFFECTS OF CO2 AND WATER STRESS ON THE
 
GROWTH AND PHYSIOLOGICAL RESPONSES OF ARTEMISIA
 

TRIDENTATA SPP. WYOMINGENSIS (WYOMING BIG SAGEBRUSH) AND
 
SITANION HYSTRIX (SQUIRRELTAIL)
 

Abstract 

Sitanion hystrix and Artemisia tridentata spp. wyomingensis were exposed to 

ambient (371 ppm) CO2 or high (569 ppm) CO2 levels and well-watered or water 

stressed conditons. Leaf water potentials of water stressed S. hystrix were lower than 

well-watered plants and water potentials of S. hystrix were higher at elevated CO2 in 

both well-watered and drought-stressed plants. These trends were not apparent in A. 

tridentata, however, which exhibited similar stem water potentials across all water and 

CO2 treatments. Drought stress significantly reduced total plant weights and shoot 

weights of both S. hystrix and A. tridentata while carbon dioxide treatments had no 

effect on plant weights. Root weights and root:shoot ratios of S. hystrix were unaffected 

by drought stress while water stress significantly reduced root weights and increased R: 

S ratios of A. tridentata. Instantaneous water use efficiency of Sitanion hystrix was not 

statistically different between water treatments but was significantly higher at elevated 

CO2. A. tridentata had higher water use efficiency in response to CO2on exposure days 

57, 63, and 80. This study suggested that water stress does not modify plant response to 

CO2 in A. tridentata and S. hystrix. Further studies should address whether CO2 

ameliorates the effects of water stress on growth in native plant communties of the 

sagebrush steppe. 
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Introduction 

The concentration of CO2 in the atmosphere is steadily increasing at a rate of 1 

to 2 ppm per year (Murray, 1995). Scientists estimate that the concentration of CO2 will 

double and reach 700 ppm near the end of the next century. Increases in CO2 may 

directly affect the carbon metabolism of plants, thereby affecting plant growth, 

ecological processes, such as competition and succession, and the responses of plants to 

environmental change. In addition increasing CO2 may alter precipitation patterns and 

temperature and thereby have indirect effects on plants (VEMAP, 1995). 

Increases in atmospheric CO2 have been shown to increase photosynthesis and 

plant growth in C3 plants (Smith et al., 1987; Taiz and Zeiger, 1991; Kimball et al., 

1993). In a specific example, soybeans grown in 700 ppm CO2 increased growth by 

40% and photosynthesis by 50% (Kimball et al., 1993). Elevated CO2 is also thought to 

decrease photorespiration and raise the internal concentration of CO2 despite lower 

stomatal conductance (Morison, 1987). 

Another mechanism by which elevated CO2 may increase plant growth is 

through increased water use efficiency (Morison and Gifford, 1984; Morison, 1985). 

Elevated CO2 may increase water use efficiency, defined as the amount of carbon gain 

per water lost, via three plant processes: (1) elevated CO2 may decrease transpiration 

through reductions in stomatal conductance (2) elevated CO2 can increase 

photosynthesis or (3) a combination of the two can result in higher water use efficiency 

(Eamus, 1991). 
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Higher water use efficiency in elevated CO2 may have important consequences 

for plants native to arid ecosystems such as the sagebrush steppe. Water is often a 

limiting factor in the sagebrush steppe, especially during summer when precipitation is a 

rare event (West, 1988). Plants exposed to peroids of drought stress often exhibit 

decreased stomatal conductance (Schulze, 1986), decreased CO2 fixation (De Lucia and 

Heckathorn, 1989), increased leaf area (Turner, 1986), and lower total plant weights 

(Levit, 1980). Increased ABA synthesis (Raschke, 1975), accumulation of sucrose 

(Turner et al., 1978; Quick et al., 1992; Kameli and Losel, 1996) and decreased nutrient 

uptake (Boyer, 1985) have also been found in drought stressed plants. 

The ability of elevated CO2 to improve water use efficiency may have important 

consequences for plants exposed to periods of drought. Liquidambar styraciflua, Pisum 

sativum, Triticum aestivum, Vicia faba, and Aster pilosus, grown under water stress, 

have been shown to exhibit a greater relative CO2 enhancement of growth than plants 

grown in well watered conditions (Chaudhuri et al., 1990; Tolley and Strain, 1984; Paez 

et al., 1983; Marks and Strain, 1989; Goudriaan and Bijisma, 1987). In some cases, 

CO2 ameliorates the effects of water stress on growth; plants grown under well-watered 

conditons possess plant weights similar to drought stressed plants (Morison, 1993). 

The ability of CO2 to increase water use efficiency may potentially affect arid 

land plants to a greater extent than plants from more mesic habitats (Mooney, 1991). 

Sitanion hystrix and Artermisia tridentata ssp. wyomingensis were chosen for study to 

represent species native the sagebrush steppe. Although Sitanion hystrix, a C3 grass, co

occurs with Artermisia tridentata ssp. wyomingensis, a C3 shrub, these species differ in 
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their life form and life history strategies (Hironaka et al., 1983). Sitanion hystrix is a 

fast-growing but short-lived perennial grass which has been shown to compete with 

exotic annuals, such as Taeniatherum asperum (Sindalar and Hironaka, 1977). 

Artermisia tridentata ssp. wyomingensis is a slow-growing, long-lived perennial shrub 

that can grow provided water potentials are in excess of -1.5 MPa (Evans, 1990). A 

prior study on Artemisia tridentata spp. tridentata demonstrated that subspecies 

tridentata had a 43% increase in shoot dry weight in response to elevated CO2. 

S. hystrix and A. tridentata were grown under ambient or high CO2 condiitions 

and were exposed to periods of drought or continuous watering. Specific objectives of 

this study were to: 

1. determine if CO2 and water stress modifies plant growth and carbon partitioning in 

Artemisia tridentata subspecies wyomingensis and Sitanion hystrix. Differences in life 

form as well as tolerance to drought may influence the response of A. tridentata and S. 

hystrix to CO2 and water stress. 

2. determine if S. hystrix and A. tridentata differ in their physiological responses to CO2 

and water stress. Water use efficiency is predicted to increase in response to elevated 

CO2 but this increase in water use efficiency may not be consistent between species. 
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Methods and Materials 

Soil Collection and Plant Propagation 

Soil was collected from a site supporting A. tridentata subspecies wyomingensis 

and S. hystrix in the Northern Great Basin Experimental Range in Harney County, 

Oregon. Soils from the A and 0 horizons were collected using a backhoe and placed 

into storage bins. The soil samples were filtered to remove large stones and mixed with 

sand in a 3:1 ratio of native soil and sand. 

Seeds of Wyoming big sagebrush (Artemisia tridentata ssp. wyomingensis) and 

squirreltail (Sitanion hystrix) were obtained from the Northern Great Basin 

Experimental Range. Seeds were collected in summer, 1994, from a plot adjacent to the 

soil collection site. 

A. tridentata and S. hystrix seeds were planted in flats containing a 3:1 mixture 

of field-collected soil and sand. Flats were placed in a greenhouse under ambient CO2 

conditions and were exposed to a 16 hour photoperiod. Flats were watered daily and 

fertilized weekly in the greenhouse. Once germination commenced, seedlings were 

transplanted into pots and treated with a Blvitamin solution to minimize transplant 

shock. 

Experimental Design 

Ambient (371 ppm) CO2 conditions were randomly assigned to six controlled 

environment chambers; the remaining six chambers were set to high (569 ppm) CO2 

levels. 
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Twenty-four seedlings from both species were then randomly allocated to 

positions within each chamber. Within each chamber, half of the seedlings were 

exposed to well-watered conditons (n = 12) and half were allocated to the drought 

treatment (n = 12). In this manner, each chamber contained a full set of the four 

possible species by water stress combinations. These four treatment combinations were 

then replicated in six chambers with ambient CO2 levels and six chambers with high 

CO2 conditions. 

Treatment Conditions 

Throughout the experiment, twelve growth chambers used in this experiment 

were maintained at a 16 hour photoperiod with air temperatures ranging from 15 °C 

during the night to 24 °C during the day. Mean relative humidity was 48% ± 13.7% 

and mean soil temperature was 18.4 ° ± 2.5 °C. Light in the chambers, supplied by 

1,000 W metal halide lamps, subjected seedlings to light levels of approximately 500 

mmol m-2 s-1. 

Ambient CO2 chambers were maintained at a CO2 concentration of 371 ppm ± 

5.2 while high CO2 chambers averaged 569 ppm ± 3.0. These conditions reflect the 

current concentration of CO2 and the estimated CO2 concentration in the year 2010 

(Keeling et al., 1989). 

Plants allocated to the well-watered treament were irrigated to field capacity 

every second day. Drought-stressed plants were watered to field capacity every nine 

days, in order to simulate both periods of rain and drought. In addition, water stress 
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treatments were designed to affect growth without bringing plants to a state of severe 

drought. 

Plants in both watering regimes and CO2 treatments were fertilized every two 

weeks using a 20-20-20 nutrient solution. Nutrient additions were utilized to minimize 

stress caused by low nutrient availability. 

Pressure Bomb Measurements 

In order to asses the effects of manipulating water supply to plants, predawn and 

midday water potential measurements (Plant Moisture Stress, Corvallis, OR) were made 

on A. tridentata (n = 120) during drought (exposure days 63 and 87) and during the 

recovery period following irrigation (exposure days 80 and 90). Final predawn and 

midday water potentials were measured on A. tridentata and S. hystrix on days 160 and 

166, respectively (n = 48). 

Gas Exchange Measurements 

In order to assess how physiological responses of the two species differed 

between the treatments, gas exchange data, using the LI-COR 6200 Portable 

Photosynthesis System (LI-COR Inc., Lincoln, NE), were collected on randomly 

selected plants. 

Photosynthesis (p.mol CO2 I11-2 s1), stomatal conductance (mmol 111-2 S-1), 

transpiration (mmol H2O m-2 s-1), and water-use efficiency (imol CO2/ mmol H20) were 

recorded for A. tridentata on exposure days 57, 63, 80, 87, 90, and 160 to examine 

physiological responses during drought (exposure days 63 and 87), during the recovery 
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period following watering (exposure days 80 and 90) and at final harvest (exposure day 

160). Exposure day 57 was used as a control; well watered and drought stressed plants 

were subjected to the same water levels as of this date. Measurements were collected 

on several leaves at the top of each plant at 09:00 h, 13:00 h, and 16:00 h on each 

exposure day (n = 210). 

Gas exchange data was collected for S. hystrix at 09:00 h, 13:00 h, and 16:00 h 

on exposure days 117, 123, 126, 132, 135, and 166. Gas exchange responses to drought 

(expodays 123 and 132) and rewatering (expodays 126 and 135) were measured on a 

subset of the S. hystrix population (n = 216). Exposure day 117 was used as a control 

while exposure day 166 represented the physiological responses of plants at harvest. 

Harvest Measurements 

A. tridentata and S. hystrix were moved into a 3 °C cold room for storage on 

exposure days 161 and 167, respectively (n = 208). Leaf areas of both species were 

measured on a random sample of the population (n = 120) using the LI-3000 Portable 

Area Meter (LI-COR Inc., Lincoln, NE). All plant material was separated into leaves, 

roots, and stems, and then were oven dried and weighed. 

Statistical Analysis 

Growth data were analyzed using a generalized linear models procedure (PROC 

GLM) to determine all sources of variation, including main effects and relevant 

interactions (SAS Institute, Cary, NC). When interactions were significant (p < 0.05), 

comparisons were made between treatments using Student-Nuemann-Keuls multiple 
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comparison procedure. Gas exchange measurements were averaged over the course of a 

day and analyzed using GLM. Student-Nuemann-Keuls multiple comparison 

procedures were used to assess differences between treatments. Results reported were 

significant at the 0.05 significance level. 

Results 

Water Relations 

In this experiment, water supply was manipulated and resulted in differences in 

plant water relations that were detected by measuring plant water potential. These 

irrigation treatments were sufficient to cause differences in water potential, but not 

severe enough to damage plants. 

At final harvest, leaf water potentials of drought stressed Sitanion hystrix were 

significantly lower than water potentials of well watered plants (p < 0.05, Table 2.1). 

Water potential measurements were 30% lower in S. hystrixgrown in ambient and high 

CO2 conditions. Water potentials of both well-watered and drought stressed plants were 

significantly higher at elevated CO2. 

When averaged across CO2, predawn water potentials of well-watered S. hystrix 

averaged -0.52 MPa while drought stressed plants had a mean of -0.73 (Table 2.1). 

Differences in leaf water potential between well watered and drought stressed plants 

were not apparent in midday measurements of water relations. Well-watered S. hystrix 
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had midday water potentials of -1.32 MPa while drought stressed plants averaged -1.2 

MPa. 

Stem water potentials of Artemisia tridentata did not differ between water and 

CO2 treatments (Table 2.1). Well-watered plants grown at elevated CO2 had lower 

water potentials than plants grown under ambient CO2 but these differences were not 

significant. 

Table 2.1. Mean water potential (MPa) of Sitanion hystrix and Artemisia tridentata 
exposed to ambient (371 ppm) or high (569 ppm) and well-watered or drought 
conditions. Measurements were averaged over exposure days for A. tridentata. (n = 3 
for S. hystrix; n = 4 for A. tridentata) and expressed as the mean ± standard error of the 
mean. 

Species CO2 
treatment 

Sitanion 371 ppm 
hystrix 

569 ppm 

Artemisia 371 ppm 
tridentata 

569 ppm 

Water treatment 

well watered 

drought stressed 

well watered 

drought stressed 

well watered 

drought stressed 

well watered 

drought stressed 

Predawn 
water potential 

-0.56 ± 1.1 

-1.06 ± .87 

-.48 ± 1.1 

-.40 ± .25 

-.98 ± .64 

-1.2 ± 1.3 

-1.07 ± .98 

-1.15 .98 

Midday
 
Water potential
 

-1.5 ± .46
 

-1.6 ± 1.2
 

-1.1 ± 1.0
 

-.83 ± .14 

-1.58 ± 1.4 

-1.79 ± 1.8 

-1.67 ± 1.6 

-1.81 ± 2.2 
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Growth and Carbon Partitioning 

At final harvest, total plant weights of Sitanion hystrix were higher than plant 

weights of Artemisia tridentata (Figure 2.1). Drought stress significantly reduced total 

plant weights of both species (Figure 2.1). Drought stress lowered plant weights of A. 

tridentata by 26% while reductions in plant weights of S. hystrix averaged only 10%. 

Carbon dioxide treatments had no effect on total plant weights of A. tridentata and S. 

hystrix. 

Shoot weights of Sitanion hystrix were significantly higher than shoot weights of 

Artemisia tridentata (Figure 2.2). Both species exhibited a 20% reduction in shoot 

weights when exposed to water stress. CO2 had no significant effect on the shoot 

weights of these species. 

Mean leaf area did not differ between the species. When averaged across 

species, leaf area was significantly lower in drought stressed plants (Table 2.2). In 

addition, specific leaf areas of S. hystrix and A. tridentata were not significantly 

different between well watered and drought stressed plants. 

The effect of water stress on root weight was dependent on the species (Figure 

2.3). Root weights of S. hystrix were unaffected by drought stress. Water stress 

significantly reduced root weights of A. tridentata. 

The effect of CO2 and water stress on root: shoot ratios was dependent on the 

species. (Figure 2.4). R: S ratios of Sitanion hystrix were significantly higher when 

plants were exposed to water stress. R: S ratios of A. tridentata were unaffected by 

water stress. 
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Figure 2.1. Mean total plant weight of Sitanion hystrix (A) and Artemisia tridentata ssp.
wyonzingensis (B) exposed to ambient (374 ppm) or high (567 ppm) and well watered or 
drought conditions. Means with similar letters are not significantly different at the 0.05 
significance level as determined by GLM procedure. 
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Figure 2.2. Mean shoot weight of Sitanion hystrix (A) and Artemisia tridentata ssp. 
wyomingensis (B) exposed to ambient (374 ppm) or high (567 ppm) and well-watered 
or drought conditions. Means with similar letters are not significantly different at the 
0.05 significance level as determined by GLM. 
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Table 2.2. Mean leaf area (cm2) and specific leaf area of Sitanion hystrix and 
Artemisia tridentata ssp. wyomingensis exposed to ambient (374 ppm) or high 
(567 ppm) and well-watered or drought conditions. 

Species CO2 Water treatment Leaf area Specific leaf 
treatment area 

Sitanion 374 ppm well watered 120.1 ± 12 50.1 ± 2 
hystrix 

drought stressed 99.5 ± 10 52.2 ± 2.5 

567 ppm well watered 127.2 ± 13 47.9 ± 1.7 

drought stressed 99.7 ± 12 48.5 ± 2.6 

Artemisia 374 ppm well watered 118.2 ± 8.4 57.7 ± 2.2 
tridentata 

drought stressed 83.3 ± 6.9 55.9 ± 1.9 

567 ppm well watered 118.3 ± 13 51.6 ± 3.5 

drought stressed 103.5 ± 8.7 59.6 ± 3.4 
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Figure 2.3. Mean root weight of Sitanion hystrix (A) and Artemisia tridentata ssp. 
wyomingensis (B) exposed to ambient (374 ppm) or high (567 ppm) and well-watered 
or drought conditions. Means with similar letters are not significantly different at the 
0.05 significance level as determined by Student-Nuemann-Keuls multiple comparison 
procedure. 



48 

(A) 

2.5 

2 

b 

0.5 

0 
Well-watered Drought stress Well-watered Drought stress 

371 ppm 569 ppm 

3 

(B) 

2.5 

2 
a aa 

a 

1 

0.5 

Well-watered Drought stress Well-watered Drought stress 

371 ppm 569 ppm 

Figure 2.4. Mean root: shoot ratios of Sitanion hystrix (A) and Artemisia tridentata ssp. 
wyomingensis (B) exposed to ambient (374 ppm) or high (567 ppm) and well-watered 
or drought conditions. Means with similar letters are not significantly different at the 
0.05 significance level as determined by GLM 
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Physiological Responses 

Photosynthesis, stomatal conductance, and transpiration of S. hystrix were not 

statistically significant between CO2 or water treatments (p > 0.05) and differed only by 

exposure days (p < 0.05, Table 2.3., 2.4, 2.5). Photosyntheisis averaged 7.071.tmol CO2 

2 S-1 at the beginning of the experiment and was reduced on exposure day 132 during 

the second drought stress treatment. At the conclusion of the experiment, 

photosynthetic rates had recovered and were similar to exposure day 117. Stomatal 

conductance was consistent across all treatments and was not different between 

exposure days. Transpiration was lowest on exposure day 132 but was not statistically 

significant. 

The effect of water stress on mean photosynthesis and stomatal conductance of 

A. tridentata was dependent on exposure days. On exposure days 63 and 87, water 

stressed plants had lower photosynthetic rates than well-watered plants (Table 2.3). On 

exposure days 57, 80, 90, and 160, photosynthetic rates were consistent across the water 

treatments. Stomatal conductance of water stressed plants was lower than well-watered 

plants during the first drought period on exposure day 63. Elevated CO2 had no effect 

on photosynthesis or stomatal conductance. 

Transpiration was not significantly different between well watered and drought 

stressed A. tridentata (Table 2.5). Elevated CO2 decreased mean transpiration rates of 

A. tridentata from 6.38 mmol H2O 111-2 -1 
to 5.13 mmol H2O IT1-2 s-I. 

Instantaneous water use efficiency of Sitanion hystrix was not statistically 

different between water treatments. When averaged across water treatments, water use 
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efficiency was significantly lower on exposure day 123 when the first drought treatment 

was applied (Table 2.6). In addition, water use efficiency at low CO2 was 1.49 [tmol 

CO21 mmol H2O while at elevated CO2, mean water use efficiency was 1.97 limo' CO2/ 

mmol H20. This 32% increase in water use efficiency was significant at the 0.05 alpha 

level. 

The effect of CO2 on the water use efficiency of A. tridentata was dependent on 

the day on which the meaurements were taken. On exposure days 57, 63, and 80, water 

use efficiency was higher in plants grown at elevated CO2 (Table 2.6). On exposure 

days 87, 90, and 160, water use efficiency remained consistent between the CO2 

treatments. 



Table 2.3. Photosynthesis 0.tmol CO2 I11-2 s-' of Sitanion hystrix and Artemisia tridentata averaged over CO2 treatments. 
Measurements of S. hystrix were taken on exposure days 117, 123, 126, 132, 135, and 166. Measurements of A. tridentata were 
taken on exposure days 57, 63, 80, 87, 90, and 160. 

Photosynthesis (imo' CO2 m2 s-1) 

Species Watering Expoday Expoday Expoday Expoday Expoday Expoday 

Treatment 117 123 126 132 135 166 

Sitanion hystrix Well-watered 6.97 ± .92 6.37 ± .67 4.05 ± .39 3.7 ± .48 4.8 ± .55 7.2 ± .68 

Drought stress 7.18± 1.1 3.9 ± .47 5.2 ± .61 4.0 ± .28 7.1 ±2.36 8.35± 1.02 

Photosynthesis (Rmol CO2 m2 s-1) 

Species Watering Expoday Expoday Expoday Expoday Expoday Expoday 
87 90 160Treatment 57 63 80 

Artemisia Well-watered 11.8± 1.2 13.04 ± 1.9 12.57 ± .91 15.04 ± 1.1 10.62 ± 1.1 9.70 ± 1.2 
tridentata 

Drought stress 15.06 ± 2.6 6.53 ± 2.3 14.32 ± 1.4 9.21 ± 2.6 12.74 ± 2.2 9.10 ± 2.0 



Table 2.4. Stomatal conductance (mmol 111-2 S-1) of Sitanion hystrix and Artemisia tridentata averaged over CO2 treatments. 
Measurements of S. hystrix were taken on exposure days 117, 123, 126, 132, 135, and 166. Measurements of A. tridentata were 
taken on exposure days 57, 63, 80, 87, 90, and 160. 

Stomatal conductance (mmol rI1-2 S-1) 

Species Watering Expoday Expoday Expoday Expoday Expoday Expoday
Treatment 117 123 126 132 135 166 

Sitanion hystrix Well-watered 143 ± 22 144 ± 16 73 ± 6.5 87 ± 20 134 ± 22 159 ± 33 

Drought stress 143 ± 17 112 ± 20 116 ± 22 83 ± 10 211 ± 93 167 ± 33 

Stomatal conductance (mmol 111-2 s-1) 

Species Watering Expoday Expoday Expoday Expoday Expoday Expoday
Treatment 57 63 80 87 90 160 

Artemisia tridentata Well-watered 305 ± 65 254 ± 64 259 ± 32 227 ± 31 186 ± 20 238 ± 20 

Drought stress 315 ± 72 63 ± 19 289 ± 29 182 ± 54 218 ± 52 230 ± 38 



Table 2.5. Transpiration (mmol H2O 111-2 s-1), of Sitanion hystrix and Artemisia tridentata averaged over CO2 treatments. 
Measurements of S. hystrix were taken on exposure days 117, 123, 126, 132, 135, and 166. Measurements of A. tridentata were 
taken on exposure days 57, 63, 80, 87, 90, and 160. 

Transpiration (mmol H2O 1112 S-1) 

Species	 Watering Expoday Expoday Expoday Expoday Expoday Expoday

Treatment 117 123 126 132 135
 166
 

Sitanion Well-watered 3.75 ± .59 4.83 ± .51 2.38 ± .20
 2.05 ± .43	 3.09 ± .49 4.29± .68 
hystrix
 

Drought stress 3.46 ± .31 3.97 ± .65 3.67 ± .59 2.10 ± .18 4.66 ± 1.8 4.32 ±.65
 

Transpiration (mmol H2O I11-2 s-1) 

Species	 Watering Expoday Expoday Expoday Expoday Expoday Expoday

Treatment 57 63
 80 87 90 160
 

Artemisia Well-watered 6.52 ± .45 6.15 ± 1.4 7.81 ± .75 7.01 ± .61
 4.51 ±. 1.8 5.12 ± .49
tridentata
 

Drought
 6.73 ± 3.9 2.15 ± .6 8.43 ± 1.17 4.63 ± .7 5.55 ± 1.34 4.87 ± .73 
stress 



Table 2.6. Instantaneous water use efficiency (1.tmol 111-2 S-1/ mmol H2O m 2 S-1) of Sitanion hystrix and Artemisia tridentata exposed 
to ambient (371 ppm) or high (569 ppm) CO2 conditions. Measurements of S. hystrix were taken on exposure days 117, 123, 126, 
132, 135, and 166. Measurements of A. tridentata were taken on exposure days 57, 63, 80, 87, 90, and 160. Data were averaged 
across water treatments and time. 

Water use efficiency (1=1 CO2 / mmol H20) 

CO2 Expoday Expoday Expoday Expoday Expoday Expoday 
Species Treatment 117 123 126 132 135 166 

Sitanion 371 ppm 1.75 ± .12 1.01 ± .12 1.36 ± .14 1.73 ± .18 1.41 ± .03 1.59 ± .18 
hystrix 

569 ppm 2.31 ± .17 1.39 ± .15 1.81 ± .12 2.21 ± .12 1.89 ± .14 2.27 ± .20 

Water use efficiency (tmol CO2 / mmol H20) 

CO2 Expoday Expoday Expoday Expoday Expoday Expoday 
Species Treatment 57 63 80 87 90 160 

Artemisia 371 ppm 1.46 ± .17 1.70 ± .17 1.42 ± .11 1.85 ± .12 2.25 ± .19 1.65 ± .13 
tridentata 

569 ppm 2.86 ±.35 3.30 ±.45 2.1 ±.25 2.42 ±.12 2.69 ±.22 2.11 ± .17 
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Discussion 

Growth and Carbon Partitioning 

Plant water potential is an important indicator of plant water status and has 

gained wide acceptance throughout the field of plant physiology (Hsiao, 1973). In this 

experiment, water potentials of S. hystrix were higher at elevated CO2 in both well-

watered and drought-stressed plants. In addition, leaf water potentials of water stressed 

S. hystrix were lower than well-watered plants. These trends were not apparent in A. 

tridentata, however, which exhibited similar stem water potentials across all water and 

CO2 treatments. Since water potentials of S. hystrix reflect changes in water status, it 

should follow that S. hystrix will be more responsive than A. tridentata to increasing 

CO2 and should exhibit greater reductions in growth in response to drought. 

However, predicted differences between species did not prove to be the case 

since neither species were responsive in growth to elevated CO2. The inability of these 

species to increase growth at elevated CO2 may be due to interactions between CO2 and 

other environmental variables (Poorter, 1993). Lucash (1996) demonstrated that both S. 

hystrix and A. tridentata were unresponsive to increasing CO2 when plants were grown 

at a soil temperature of 18 °C. Air temperature, light, and nutrient supply may also 

interact with CO2 and inhibit plant response to elevated CO2 (Idso, 1987; Sionit et al., 

1982; Poorter, 1993). 

The experimental design may have also limited the ability to detect CO2 

responses. Given the variability in biomass and sample size, relative differences in 
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growth would have to be about 0.4 g to be detected at the 0.05 significance level. With 

higher variability and smaller sample sizes, physiological differences due to CO2 and 

soil temperature will be more difficult to detect. 

Since water potentials of S. hystrix were reduced by drought, it should follow 

that S. hystrix should exhibit greater reductions in plant weight than A. tridentata as a 

result of water stress. However, reductions in plant weight due to water stress were 

16% greater in A. tridentata. The lack of concordance of water potential with total plant 

weights may be due to the fact water potentials from one leaf were measured in S. 

hystrix while a stem containing several leaves of A. tridentata was measured. 

Measuring the water potential of several leaves may be more representative of whole 

plant water relations than water potentials from an individual leaf. Alternatively, 

comparisons of water potentials between species may not reflect differences in turgor, 

solute concentration, or ABA synthesis that may influence plant growth irrespective of 

changes in shoot potential (Hsiao, 1973; Zhang and Davies, 1987). 

Reductions in total plant weights of S. hystrix in response to drought were 

primarily due to reductions in shoot weight since root weights and leaf thickness were 

constant across water treatments. Studies indicate that shoot weights may be more 

responsive than roots to water stress, due to reductions in transpirational flow and 

available water (Mitchel, 1954). As a result of reductions in shoot weights, root:shoot 

ratios were higher in S. hystrix exposed to water stress. This is in accordance with 

Thornley's model which predicts that when water is limiting, a larger proportion of the 

water remains in the root, thereby reducing shoot growth (Wilson, 1988). 
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Total plant weights of A. tridentata were also significantly lower when subjected 

to drought stress, but these differences were the result of changes in both root and shoot 

weights. Since both root and shoot weights were affected by drought stress, root:shoot 

ratios remained constant across water treatments. 

Comparisons between A. tridentata and S. hystrix indicate that S. hystrix 

seedlings may be better adapted to drought than A. tridentata seedlings. Field studies 

indicate that seedling mortality of A. tridentata is relatively high and may indicate an 

inablility to tolerate low water potentials at the seedling stage (Harvey, 1981). 

Changes in the root:shoot raios of S. hystrix and A. tridentata in response to 

water stress suggests that shoots of S. hystrix are more responsive to drought than roots. 

By reducing shoot weights and leaf area, S. hystrix may reduce water loss and 

compensate for reductions in water availability. Root and shoot weights of A. tridentata 

were reduced in response to water stress. Reductions in the growth of both roots and 

shoots due to water stress may be disadvantageous and result in high seedling mortality 

rates. 

Physiological Responses 

Instantaneous water use efficiency was higher at elevated CO2 in S. hystrix. 

Higher water use efficiency at high CO2 concentrations in S. hystrix may result from 

both increased photosynthetic rates and decreased transpiration rates, since neither 

responses alone were significantly affected by CO2. Previous research suggests that 

elevated CO2 decreases transpiration and increases photosynthesis through increased 
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substrate concentration and decreased stomatal conductance (Murray, 1995; Ferris and 

Taylor, 1995). An overall increase in instantaneous water use efficiency may be 

ecologically important in reducing water loss and improving plant water status (Ferris 

and Taylor, 1995). Increased water use efficiency at elevated CO2 may enable S. hystrix 

to maintain higher water potentials at elevated CO2. 

In A. tridentata, water use efficiency was higher in plants grown at elevated CO2 

at the beginning of the experiment (exposure days 57, 63, and 80). During the 

remainder of the experiment, water use efficiency was consistent across CO2 treatments. 

A. tridentata may acclimate to CO2 by decreasing carboxylation efficiency, reducing the 

activity of triose-phosphate carriers, or accumulating starch (Bazzazz, 1990) 

In this experiment, there were no interactive effects betweeen CO2 and water 

stress with respect to plant growth or physiology. Previous studies indicate that elevated 

CO2 increases photosynthesis and water use efficiency and the subsequent increase in 

growth may counteract the negative effects of water stress (Chaves and Pereira, 1992). 

In this experiment, CO2 increased water use efficiency in S. hystrix but had no 

interactive effects with water stress on growth or photosynthesis. This is in agreement 

with results of Ferris and Taylor (1995) which indicated that CO2 increased water use 

efficiency but there were no interactive effects on shoot and root weights. The ability of 

CO2 to ameliorate the negative effects of water stress may be more dependent on water 

loss on a whole plant basis than water use efficiency expressed on a leaf area basis. 
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Future Research 

A doubling of CO2 is estimated to moderately increase plant growth in the 

sagebrush steppe (Mooney, 1991). This study suggests that species native to the 

sagebrush steppe are generally unresponsive to CO2 and that CO2 does not ameliorate 

the negative effects of water stress on growth and physiology. Further studies should 

address whether these trends in plant response to CO2 and water stress are present in the 

field. 
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CHAPTER 4: CONCLUSIONS 

CO2 and Soil Temperature 

Scientists speculate that the sagebrush steppe of Oregon, Washington, Idaho and 

Wyoming will be moderately responsive to elevated CO2 based upon the overall level of 

nutrients and water present in the soil (Mooney et al., 1991). Predicting changes in 

overall productivity based solely upon previous studies with species native to the tundra, 

wetlands, eastern deciduous forest, and agricultural species, however, may not 

adequately describe how increasing concentrations of CO2 will influence the sagebrush 

steppe. 

Carbon dioxide and soil temperature modified the growth of Sitanion hystrix, 

Artemisia tridentata and Stipa thurberiana, three species native to the sagebrush steppe. 

Sitanion hystrix had increased shoot and root weights at elevated CO2 when grown 

under low soil temperatures. Artemisia tridentata had lower plant weights under 

elevated CO2 and 18 °C soil temperature than plants grown at ambient CO2 and 13 °C. 

Shoots of Stipa thurberiana were responsive to soil temperature and roots were 

responsive to CO2 at 18 °C. 

These complex patterns suggest that the effect of CO2 on plant growth and 

productivity of the sagebrush steppe is dependent not only on water and nutrient 

availability but also on soil temperature. Differences between species in their response 

to CO2 and soil temperature were also apparent in this experiment. Interspecific 

variation in plant response to CO2 may potentially alter the competition relationships 
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between plants and influence successional processes in the sagebrush steppe. 

CO2 and Water Stress 

Scientists predict that the ability of CO2 to increase water use efficiency and 

ameliorate water stress may potentially affect arid land plants to a greater extent than 

plants from more mesic habitats (Mooney, 1991). In this experiment, there were no 

interactive effects betweeen CO2 and water stress with respect to plant growth or 

physiology. In this experiment, CO2 increased water use efficiency in S. hystrix but had 

no interactive effects with water stress on growth or photosynthesis. The ability of CO2 

to ameliorate the negative effects of water stress may be more dependent on water loss 

on a whole plant basis than water use efficiency expressed on a leaf area basis. 

Future Research 

These controlled environment studies were designed to systematically 

manipulate environmental factors in order to show cause and effect relationships 

between plant response and environmental factors. These controlled environment 

studies should pave the way for field studies in the sagebrush steppe in order to 

determine if differences in carbon allocation, resulting from changes in CO2 and soil 

temperature, are realized in the field. Alterations in carbon allocation may potentially 

alter the competitive relationships between species and influence successional processes 

in the sagebrush steppe. 
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