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ABSTRACT

The C4 grass Muhlenbergia richardsonis ((Trin.) Rydb.), 

grows as high as 3965 m in the alpine zone of California's 

White Mountains. C4 plants are generally intolerant of low 

temperatures and rarely occur in alpine habitats. The 

central objective of this thesis was to understand how this 

unusual C4 alpine grass, Muhlenbergia richardsonis, persists 

in the alpine zone along the western slope of California's 

White Mountains.

Stomatai density, leaf carbon isotope composition and 

nitrogen content were assessed in M. richardsonis and co­

occurring C3 species along an 900 m elevational gradient to 

determine whether the C4 cycle provides C4 species with any 

advantages over that of C3 species in the low atmospheric 

CO2 (PCO2) conditions found at high elevations. Growing 

season development was assessed in M. richardsonis and co­

occurring C3 species to determine if this C4 species 

exhibits a warm-season specialist type of phenology. 

Growth, reproduction, and survival of experimental 

plantings of M. richardsonis in selected alpine microsite 

treatments were assessed to see how microsite temperature 
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and soil moisture affected plant performance in the alpine 

zone.

Major findings are interpreted to indicate that M. 

richardsonis (a) has a relative advantage for 

photosynthesis under the low pCC>2 conditions of the alpine 

zone, (b) has a truncated but accelerated growing-season 

phenology compared to co-occurring C3 species, and (c) 

exhibits enhanced plant performance at the warmest and 

moistest microsites near its current upper-elevation 

distribution limit. Data are also presented suggesting 

that water availability restricts the distribution of this 

species at its lower elevation limit in the arid White 

Mountain Range.

Consistent with ecophysiological theory, this work 

provides provisional evidence that C4 species may become 

more frequent in C02~poor alpine plant communities as low- 

temperature limitations on C4 photosynthesis are relaxed 

with warming climates.



ACKNOWLEDGMENTS

I would like to express my gratitude to the members of 

my thesis committee, John Skillman, David Polcyn, and 

Kimberlyn Williams for their support and guidance during 

the course of this project. Without their persistence and 

willingness to help with every step along the way this 

project would not have been possible. Thanks to Rowan Sage 

for his original work and setting the stage for many 

questions about this extraordinary C4 grass. Also I would 

like to thank the entire Department of Biology for 

providing an atmosphere that was conducive to the 

completion of this project.

This project would not been possible with out the love 

and support of my wife Shirley. Her patience and 

understanding though the duration of this process will 

never be forgotten. Field support was given by Catrina 

Romero, George Mann, and my good friend Tim Thomas. 

Without the support given from ASI, USDA, and WMRS this 

project would have been impossible to complete. I would 

also like to thank the staff at Barcroft and Crooked Creek 

stations for providing an atmosphere that was always 

friendly and sometimes a bit comical.

v



TABLE OF CONTENTS

ABSTRACT.............................................  iii

ACKNOWLEDGMENTS ...................................... v

CHAPTER ONE: BACKGROUND

Alpine Environments and Adaptive Traits in
Alpine Plants..................... .............. 1

C4 Photosynthesis................................ 9

Ecophysiological Implications of C4
Photosynthesis .................................. 13

Biogeographic Patterns of C4 Grasses............. 16

White Mountains, California ..................... 22

Vegetation Zones in the White Mountains .......... 24

Montane Mulenbergia richardsonis and Climate
Change.......................................... 2 6

Focus of Study.................................. 33

CHAPTER TWO: ELEVATION EFFECTS ON LEAF CHARACTERS

Introduction .................................... 36

Materials and Methods ........................... 37

Results......................................... 42

Discussion............... . ...................... 44

CHAPTER THREE: MICROSITE EFFECTS ON PHENOLOGY AND
PLANT PERFORMANCE

Introduction .................................... 54

Materials and Methods........................... 57

vi









extreme climatic conditions present at high elevations, it 

is not surprising that plants must exhibit specific traits 

to enable them to survive and reproduce in alpine zones.

Plants from most alpine ecosystems share several 

phenological and growth-form characteristics that are 

thought to reflect the short growing seasons of these 

habitats. Most alpine plant species are perennials, with 

annuals in most locations contributing little to high 

mountain flora (Korner, 2003). Among perennial alpine 

species, most have adopted herbaceous forms over woody 

forms. This appears to be a sensible strategy because all 

aboveground growth is dedicated to productive, short-lived 

photosynthetic tissues and none is allocated to long-lived 

but non-productive woody biomass (Billings and Mooney, 

1968). Seedling establishment is rare due to the effects of 

short, cool, growing seasons and most alpine species rely 

heavily upon vegetative reproduction. The means of asexual 

reproduction commonly exhibited by alpine plants include 

spreading rhizomes, vegetative propagules such as bulbils, 

or stem layering. These diverse modes of vegetative 

reproduction are viewed as adaptive responses to the short 

growing seasons and low rates of seedling establishment in 
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cold alpine zones (Billings and Mooney, 1968). Alpine 

plants also have accelerated phenologies. This rapid 

development allows adequate growth each year to permit 

vegetative reproduction during the brief growing season and 

improves the probability of successful flowering, 

fertilization, and seed set during years when sexual 

reproduction is possible.

The cold and windy conditions commonly found at high 

altitudes have also contributed to shaping plant morphology 

in alpine plants. Most high-elevation plants have low 

statures to gain protection against these damaging winds. 

In fact, most alpine plant species exhibit low statures and 

grow in dense mats in the relatively calm air near the soil 

surface (Billings and Mooney, 1968). In a study by Bliss 

(1966), wind speed at 15 cm above the ground was 56% less 

than that at 60 cm above the ground at the same alpine 

site. The low stature and mat-forming characteristics of 

alpine vegetation also allows plant temperatures to rise 

above those of ambient air temperatures. Specific 

morphologies found among alpine plants include tussocks 

(mostly grasses and sedges), rosettes (mostly perennial 

forbs) and cushions and mats found in various growth forms 
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including grasses, forbs, and shrubs (Billings and Mooney, 

1968). Alpine plants are also typically deep-rooted which 

is thought to partially compensate for frost heaving 

tendencies in soils at high elevation.

Elevational trends in leaf structure and function 

suggest that alpine plants employ several mechanisms to 

maintain adequate rates of photosynthesis in the face of 

cool daytime temperatures, the low pCO2, and the short 

growing seasons. Table 1.1, drawn from Korner's recent 

synthesis of alpine plant ecology (.2003) , summarizes 

responses of key foliar traits to contrasting elevations. 

First, thicker alpine leaves contain more photosynthetic 

cells per unit of light-absorbing leaf area (Table 1.1). 

For the same investment in foliage support tissues (stems 

and petioles), a thicker leaf in a bright habitat can 

realize a greater net carbon gain for the plant than a thin 

leaf of the same area. The greater leaf thickness in these 

bright alpine habitats may partially compensate for 

temperature- and CO2-limits on C3 photosynthesis common to 

high elevations. Second, high-elevation plants often 

contain higher amounts of enzymatic proteins in their 

leaves which may help to improve photosynthetic performance 
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under these alpine conditions. Higher amounts of leaf 

protein translate into higher leaf nitrogen concentrations

(%N) as shown in Table 1.1. Third, variation in stomatai 

density in C3 plants is thought.to reflect the atmospheric 

CO2 concentrations under which the plant has developed. 

Woodward (1987) examined stomatai densities on herbarium 

specimens of several European tree species that had been 

collected at different times over the preceding 200 years. 

This study indicated that the average stomatai densities 

had declined by about 40% over this time period during 

which atmospheric CO2 had increased from about 28 Pa to 34 

Pa (Woodward, 1987). Korner (2003), surveyed 17 species in 

the Alps and found, with only one exception, all plants 

increased their stomatai density with increasing elevation 

and the corresponding decline in PCO2. In general, a higher 

density of stomates improves diffusive transport of 

atmospheric CO2 into the leaf and into the chloroplast for 

photosynthesis. Accordingly, C3 plants growing at high 

elevations under low PCO2 conditions usually have greater 

stomatai density than lowland plants (Table 1.1). In sum, 

the combined effect of these anatomical and biochemical 

responses to elevation permit higher rates of
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photosynthesis in alpine C3 plants compared to lowland C3 

plants when both are measured under similar conditions

(Table 1.1).

Table 1.1 also highlights differences between alpine 

and lowland plants in the carbon isotope composition of 

leaf tissues. Carbon of atomic mass 12 and mass 13 are both 

stable (i.e., non-radioactive) isotopes. Relative measures 

of 13C and 12C abundances are quantified as; 513C (Vo) 

= (Rsampie/Rstandard -l)*1000, where R is the ratio of carbon 

mass 13 to mass 12 (Taiz and Zeiger, 2002). C3 plants 

discriminate strongly against 13C -based CO2 in favor of 12C- 

based CO2 during photosynthesis. However, when 

photosynthesis becomes increasingly diffusion limited, 

either because there is less CO2 available in the atmosphere 

or because the stomata are more fully closed, C3 plants will 

tend to fix relatively more of the intercellular 13C -based 

CO2. For example, shaded rainforest C3plants in Panama had 

foliar 513C values of -32k but, in full sun, these same 

plants had carbon isotope values of -27% (Skillman et al., 

2005). The higher (less negative) isotope value in the 

sun-grown plants indicates they contained relatively more 

13C in their tissues. This was taken to indicate that these 
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plants had greater diffusion limitations on photosynthesis 

than’the shade-grown plants, presumably because 

photosynthetic stomatai limitations were relatively more 

important under the hot tropical sun (Skillman et al, 

2005). Alpine C3 plants often accumulate relatively more 

13C in their tissues than lowland C3 plants presumably 

reflecting the thin atmosphere at high elevations (Table 

1.1). Reviewing several studies, Korner (2003) reports 

that the 513C value in C3 plant tissues becomes less 

negative at an average rate of 1.2& per 1000 m gain in 

elevation. Although C3 plants exhibit a number of anatomical 

and physiological responses to maintain high rates of 

photosynthesis in the mountains, the reduced discrimination 

against 13CO2 suggests, nonetheless, that photosynthesis is 

still diffusion limited in these alpine plants.

The environmental conditions listed above (e.g. low 

temperatures, short growing seasons, reduced pCO2) and the 

associated plant traits are consistently found in alpine 

zones around the world (Korner, 2003). This strong 

functional convergence among diverse alpine floras is 

consistent with the hypothesis that these traits are 

adaptive for life under these harsh alpine conditions. It 
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is noteworthy that there is a conspicuous absence of C4 

plants in most alpine floras (Sage and Wedin, 1999). 

Muhlenbergia richardsonis is a curious exception to this 

general observation. M. richardsonis is a broadly 

distributed North American C4 grass species that can be 

found growing at 3965 m in the alpine zone of the White 

Mountains of eastern California. To my knowledge this is 

the highest recorded observation for a C4 species in North 

America. M. richardsonis exhibits many of the previously 

described traits found in other alpine species such as low 

prostate growth, perennial herbaceous life-form, and deep 

roots. But it is unusual among alpine plants for its 

reliance on C4 photosynthesis. Generally C4 plants are 

restricted to warm climates, becoming poorly represented at 

high altitudes and/or high latitudes (Rundel, 1980; Sage 

and Sage, 2002). The presence of M. richardsonis in the 

alpine zone of White Mountains is an enigma.

C4 Photosynthesis

For the purpose of this study, a review of the C3 and 

C4 photosynthesis syndromes is necessary. The more common 

and simplest photosynthetic pathway, C3, is characterized by 

atmospheric CO2 being fixed directly by the enzyme ribulose- 
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1, 5-bisphosphate carboxylase/oxygenase (Rubisco), the 

essential carboxylating enzyme of photosynthesis. Simple C3 

photosynthesis occurs in approximately 90% of the nearly 

300,000 described species of terrestrial plants (Sage, 

2004). Less common (but of greater importance for this 

study) is the C4 photosynthetic pathway, found in an 

estimated 7,000 species worldwide (Sage, 2004). It should 

be pointed out that C3 biochemistry underpins carbon 

fixation in all photosynthetic organisms but in C4 plants 

this C3 biochemistry is supplemented with additional 

'upstream' biochemical and cellular transport processes. 

This additional 'upstream' metabolism serves to increase 

the concentration of CO2 at Rubisco. As a result of this 

upstream C4 metabolism, Rubisco and the entire C3 cycle can 

operate more effectively at this higher cellular 

concentration of CO2 (Sage and Monson, 1999) (See Figure 

1.1)

Figure 1.1 illustrates the essential steps whereby the 

C4 concentrating mechanism feeds CO2 into the vicinity of 

Rubisco. Key to this process is the separation of 

different biochemical steps into different cell types 

within the leaf of the typical C4 plant. The initial steps 
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of the C4 cycle take place in mesophyll cells which dominate 

the tissues of C4 leaves. The final Rubisco- mediated carbon 

fixation steps take place in a specific leaf tissue made up 

of bundle sheath cells (Figure 1.1). The concentrating of 

C02 within these bundle sheath cells begins with the 

synthesis of oxaloacetate (OAA), a four-carbon acid formed 

from bicarbonate (HCO3“) and the three carbon substrate 

phosphoenolpyruvate (PEP). This initial step is catalyzed 

by the enzyme phosphoenolpyruvate carboxylase (PEPcase) in 

the cytoplasm of leaf mesophyll cells. A four carbon 

derivative of the OAA product (malic acid or aspartic acid, 

depending upon the species) diffuses into the bundle sheath 

cells from the mesophyll cells via plasmodesmata which span 

the interface of the two cell types. In the bundle sheath, 

the four carbon acid is decarboxylated to yield CO2 and 

pyruvate, the remaining three-carbon product. Pyruvate then 

diffuses back into the mesophyll cells where it may be 

converted back to PEP with the consumption of 2 ATPs per 

PEP produced (Kanai and Edwards, 1999). This consumption 

of 2 ATPs for a turn through the C4 cycle represents an 

energetic cost of carbon fixation over and above that 

required in C3 plants operating at maximum efficiency
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(Skillman, 2008). However, this cycle can concentrate CO2 in 

the bundle sheath cells near Rubisco up to 10 times over 

that found outside of the plant, increasing the 

effectiveness of the C3 cycle in C4 plants (Kanai and 

Edwards, 1999). Rubisco then uses the CO2 in the 

carboxylation of RuBP in the same series of reactions as 

found in C3 plants (Not shown. See, for example, Taiz and 

Zeiger, 2002). Interestingly, C4 plants have considerably 

less of the costly enzyme Rubisco in their leaves than C3 

plants. As a result, C4 plants often have lower leaf 

nitrogen requirements than C3 plants. In summary, C4 

photosynthesis can be more efficient than C3 photosynthesis 

on the basis of CO2 availability and leaf nitrogen 

concentration, but less efficient on the basis of energy 

required for carbon fixation.

One of the ways biologists can distinguish between C4 

derived plant matter and C3 derived plant matter is by 

analyzing the relative amounts of the two stable C 

isotopes, 12C and 13C present in the material. The basis of 

this distinction is that the primary carboxylating enzymes 

(PEPCase in C4 plants and Rubisco in C3 plants) differ in 

their relative selectivity for these two isotopes in their 
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respective inorganic carbon substrates (HCO3' in C4 plants 

and CO2 in C3 plants). As mentioned previously, during C3 

photosynthesis, Rubisco selects strongly for 12CO2 over 

13CO2. During C4 photosynthesis, PEPCase does not 

discriminate as strongly between H13CO3" and H12CO3“. 

Consequently there is much stronger bias towards 12C over 13C 

in C3 plant material than there is in C4 plant material. 

Typical modal 513C values, as determined by ratio mass 

spectrometry for C3 and C4 plant tissues are -28& and -14H, 

respectively. The more negative the carbon isotope value, 

the less 13C present in the tissue relative to 12C (Taiz and 

Zeiger, 2002) .

Ecophysiological Implications of
C4 Photosynthesis

The fundamental difference between C3 and C4 plants in 

how CO2 is captured from the atmosphere can give C4 species 

advantages in some environmental conditions. First, 

because of the greater affinity of PEPCase for inorganic 

carbon over that of Rubisco, C4 plants can sustain higher 

rates of photosynthesis at low concentrations of CO2 (Pearcy 

and Ehleringer, 1984). In the absence of other 

limitations, under any conditions where atmospheric CO2 is 
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potentially limiting for C3 photosynthesis, including the 

alpine life zone, C4 plants should have a relative advantage 

over C3 plants. It has even been suggested that pCO2 

conditions of the past led to the diversification and 

spread of C4 grasses (Ehleringer et al., 1997). Second, the 

carbon concentrating mechanism in C4 plants allows for 

continued high rates of C02 assimilation even when the 

stomata are partially closed. This allows for savings in 

water due to reduced transpiration from plant tissues.

These leaf-level effects can scale up to whole plant 

growth. Edwards and Walker (1983) reviewed data for 

several crop species and found that C3 plants use 

approximately 700 grams of water for every gram of plant 

biomass produced but C4 plants only used about 300 grams of 

water for every gram of plant biomass produced.

Consequently, in the absence of other limitations, C4 plants 

are expected to have an advantage over C3 plants in habitats 

where water is limiting. Third, photorespiration is 

minimized in C4 plants compared to C3 plants.

Photorespiration is an unavoidable inefficiency in C3 

photosynthesis which acts to lower the efficiency of C3 

photosynthesis particularly at higher temperatures
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(Skillman, 2008). This C3 vs. C4 difference is the result of 

the ability of C4 species to concentrate CO2 high enough in 

the vicinity of Rubisco to minimize its oxygenase activity 

thus holding photorespiration in check. Photorespiration 

increases with increasing temperatures, lowering the 

energetic efficiency of photosynthesis in C3 plants (Figure 

1.2). At a leaf temperature of 15°C the effect of 

photorespiration on C3 plants is modest and so the C3 plant 

has a higher quantum yield than C4 species at this same 

temperature. But at 40°C, the quantum yield of C3 

photosynthesis drops well below that of C4 photosynthesis at 

the same temperature because of increasing photorespiration 

in the C3 plant. Because C4 plants undergo very little 

photorespiration their quantum yield is unaffected over 

these temperatures (see Figure 1.2) (Ehleringer and 

Bjorkman, 1977). Thus, in the absence of other 

limitations, C4 plants should do better than C3 plants at 

high temperatures but the reverse should be true in cooler 

climates. For the purposes of this study, and in the 

absence of other differential limitations on plant growth, 

C4 plants would be expected to outperform C3 plants under 

conditions of low pCO2 found at high elevations but C3 
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plants would be expected to outperform C4 plants at low 

temperatures typical of alpine habitats.

Biogeographic Patterns of C4 Grasses

The distribution and abundance of C4 plants appears to 

reflect some of these environmental factors that favor the 

C4 photosynthesis syndrome. In particular, the relative 

abundance of C4 grasses is strongly correlated with 

growing season temperatures (Long, 1983). C4 species are 

more common at low latitudes and decrease with increasing 

latitudes. This pattern was first quantified for North 

America in a seminal study carried out by Teeri and Stowe 

(1976). Their work reveals that there is an overall 

decline of C4 grass species as latitude increases. For 

example, in southern Florida, 80% of all grass species 

present were C4 but in northern Maine only 12% of grass 

species were C4 (Teeri and Stowe, 1976). This latitudinal 

pattern has since been documented for each of the major 

land continents including a recent re-analysis for the 

North American flora by Wan and Sage (2001).

Plants that rely upon C4 photosynthesis also decline in 

diversity and importance with increasing elevation.
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Chazdon's (1978) survey of grass species in the mountains 

of Costa Rica found that most C4 grasses were restricted to 

warm lowland savannas while C3 grasses were largely 

restricted to higher and cooler elevations. This same 

elevational trend for C4 abundance has now been reported for 

numerous mountain ranges around the world (see figure 

1.3)including Kenya (Tieszen et al., 1979), Hawaii (Rundel, 

1980), Argentina (Cavagnaro, 1988) and Egypt (Sayed and 

Mohamed, 2000). Taken together these consistent 

cosmopolitan latitudinal and altitudinal trends make a 

strong case for the hypothesis that cold sensitivity of C4 

photosynthesis limits the ecological distributions of these 

plants.

Based upon these biogeographic patterns, plant 

physiological ecologists have identified what appear to be 

critical temperature thresholds for the ecological success 

of C4 grasses. Figure 1.3 shows the relative number of C3 

and C4 grass species as a function of elevation in the 

mountains of Hawaii from Rundel (1980). Rundel related the 

elevation where the dominance of C4 gives way to the 

dominance of C3 species to average temperatures at this 

point (the 'crossover point'). The 1400 m crossover point 
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in Hawaii corresponded to an average minimum growing season 

air temperature of 9°C and an average maximum growing 

season air temperature of 21°C. Rundel (1980) suggested 

that when temperatures drop below these thresholds C4 

grasses become rare or disappear altogether. Subsequently, 

Long (1983), reviewing several studies of latitudinal and 

altitudinal limits to C4 distributions, reported a common 

average minimum mid-growing season air temperature of 8°C 

to 10°C, consistent with Rundel's initial suggestion. 

Ehleringer et al. (1997), also reviewing C4 distributional 

patterns from around the world, reported a common average 

maximum mid-growing season air temperature of 20°C to 28°C, 

which is also consistent with Rundel's initial suggestion. 

Although the mechanism is not well understood, it is clear 

that for various C4 grasses in various habitats, low 

temperatures, limit their ecological distributions (but see 

Edwards and Still, 2008).

The biology underlying the virtual absence of C4 

photosynthesis in cold habitats is poorly understood. 

Several hypothesis have been put forth to account for these 

distributional patterns. First, it has been suggested that 

there is some failure in the C4 photosynthetic machinery at 
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low temperatures at one or more of the enzymatic steps in 

the C4 cycle. For example, the enzymes pyruvate 

orthophosphate dikinase (PPDK) and phosphoenolpyruvate 

carboxylase (PEPCase) have been shown to dissociate in some 

C4 species at temperatures of 8-12°C (Pittermann and Sage, 

2000) . These enzymes are involved in the regeneration of 

the C3 acid pyruvate and fixation of CO2 to form the C4 

acid, malate. If these enzymes are especially cold-labile 

it could help explain why there are relatively few C4 plants 

found at higher and colder sites. Second, Ehleringer et al. 

(1997) argue that biogeography of C3 vs. C4 (Figure 1.3) is 

explained by the quantum yield differences at different 

temperatures (Figure 1.2). This largely is due to the 

effect of temperature on photorespiration in C3 but not C4 

species (Ehleringer and Bjdrkman, 1977). Third, it has been 

suggested that the restriction of C4 plants to warmer 

climates may be connected to the reduced amount of Rubisco 

found in C4 plant tissues. Kubien and Sage (2004) conducted 

diagnostic gas exchange studies on C3 and C4 plants that 

were grown at different temperatures and then measured 

activity levels of key photosynthetic enzymes from these 

plants grown at different temperatures. Their findings 
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suggest that at cool growing temperatures, CO2 uptake in C4 

(but not C3) plants is limited by Rubisco content, as 

opposed to other limitations such as the availability of 

PEPCase or ATP or NADPH. Therefore, the low amount of 

Rubisco found in C4 plants may ultimately limit their 

distribution to warm places. But, this alone as a limit on 

C4 ecology is difficult to reconcile with the fact that most 

plants have large potentials for morphological, 

physiological and biochemical plasticity in response to 

changing environmental conditions (Sage and McKown, 2005). 

The fourth idea to explain the limited distribution of C4 

plants is that C4 plants may have limited plasticity at the 

leaf level. Sage and McKown (2005) have pointed out that 

the anatomy of C4 photosynthesis restricts the amount of 

structural adjustments that can be made in leaves while 

still maintaining photosynthetic efficiency. Disruption of 

the mesophyll-bundle sheath complex could disrupt the 

shared metabolism across the two cell types, and increase 

CO2 leakage from the bundle sheath cells. Ogle's (2003) 

literature survey shows convincingly that as the distance 

between adjacent vascular bundles (the IVD or interveinal 

distance) increases in C4 grasses, the photosynthetic 
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energetic efficiency decreases, presumably because of 

increased leakage of CO2 from the C4 cycle. The carbon gain 

efficiency in C3 grasses appears to be independent of the 

leaf IVD. This idea is intriguing because it would seem 

unite the Rubisco limitation suggested by Kubien and Sage 

(2004) and the carbon gain efficiency restrictions proposed 

by Ehleringer et al. (1997). It is too early to say how 

temperature, anatomical plasticity, and C4 biogeography are 

or are not, related. At present, none of the four proposed 

mechanistic hypotheses (cold-labile C4 enzymes, quantum 

yield differences between C3 and C4 plants, C4-specific 

Rubisco limits on photosynthesis at cold temperatures, and 

the limits of C4 anatomical plasticity) provides an 

unequivocal explanation for the distribution of C4 grasses. 

A fifth hypothesis is that C4 plants arose in warm habitats 

and have simply not had enough time to evolve tolerances to 

cold temperatures (Sage, 2003; Edwards and Still, 2008) . It 

is generally held that C4 plants arose and diversified in 

tropical and sub-tropical habitats relatively recently 

(Sage, 2004). Reviewing both molecular phylogenetic data 

and paleontological data, Sage (2004) suggested that C4 

grasses appeared as far back as the mid-Oligocene (—30
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million years ago, long after the appearance of the grass 

lineage in terrestrial plants) and that C4 dominated 

tropical grasslands only became common on the planet 

perhaps as recently as 10 million years ago. Thus, within 

the geological lifespan of higher terrestrial plants, which 

are thought to have first appeared as far back as the 

Silurian (438-408 million years ago), C4 grasses appear to 

be ’newcomers’. As such, the ultimate explanation for the 

absence of C4 in cooler climate species may be that they 

simply have not had enough time to radiate and adapt to 

cooler habitats found at higher elevation (Sage, 2004). 

Although uncommon, we know that today there are groups of C4 

species found growing in cooler places and among them is 

the curious exception in the White Mountains, the C4 grass 

M. richardsonis.

White Mountains, California

The White Mountain-Inyo range, running roughly north to 

south in eastern California, is about 177 kilometers long 

and second only to the adjacent Sierras for height in the 

continental United States (Hall, 1991). The changes in 

climate and vegetation are striking as one moves from the 
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town of Bishop on the floor of the Owens Valley at 1220 

meters up to a maximum elevation of 4345 meters at the peak 

of White Mountain (Figure 1.4). The range is more than 600 

million years old and expresses good topographic and 

geologic diversity with representations of granitic rocks, 

basalt, metavolcanic rocks, metamorphosed sandstone, shale, 

limestone, and dolomite (Hall, 1991). The climatic 

conditons along the elevational gradient from Bishop up to 

the Alpine zone are as varied as its geology.

The climate of the range is mostly cold and dry with 

temperatures varying from a mean high of 21 °C at Bishop 

near the foot of the White Mountains (1252 m) to a mean 

high of 2 °C at the Barcroft, White Mountain Research 

Station (WMRS) (3780 m). With a rise in elevation the 

length of growing season (defined here as having monthly 

temperatures averaging over 0 °C) declines along the 

elevational gradient. For example, Bishop has average 

monthly temperatures over 0 °C all year long while Barcroft 

can, on average, expect only ~4 months above freezing 

(Figure 1.5). In addition, at higher elevations in the 

summer growing season, the temperature drops faster with 

elevation gain than it does in winter along the same 
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elevational gradient, further emphasizing that growing 

season temperatures at high-elevation sites are cool 

(Figure 1.6).

Annual precipitation in the White-Inyo range averages 

102 mm per year at Bishop to 508 mm per year at higher 

elevations in the range (Figure 1.7). In Bishop, the 

precipitation mostly falls as rain and at higher elevations 

it falls up to 80% as snow (Powell and Klieforth, 1991). 

Most of the year's precipitation falls in the winter months 

but monsoonal storms moving from the south can be an 

important source of summer moisture in the White Mountains 

(Powell and Klieforth, 1991).

There is a steady drop in pressure as elevation 

increases. With the decreasing pressure less CO2 is 

available for photosynthesis (Figure 1.8). In conclusion, 

conditions for plant growth within the range varies with 

local climatic conditions found along the elevational 

gradient in the White Mountains.

Vegetation Zones in the White Mountains

Several distinct vegetation zones along the White 

Mountain climatic gradient, from the town of Bishop at 1252 
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m to the peak of White Mountain at over 4000 m, have been 

described (see Table 1.4). Vegetation on the western slope 

of the White-Inyo range include the Desert Scrub zone, 

which is found between the elevations of approximately 

1200-2000 meters and is dominated by its most common 

species shadscale, (Atriplex confertifolia) at lower 

elevations and great basin sagebrush (Artemisia tridentata) 

at higher elevations (Figure 1.9). Moving up from there in 

elevation, at approximately 2000-2900 meters, is the 

pinyon-juniper woodland which, as its name suggests, is 

characterized by the dominance of pinyon pine (Pinus 

monophylla) and Utah juniper (Juniperus osteosperma) 

(Figure 1.10). Above the pinyon-juniper woodland can be 

found the sub-alpine zone occurring at approximately 2900- 

3500 meters. Important plant species found here include 

bristlecone pine (Pinus longaeva) , limber pine (Pinus 

flexilis) f and great basin sagebrush (Artemisia 

tridentata) , as well as the focal plant of this study, mat 

muhly (Muhlenbergia richardsonis). Within the sub-alpine 

zone, most authorities distinguish the so-called sagebrush 

steppe as a distinct vegetation type. Unlike the pine 

woodlands, trees are absent and the vegetation is dominated 
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by great basin sagebrush (Figure 1.12). Finally, the alpine 

zone is represented at elevation above approximately 3,500 

meters, topping out at White Mountain peak (4,345 m) , one 

of the tallest peaks in the Continental U.S. At these 

extreme elevations, trees are absent and shrubs are reduced 

in stature (Figure 1.13). Characteristic species found in 

the alpine zone of the White Mountains include raspberry 

buckwheat (Eriogonum gracilipes) , fell-field buckwheat 

(Eriogonum ovalatum) , June grass (Koeleria macrantha) , 

dwarf sagebrush (Artemisia arbuscula) and again, mat muhly 

(M. richardsonis), the subject of this study.

Montane Muhlenbergia richardsonis
and Climate Change

In light of the previous discussions of alpine plant 

ecology, C4 ecophysiology, vegetation and climatic zones 

found in the White Mountains, I would like to focus now on 

the historical and current elevation range distribution of 

M. richardsonis in the mountains of eastern California. Now 

growing as high as 3965 meters in elevation, this may be 

the highest record for this species, and possibly a high 

altitude record for any C4 plant in North America (personal 

observations and Sage and Sage, 2002). These recent 
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accounts are much higher than reported by published floras 

that describe the vegetation found within the current study 

area (see Table 1.5). The flora along the White Mountain' 

elevational transect has been relatively well characterized 

because of the access and support provided to field 

biologists by the WMRS facilities since the early 1950's 

(Hall, 1991). Vegetation surveys by Mooney and others from 

the 1960's (see, for example., Mooney, 1973) indicate that M. 

richardsonis was not then present at Barcroft station 

(elevation 3780 m), consistent with range data in table 

1.5. It is possible, but seems unlikely, that M. 

richardsonis was present at these elevations but was missed 

in these earlier surveys. An alternative and compelling 

possibility that might explain the current high-elevation 

distribution of M. richardsonis is that it has recently 

migrated up in response to climate change.

Although many environmental variables are sensitive to 

anthropogenic climate change, pCO2 and air temperatures are 

key among these. These two variables are particularly 

notable for their contrasting effects on C3 and C4 

physiology (Ehleringer et al., 1997). As discussed before, 

C4 plants are generally more efficient at low CO2 levels but 
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are more limited by cool temperatures when compared to C3 

plants. Consequently, the relative rates of change in pCO2 

and temperature associated with climate change in alpine 

zones could change the relative abundances of these 

photosynthetic types. For example, rapid increases in the 

partial pressure of atmospheric C02 in cold sites could 

favor C3 productivity and expansion. Conversely, more rapid 

increases in growing season temperatures at high elevations 

with low C02 concentrations could favor C4 productivity and 

expansion.

Fortunately, there is a wealth of relevant historical 

herbarium data and climate data for high altitude sites in 

North America from which to consider these possibilities. 

Figure 1.14 shows the average annual atmospheric C02 from 

1958 to 2006 at an elevation of 4169m from Mauna Loa HI. 

This is the longest running atmospheric CO2 record at high 

elevation in the Northern Hemisphere. Because the 

troposphere is well mixed, both Northern Hemisphere sites 

(Mauna Loa and Barcroft) are at similar elevations, and 

both sites are relatively isolated from strong industrial 

and geological CO2 sources, the Mauna Loa CO2 data are 
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believed to be representative of atmospheric CO2 

concentrations in the alpine zone of the White Mountains.

The temperature data from Barcroft date back to 1956, 

providing a similar historical window to that of the CO2 

dataset. Figure 1.15 shows growing season temperatures 

(averages of daily temperature readings for June, July and 

August for each year) from 1956 to 2006 at an elevation of 

3780 m from the Barcroft station in the White Mountains of 

California. As expected from our current understanding of 

contemporary climate change, these data indicate a steady 

rise in both environmental variables over the last half- 

century (Fig. 1.14 and 1.15).

In order to compare long-term trends in both 

variables, average decadal values were calculated for the 

Mauna Loa CO2 and the Barcroft temperature datasets. For 

both datasets, these decadal values were normalized 

relative to initial observations made in the late 1950's. 

This allows a quantification of the trends in both 

variables along the same relativized scale. The average 

annual CO2 concentration at Mauna Loa relative to initial 

observations in the late 1950s and growing season 

temperatures at Barcroft relative to initial observations 
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in the late 1950's are plotted together in Figure 1.16.

This graph indicates that the average atmospheric CO2 

concentration at high elevations in the Northern Hemisphere 

in the first decade of the 21st Century was about 20% 

higher than it had been in the mid-20th Century and average 

summer temperatures at high elevations in California's 

White Mountains were about 33% higher in the first decade 

of the 21st Century than they had been in the mid-20th 

Century. For both datasets, an exponential model gave the 

best fit to the relativized CO2 and temperature data. The 

observation that the exponential rate of increase for 

temperature exceeds that of CO2 is consistent with 

expectations from energy budget models, which predict that 

increasing CO2 will have a particularly strong warming 

effect at high elevations where the atmosphere is dry and 

'thin' (Houghton, 2004). This rapid warming trend in the 

mountains, where atmospheric pCC>2 continues to be 

potentially limiting for C3 photosynthesis, suggests the 

possibility of rapid expansion of C4 plants into higher 

elevation sites.

Historical herbarium data were compiled in an effort 

to examine the validity of this prediction. Figures 1.17,
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1.18 and 1.19 show historical trends over the last ~60 

years for 3 different C3 grass species (Koeleria macrantha, 

Achnatherum pinetorum and Elymus elymoides). Figure 1.20 

provides a similar analysis for M. richardsonis. These 

data come from our own voucher specimens from the Victor 

Valley Community College herbarium (Victorville, 

California) along with data accessed in 2006 from the 

Consortium of California Herbaria website

(http://ucjeps.berkeley.edu/consortium/) which provides 

networked access to herbarium records from several herbaria 

located in California. Historical herbarium data were taken 

for six selected mountain counties from Eastern California 

(Alpine, Fresno, Inyo, Madera, Mono and Tuolumne), 

capturing a broad range of elevations within a narrow 

latitudinal belt, spanning portions of the western and 

eastern slopes of the Sierra Nevada and the west slope of 

the White-Inyo Mountain range. The herbarium data were 

lumped into 20-year increments to have as large a sample 

size as possible while still allowing an analysis of time 

dependent changes in distribution patterns. Data for the 

herbarium survey were only collected back to the 1940s 

because of the lack of reliable records available prior to
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this date. Although outside the time scope of this analysis 

it is important to note that there were 2 observations of 

M. richardsonis at high elevation in the past. Both of 

these herbarium specimens were collected at a single t

location in Tuolumne Co. in 1937 in the Sierra Nevada by C. 

W. Sharsmith. These observations appear to be anomalies 

and are difficult to explain given the paucity of data from 

this earlier time period. This historical analysis of 

herbarium records suggests that among these C3 species there 

is no discernable time-dependant trend in elevational 

distributions over this 60 year interval (Figure 1.17, 1.18 

and 1.19). Interestingly, the historical data for M. 

richardsonis suggest that this species has been moving up 

in elevation in the last 10-20 years, losing territory at 

lower elevations and gaining ground at higher elevations.

This apparent movement to higher elevation in the C4 

species and the apparent absence of movement in the three C3 

species is qualitatively consistent with predictions based 

on knowledge of C4 ecophysiology (Figure 1.2 and 1.3) and 

the observation that high-elevation temperatures are 

increasing faster than high-elevation pCO2 (figure 1.16). 

There have been numerous observations of C3 plants moving to 
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higher elevations in recent decades, apparently due to 

anthropogenic climate change (Walther et al., 2005; 

Parmesean, 2006). The apparent upward migration on M. 

richardsonis is novel in this regard because, to my 

knowledge, no one has documented climate change induced 

movement of a C4 plant to higher elevations.

Focus of Study

With this background it should be clear that there is 

a great deal to be learned from having a better 

understanding of the ecology of this unusual high-elevation 

C4 grass. I would like to orient the reader to what my work 

can contribute to this effort by outlining the central 

questions my thesis study has addressed.

(a) It is believed that low temperatures prevent the spread 

of C4 grasses to cold alpine habitats. However, if these 

cold limitations are relaxed with warming climates we might 

expect C4 plants to be pre-adapted to tolerating the low 

pCO2 by virtue of their carbon concentrating C4 cycle. I 

sought evidence in support of this proposal by doing a 

comparative study of leaf characteristics in M.
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