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ABSTRACT 

Yellow bluestem (.Bothriochloa ischaemum (L.) Keng.) cultivars are 

used in conservation plantings in New Mexico, Texas and Oklahoma. The 

recommended cultivar in southern Arizona is Ganada. However, a population 

from Saudi Arabia, P.I. 237110, may be better adapted to the Sonoran Desert 

environment. This study was conducted to determine why P.I. 237110 may 

be better adapted to this environment than Ganada. Morphological and 

physiological characteristics of P.I. 237110 and Ganada were compared in 

five experiments. Evaluations revealed significant differences in combined 

stomate densities on both leaf surfaces, leaf surface area, and water use 

efficiency but not in apparent photosynthesis or dark respiration. Combined 

average stomate density was significantly lower for P.I. 237110 than Ganada 

(107 vs. 136 stomates mm*2). P.I. 237110 had a significantly higher leaf 

surface area (40.5 cm2) than Ganada (25.3 cm2). Apparent photosynthetic 

rates were not significantly different between the populations (Ganada: 

12 jimol m-2 s_1 and P.I. 237110: 10 jimol m-2 s_1). Dark respiration rates for 

Ganada were not significantly different (1.4 jimol nr2 s_1) from those of 

P.I. 237110 (1.9 (imol m-2 s-1). P.I. 237110 required 88.9 g of water per 1 g 

of diy matter than Ganada which required 52.3 g of water. 
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INTRODUCTION 

Yellow bluestem {Bothriochloa ischaemum [L.] Keng.), sometimes 

classified within the "Old World Bluestems" (OWB), is an apomictic, C4, 

warm-season, perennial bunchgrass that has been introduced into North 

America (Dalrymple 1990). The culms are noticeably pale yellow, with dark 

nodes, leaves are mostly basal, slightly scabrous above with scattered long 

hairs more prominent near the base of the blade, and foliage color is generally 

light green. The typical inflorescence consists of several unbranched racemes 

arranged subdigitally on an axis distinctly shorter than the longest raceme. 

Individual plants tend to form large, saucer-shaped clumps with the stems 

curving up from the periphery (Gould 1975). 

The Old World Bluestems have been commercially available in the 

U.S.A. since the 1930's when Caucasian bluestem {Bothriochloa caucasica 

[Trin.] C.E. Hub,) came into use. These species (Caucasian and Yellow 

bluestem) were originally introduced into Texas and southwestern Oklahoma 

from Eurasia and North Africa, primarily for use as pasture grasses (Dewald 

et al. 1988). Since the introduction of yellow bluestem, several varieties have 

been extensively tested, developed and made commercially available for 

pasture and conservation uses. 

U.S.D.A. Soil Conservation Service (SCS) personnel at the Tucson 

Plant Materials Center (TPMC) began evaluating yellow bluestem in the mid-

1970's for its potential use in reseeding degraded rangelands, retired 

farmlands, critical areas, and as a warm-season, irrigated pasture species 

(Pater 1992). In light of the growing concern for the use of native species for 



12 

reseeding rangeland, the focus for yellow bluestem shifted primarily towards 

its use as a low water use, irrigated pasture grass, as well as for reseeding 

retired farmland, highway construction sites, critical areas and mine spoils. 

Currently, one of the best adapted, commercially available cultivars of yellow 

bluestem for use in Arizona is 'Ganada'. This cultivar was originally collected 

in Turkestan in 1934, and released for commercial production from the Los 

Lunas Plant Materials Center, New Mexico in 1979 (Anonymous 1979). 

An evaluation of 13 Old World yellow bluestem accessions was 

initiated at the TPMC in September of 1983. Evaluation criteria included 

vigor, size, yield, and tolerance to drought and cold in mature, single plants. 

One accession, P.I. 237110, quickly proved to be the superior performer in 

vigor, biomass production, spring green-up, and tolerance to drought-like 

conditions. 

P.I. 237110 was originally collected from the A1 Khars region in Saudi 

Arabia in the spring of 1952. It was first selected as the superior performer in 

the 1975 Critical Area and Range Improvement Grass Initial Evaluation 

Planting at the TPMC in 1979. P.I. 237110 was also evaluated in 

revegetation trials on abandoned cropland southwest of Tucson from 1987-

1989. In comparison with a variety of native and introduced grass species, 

P.I. 237110 was one of the few perennial bunchgrass species to become 

effectively established (Munda and Pater. 1989). 

The superior performance of P.I. 237110 over the commercially 

available Ganada, suggested that P.I. 237110 was better adapted to the 

southwestern desert climate. The objective of this experiment was to 

determine what physiological or morphological differences might explain the 
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large differences in performance between Ganada and P.I. 237110. The 

objectives of this study were achieved by comparing the variation in stomate 

densities on both surfaces of leaf blades as well as the leaf sheath, and 

evaluating specific leaf weights, apparent photosynthetic rate, dark respiration 

rate, and water use efficiency (WUE) of Ganada and P.I. 237110. 
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LITERATURE REVIEW 

Leaf Anatomy 

Gould and Shaw (1983) describe the leaf of a grass plant as consisting 

of a basal sheath, which tightly enfolds the culm, and a flattened blade or 

lamina. A membranous or hairy ligule is commonly present on the adaxial 

surface at the apex of the sheath. Projections of tissue called auricles may be 

developed laterally at the apex of the sheath or at the base of the blade. Both 

the sheath and the blade conduct the normal leaf functions of photosynthesis 

and respiration. They also play an important role in supporting and protecting 

the developing shoot. 

Gould and Shaw (1983) also state that the sheath typically has the 

general shape of a hollow cylinder that is split down one side. The margins 

of the sheath commonly overlap, both at the point of attachment and for all or 

most of the length of the sheath. In Glyceria, Bromus, Festuca, and other 

genera, the margins of the sheath are completely or incompletely united 

(connate) from the base upward (Gould and Shaw 1983). The nerves of the 

sheath are usually numerous and relatively uniform in development. 

However, frequently, there is a distinct midrib. Such grasses as Andropogon 

virginicus L., Muhlenbergia emersleyi Vasey., Poa compressa L., and many 

species of Chloris that have flattened culms, also have sharply keeled and 

laterally compressed leaf sheaths. 

Gould and Shaw (1983) define the ligule as usually a thin, white or 

brownish membrane, but in some grasses, especially those of the 
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Chloridoideae, it consists of a fringe of hairs or is absent. The Mexican grass 

Muhlenbergia macroura Hitchc. (Epicampes macroura Benth.) has a broad, 

firm ligule 2 to 4 cm long. Sorghastrum nutans (L.) Nash, has a stiff, 

brownish ligule that is usually divided into a rounded central lobe and two 

stiff, pointed lateral projections. The latter have been referred to as sheath 

auricles (Hitchcock 1951). In Leptoloma cognatum (Schult.) Chase there is a 

gradual transition from sheath to ligule on either side of the blade attachment. 

The green lateral nerves of the sheath extend upward into the marginal 

portions of the ligule. A particular type of ligule is usually consistent for all 

species of a genus. However in Panicum there are both membranous and 

hairy ligules, and in some species the ligule is absent. 

The leaf blade, is typically linear or lanceolate, with parallel nerves and 

entire, smooth or scabrous margins. Blade size and shape vary within wide 

limits (Gould and Shaw 1983). The blades of Monanthochloe litioralis 

Engelm. are infrequently over 1 cm long. At the other extreme, the blades of 

the bamboo Neurolepis nobilis Mun. reach 4.5 m in length and 30 cm in 

width (Arber 1934). Grasses of the humid tropics tend to have large, often 

ovate or oblong blades. In contrast, grasses of semiarid regions commonly 

have narrow, linear blades that are often involute to better withstand drought. 

Aciculate blades are extremely narrow and permanently involute to the extent 

that the internal structure is altered. Variation in nervation of the leaf blade is 

somewhat greater than in the sheath. Broad, flat blades, such as in 

Sorghastrum halepense (L.) Pers. and Zea mays L., have a large, strongly 

developed midnerve. Narrow blades that become involute usually have 

uniformly developed nerves and lack a prominent midnerve. 
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Leaf development and final morphology depend on genotype, 

ontogenetic position, and on growth environment. All features of leaf 

structure and physiology, including size, shape, cell size, trichome density, 

stomatal distribution, and photosynthetic capacities are sensitive to the 

growth environment and contribute to a plant's adaptability. Although a given 

set of characters may be adaptive in the natural situation, they may be of little 

or no advantage when introduced into new environments (Baker et al. 1985). 

Generally, grass leaves contain three types of tissue elements: 

epidermis, mesophyll, and vascular tissues (Fahn 1967). Booth (1964) states 

that in seed plants, the epidermis reaches its highest degree of specialization 

in the Gramineae with the possible exception of the Cyperaceae. The 

epidermis provides a wide variety of characters that are readily visible and 

certain features that may be used as an indication of comparative 

chromosomal numbers. Booth (1964) also noted that leaves located at 

different levels on a plant may exhibit variation, and that plants grown in 

different habitats may also vary. 

The epidermis is usually one cell layer thick (Esau 1976). and the 

epidermis of most grasses is made up of cells of two distinct sizes (Booth 

1964). The cells with long, vertical axes (long axis parallel to the length of 

the leaf) are termed "long cells", and those that are noticeably shorter in 

length are termed "short cells" (Booth 1964). The long cells form the most 

distinct pattern of the leaf epidermis. The cells located within the longitudinal 

line between the stomata are often somewhat different from the other long 

cells and are referred to as interstomatal cells in order to separate them from 

cells not associated with the stomata (Booth 1964). Short cells occur in rows 
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parallel to the long axis of the leaf blade either singly or in pairs, depending 

on the species. They may be only in the costal zone (epidermal tissue located 

over leaf veins), only in the intercostal zone (epidermal tissue located 

between leaf veins) or present in both zones. In some species they may be 

entirely absent. They are easily identified by their shorter length when 

compared with other cells of the epidermis (Booth 1964). All unicellular and 

multicellular appendages of the epidermis are designated by the term 

"trichome" (Fahn 1967). The epidermal appendages of the grasses are 

diverse in form and structure. They are represented mainly by macro-hairs, 

micro-hairs, prickles, and papillae (Booth 1964). 

Stomata in grass leaves are confined to the intercostal regions where 

they may form one or more well-defined longitudinal rows. The number of 

rows of stomata in the intercostal zone will vary across species. Variation 

may also be found among the leaves on a single plant or even within a single 

leaf (Booth 1964). Esau (1976) defined stomata as apertures in the 

epidermis, each curbed by two guard cells. By changing their shape, guard 

cells control the size of the stomatal opening. The guard cells are generally 

kidney shaped in surface view. Esau (1976) also stated that an outstanding 

characteristic of stomata is the unevenly thickened walls of the guard cells 

that appears to be related to the changes in shape and volume which occur in 

the guard cells due to fluctuations in turgor pressure. 

The ground tissue of the leaf that is enclosed within the epidermis is 

called the "mesophyll" (from the Greek words mesos, in the middle, and 

phyllon, leaf). The mesophyll is usually specialized as a photosynthetic tissue 

and consists of living lacunose parenchyma containing chloroplasts (Esau 
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1976). It occupies the space not occupied by schlerenchyma and vascular 

bundles, and is readily identified by its translucency, or by a green color, in 

which case it is designated as chlorenchyma. The cells are of a variety of 

shapes, but do not follow the common pattern of being divided into palisade 

and spongy parenchyma seen in dicotyledonous plants. The shape of the 

chlorenchyma cells is highly variable among different grass species. Some 

species are noted for their uniformity of cell shape, while other species 

exhibit cell shapes that are highly irregular in outline and frequency (Booth 

1964). 

The vascular tissues of grass leaves are arranged in vascular bundles, 

mostly in a single row in the mesophyll. Vascular bundles are usually 

associated with mechanical tissues (xylem and phloem) and produce the 

characteristic venation of grasses that is usually apparent from visual 

examination as well as from sectioned leaves. The term vein is applied to a 

vascular bundle or a group of closely associated bundles that usually produce 

an easily visible configuration (Booth 1964). 

Fahn (1967) described two types of bundle sheaths that are 

distinguished in grasses. In the subfamily Panicoideae (with the exception of 

certain species of Panicum) the sheath consists of a single layer of thin-

walled cells that contain chloroplasts. In the subfamily Pooideae, the sheath 

consists of two layers of cells. The inner layer, which apparently develops 

from the procambium, consists of living, thick-walled, chloroplast-free cells 

that are elongated parallel to the veins, while the cells of the outer layer are 

thin-walled and mostly contain chloroplasts. On the small veins the inner 

layer may be present only on the side of the phloem. 
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Esau (1976) described the bulliform cells as large, thin-walled, highly 

vacuolated cells that occur in almost all monocotyledonous orders. Bulliform 

cells either cover the entire upper surface of the leaf blade or are restricted to 

grooves between the veins. Bulliform cells may occur on both sides of the 

leaf and are not restricted to the epidermis but are sometimes accompanied by 

similar cells in the subjacent mesophyll. Bulliform cells contain much water 

and are completely or nearly devoid of chloroplasts. Their cell wall consists 

of cellulose and pectic substances, and the outermost wallcontains cutin and 

is covered by cuticle (Fahn 1967). 

The principal function attributed to the bulliform cells is the rolling or 

folding of the leaf. The term "motor cells" is sometimes also used for these 

cells (Esau 1976). The position of the bulliform cells, associated with their 

usually thin walls and large water-filled vacuoles seems to indicate the 

possibility of change in turgor playing an important role in the folding or 

rolling of the leaves. It has been found that in some grasses the bulliform 

cells are rigid as a result of silicon accumulation and hence are unable to 

change shape (Booth 1964). Shields (1951) stated that involution of the 

leaves, which is especially common in grasses, is a characteristic brought 

about by the action of the bulliform cells and/or other epidermal and 

mesophyll elements which may be parenchymatous or sclerenchymatous. 

Booth (1964) further explained that bulliform cells have proven to be useful 

for taxonomic purposes, the following being some of the characters most 

commonly used: (1) Cell uniformity: bulliform cells regular vs. irregular 

(irregular mixing of small and large cells); (2) Number of cells: the cells are 

counted in transverse sections of leaves; (3) Size of cells: size is determined 
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as a ratio of bulliform cell length and width to regular epidermal cell 

dimensions. Because of the variation in size of the bulliform cells, it is often 

necessary to select the largest cells; (4) Position of strands: position is given 

in reference to vascular bundles or furrows; (5) Pattern outline: this is the 

form or outline of the bulliform strand as it appears in the leaf cross-section; 

and (6) Cell shapes, thickness of cell walls, and extension of the bulliform 

cells into the mesophyll. 

Cutter (1971) stated that all grasses belonging to the Chloridoid-

Eragrostoid and Panicoid divisions of the Gramineae have low CO2 

compensation values. These grasses all have certain anatomical features in 

common, namely specialized bundle sheath cells in the leaves. Some of these 

grasses, which have the C^dicarboxylic acid (Hatch-Slack) photosynthetic 

pathway, are capable of lowering the concentration of CO2 in a closed system 

to less than 5 ppm, and are therefore said to show low CO2 compensation 

values (Downton and Tregunna 1968). Most plants have higher 

compensation values, being capable of lowering the concentration to only 

about 50 ppm, and they produce CO2 in the light by a process known as 

photorespiration (Cutter 1971). 

Stomate Density 

In higher plants, stomates are the regulators of gas exchange, 

principally carbon dioxide (CO2), and water vapor. The stomatal pore is 

formed between two guard cells which are specialized cells of the epidermis. 

The two basic forms of guard cells are the elliptical (kidney-shaped) type and 
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the graminaceous (dumbbell-shaped) type . The guard cells alter in turgor 

and volume during stomatal movements. This alteration in shape is a result of 

differential wall thickening and elasticity. Stomatal aperature is influenced by 

changes in guard cell solute levels that are regulated by the metabolism of 

organic compounds within the guard cells resulting in the import and export 

of osmotically active (mainly inorganic) substances from neighboring cells 

(Weyers and Meidner 1990). 

Carbon dioxide enters the plant primarily through the stomates. As the 

stomates open to receive CO2, water vapor is released at the same time. 

When a plant is growing under favorable conditions with an adequate supply 

of water, the exchange of water vapor for CO2 is not detrimental to the plant. 

The loss of water through the stomates creates the pressure gradient that 

allows more water and dissolved solutes to be drawn up from the roots 

through the plant (Raven et al. 1981). However when water is not readily 

available in the soil, water vapor lost through transpiration cannot be as easily 

replaced and water deficits within the plant can quickly develop (Sundberg 

1985). This problem may be particularly severe in arid environments and 

xerophytic plants have consequently evolved a variety of physiological and 

morphological features to minimize water loss. The cells of many desert 

plants are simply able to withstand reduced water content without injury 

(Levitt 1980). Other desert plants have long taproots that allow them to reach 

available moisture located deep within the soil while others have extensively-

branched shallow root systems which are efficient at making use of whatever 

minimal precipitation may occur. A large number of xerophytic plants lose 

their leaves, or even whole shoots as conditions become drier (Levitt 1980). 
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Over many years it has been recognized that certain modifications of 

stomates are characteristic of plants adapted to arid environments. The 

stomates of many xerophytes occur at the surface of the leaf or stem or they 

may be sunken beneath the epidermal surface. Likewise, the density and size 

of stomates have been implied as being xeromorphic adaptations. However, 

the literature dealing with this issue is full of contradictions (Sundberg 1985). 

Sundberg (1985) explained that Haberlandt (1884) claimed that stomatal 

densities are relatively low in desert plants. With fewer stomates per unit 

surface area there would be potentially less transpiration. In the same year, 

Volkens (1884) stated that there is no correlation between the density of 

stomates and the xeric environment. In later studies Volkens (1887) and 

Maximov (1929) claimed that desert plants may actually have higher stomatal 

densities which would allow for increased rates of transpiration that in turn 

would produce evaporative cooling of leaf surfaces. Both sides of the issue 

have continued to be discussed in recent plant physiology textbooks. Hall 

(1976), Bidwell (1979), and Ting (1982) expressed that stomatal density is 

decreased in plants adapted to arid environments while Devlin and Witliam 

(1983) and Noggle and Fritz (1983) argued that densities are increased in 

xerophytic plants. 

Quarrie and Jones (1977) stated that stomatal density tends to increase 

with irradiance during growth. A similar increase is often, but not always, 

apparent with water stress. The variable response arises because of two 

conflicting effects: a general decrease in cell size with water stress and a 

decreased stomatal index (stomata as a proportion of total epidermal cells). 

Although water stress does not often affect the ratio of adaxial to abaxial 



23 

stomatal density (Grace and Russell 1977; Quarrie and Jones 1977), there are 

several reports of this ratio increasing with irradiance during growth (Gay and 

Hurd 1975; Ticha 1982). 

Willmer (1983) stated that in addition to large differences in stomatal 

density, size and distribution over the leaf surfaces, there are major genetic 

differences in both stomatal density and size between species by at least an 

order of magnitude. Some species are hypostomatous with stomata only on 

the lower (abaxial) leaf surface. Others are amphistomatous (similar numbers 

on each leaf surface), and others are intermediate between these extremes 

(Baker et al. 1985). 

Strobel and Sundberg (1984) suggested that xerophytic plants evolved 

different stomatal strategies to deal with water stress. They associated high 

stomatal densities with non-succulent xerophytes and stated that average 

stomatal densities for non-succulent plants were 165 mm'2. According to 

Sundberg (1985), in contrast to succulents, the stomatal densities of non-

succulent xerophytes fall mostly within the typical range of more mesophytic 

plants and actually include some of the highest stomatal densities recorded. 

He also stated that many non-succulent xerophytes have high rates of 

transpiration that often increase with increasing levels of evaporative demand. 

The apparent evolutionary advantage here is the ability to reduce tissue 

temperature by evaporative cooling and avoid a buildup of heat in the tissues. 

Levitt (1980) has shown that evaporative cooling due to high rates of 

transpiration can actually reduce internal tissue temperatures to below that of 

the surrounding air. 
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Sundberg (1985) also explained that studies by Ting and Szarek (1975) 

showed that maximum gas exchange occurs in leaves with many small 

stomates as opposed to a few, relatively large stomates. Although an 

individual small stomate will be less efficient at allowing gas exchange per 

unit pore area than an individual large stomate, more small stomates may be 

packed into a unit leaf area which allows for higher total transpiration and 

hence a greater evaporative cooling capacity. 

Studies by Dobrenz et al. (1969)1 on alkali sacaton {Sporobolus 

airoides Torr.) demonstrated that plants with higher stomate densities 

exhibited a lower resistance to gas and water vapor movement into and out of 

the leaf. For example, ecotype AC-13 had an abaxial stomate density of 

approximately 136 stomates mm-2 and a difiusive resistance of 3.26 s cm-1, 

while ecotype C0-40, with an abaxial stomate density of approximately 157 

stomates mm-2 had a diffusive resistance of 5.37 s cm-1. 

Another study by Dobrenz et al. (1969), was undertaken to determine 

the stomate density of a wide range of blue panic grass (Panicum antidotale 

Retz.) genotypes, and the association between stomate density, drought 

tolerance and water use efficiency. In this comparative evaluation of six blue 

panic grass clones, those that were drought tolerant as seedlings had a lower 

stomate density than the drought susceptible clones and no relationship was 

found between stomate density and water use efficiency. This study also 

showed that stomate density varied with leaf position and age. The younger 

leaves at the top of the flowering culm had a significantly lower stomate 

'A.K. Dobrenz, Jeny Cox, Brucc Munda, and Dave Robinson. 1990. Stomatc density and physiological 
measurements of leaves of Alkali sacaton (unpublished). 
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density than leaves from the middle or the base of the culm. Data averaged 

over the six clones also showed the abaxial surface of the leaves to have a 

significantly higher stomate density than the adaxial leaf surface. 

Photosynthesis and Dark Respiration 

Ultimately the most important physiological factor affecting plant 
* 

productivity is the photosynthetic process. Calvin and Bassham (1962) 

described a pathway for CO2 fixation in which CO2 was incorporated into a 

6-carbon compound and rapidly converted to a 3-carbon compound, 3-

phosphoglyceric acid (3PGA). This pathway, also known as the C3 pathway 

(or Calvin cycle), was considered to be the major photosynthetic mechanism 

for carbon (C) fixation. However, Hatch and Slack (1966) later characterized 

a form of CO2 fixation in which CO2 was first incorporated in 4-carbon 

compounds (aspartic, malic, or oxalocetic acid) prior to transfer to sugars by 

way of 3-phosphoglycerate. The proposed mechanism involved the operation 

of two interrelated metabolic cycles. Downton (1970) described carbon 

fixation into C^dicarboxylic acids in mesophyll cells and the subsequent 

incorporation into the Calvin cycle located in the bundle sheath cells. These 

plants possessing the 4-carbon pathway (C4 plants) were generally found to 

be of tropical origin and more efficient in fixing CO2. They were also found 

to produce three times more dry matter than C3 plants, especially in relatively 

sunny, warm, dry climates (Black 1971). 

Black (1971) explained that a variety of characteristics differentiate 

plants that have the C4 photosynthetic pathway from those with the C3 
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photosynthetic pathway. In C4 plants compared to C3 plants: net 

photosynthetic rate is two to three times greater; CO2 compensation points 

are lower; bundle sheath cells contain chloroplasts and starch; discrimination 

against 13C compounds is lower; and CO2 fixation initially yields 4-C acids 

as opposed to 3-C acids. 

Waller and Lewis (1979) described how leaf anatomy also provides an 

easily distinguished difference between C3 and C4 plants. Plants with the C3 

photosynthetic pathway do not have well defined parenchymatic bundle 

sheaths and starch grains are found mainly within the mesophyll (Bisalputra et 

al. 1969) while C4 plants generally have well developed parenchymatic 

bundle sheaths containing high concentrations of chloroplasts and starch. 

Bundle sheath cells utilize the C3 photosynthetic process, however, they are 

surrounded by mesophyll cells containing chloroplasts utilizing the C4 

photosynthetic process which fix and then supply C for the C3 pathway. 

Stern (1991) stated that the C4 pathway provides C02 to the Calvin cycle 

more efficiently than the C3 pathway thereby reducing of photorespiration. 

The presence of two active photosynthetic carboxylases and their associated 

enzymes in the same leaf of a C4 plant appears to result in a higher attraction 

for more rapid uptake of CO2. The close proximity of starch formation to the 

vascular bundles should also make photosynthate translocation more efficient 

(Waller and Lewis 1979). 

Black (1971) explained that C4 plants exhibit continued increases in 

CO2 uptake as light intensity increases to nearly full sunlight (approximately 

1.5 to 1.8 langleys), while C3 plants are saturated at 0.2 to 0.4 langleys. 

Maximum C02 assimilation on a leaf area basis at normal atmospheric 



27 

concentrations of CO2 ranges from 50 to 80 mg CO2 dnr2 hr1 for C4 plants, 

but only 15 to 35 mg C02 dm-2 hr1 for C3 plants. Optimum temperatures for 

CO2 uptake by C4 plants were reported to be between 30 and 40 °C with 

uptake decreasing rapidly below 15 to 20 °C. In comparison with C3 plants, 

the optimum temperatures ranged from 10 to 25 °C with usually a sharp 

decrease in C02 uptake at temperatures above 25 °C. 

Bjorkman (1976) summarized that the function of the C4 

photosynthetic pathway is to concentrate C02 in the bundle sheath cells, 

permitting the Calvin cycle to operate at more favorable concentrations of this 

rate-limiting substrate. This provides a more efficient mechanism for C02 

fixation at low CO2 concentrations in the intercellular spaces than does the C3 

photosynthetic pathway. Therefore, the advantage of the C4 photosynthetic 

pathway is maximized when photosynthesis is operating at high light 

intensities and temperatures, and especially when stomatal conductance to 

gas exchange is low. The C4 pathway is an important adaptive mechanism in 

hot and diy environments, but it does not necessarily provide a significant 

adaptive advantage in cool, moist environments (Bjorkman et al. 1974). 

Gifford (1974) compared the carbon dioxide exchange rates (CER) 

between C3 and C4 plants and reported that values for maximum CER in C4 

grasses ranged from 53 to 64 jjmol nr2 s-1. Similarly, Evans and Wardlaw 

(1976) reported rates for C4 cereals of 55 to 64 jimol m-2 s_I. Apparently the 

highest rate reported for any plant was 67 jimol m-2 s_1 in big galleta [Hilaria 

rigida (Thurb.) Benth.] which is a perennial C4 species native to the deserts 

of the southwestern U.S.(Nobel 1980). 
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Water Use Efficiency 

Two essential but opposing requirements are needed for plant growth. 

First the plant requires rapid gas exchange with the atmosphere for the 

assimilation of CO2 and the production of dry matter. However, maintenance 

of a high level of humidity within the leaf requires minimal gas exchange with 

the atmosphere. By the same token, the requirement for maximum absorption 

of solar radiation to operate the assimilation process conflicts with the 

requirement not to increase the energy available for latent heat exchange — 

the heat source for plant water loss to the atmosphere (Stanhill 1986). 

The quantity of water a plant requires for the production of a unit 

weight of dry matter (exclusive of the roots) was termed its "water 

requirement" by Briggs and Shantz (1914). The ratio between transpired 

water and the dry weight produced varies between different species when 

grown under the same conditions and may vary within the same species under 

different environments (McGinnies and Arnold 1939). Water use efficiency 

(WUE) is defined as the amount of water required by a plant to produce one 

unit of dry matter. Stanhill (1986) stated that although it is the plant's 

biological processes that determine the ratio of transpiration to dry matter 

production, these are strongly and differentially affected by the physical 

environment, in particular, by the vapor pressure deficit of the atmosphere 

during daylight hours. This relationship is such that the transpiration ratio 

increases markedly with atmospheric demand, making plant water loss less 

productive in those situations when transpiration is highest. 
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Water Use in Rangeland Plants 

Water that is available for plant growth is one of the most limiting 

factors on rangelands throughout the world. Plants that are efficient in terms 

of water use may have a competitive advantage over less efficient plants 

especially during periods of moisture stress. In general, C4 plants require 

about half as much water as do C3 plants to produce one unit of dry matter 

(Black 1971). The water use efficiency values of 28 species of Arizona range 

plants and five crop plants were determined under varying climatic conditions 

from 1931 through 1936 at the Desert Grassland Station on the Santa Rita 

Experimental Range (approximately 48 km south of Tucson.). Such a 

comprehensive evaluation of water use in Arizona range plants of this scale 

has not been conducted since that time. The native species included six 

groups of plants; (1) perennial grasses of the desert grassland, (2) perennial 

grasses of the plains grassland, (3) southern tall grasses, (4) winter annuals, 

(5) summer annuals, and (6) xerophytic trees and shrubs. 

In this study it was determined that as a group perennial grasses were 

fairly uniform in WUE throughout the year. There was less difference 

between species of different geographical groups than there was of species 

within the same geographical groups. Summer annuals had lower total WUE 

values than the winter annuals. However, winter annuals were at least as 

efficient in the use of water as the perennial grasses. As a group the summer 

annuals had lower WUE values than the perennial grasses. 

The perennial grasses showed wide variation in WUE values under 

different climatic conditions. There was also wide diversity within each 
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species as well as considerable variation between species (Table 1). In the 

fall-winter-spring period the most water use efficient grasses were 

tanglehead, smooth three-awn, and hairy grama. The least efficient were 

feather grass, and side-oats grama. 

Miller and Hunt (1966) reviewed research conducted to measure the 

WUE of most crop plants with emphasis placed on grasses. They found no 

significant correlation between WUE and drought tolerance of rangeland 

grasses. Keller (1953) discovered significant differences in WUE among 

genotypes of orchardgrass {Dactylis glomerata L.). He determined that the 

variability expressed in WUE may provide a mechanism for developing more 

water-efficient strains. Hunt (1962) studied variation in the WUE among two 

genotypes of Elymus jurtceus Fisch. and Agropyrort intermedium (Host) 

Beauv. He found significant differences in WUE between species as well as 

among genotypes within species. He concluded that this trait was highly 

heritable and that selection should result in more efficient water use. 

WUE studies were conducted by Wright and Dobrenz (1970b) on five 

selections of Boer lovegrass (Eragrostis curvula Nees.) in greenhouse and 

growth chamber environments. They reported significant differences in WUE 

among selections within environments. WUE values were reported as being 

lower for seedlings than mature plants, yet the relative ranking of selections 

did not change over stages of maturity. Selections with the lowest water use 

were determined to be the most drought tolerant at the seedling stage. They 

also observed a significant negative association between seedling WUE and 

seedling drought tolerance. The same association was shown to exist for 

seedling drought tolerance and mature-plant WUE. 
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Table 1. Mean water use efficiency (WUE) values for Arizona range plants 

as determined by McGinnies and Arnold (1939). 

Growth Mean WUE 
Common Name Scientific Name Form* (gg"]) 

Blue grama Bouteloua eriopoda 
Torr. 

WSP 387 

Hairy grama Bouteloua hirsuta Lag. WSP 412 
Rothrock grama Bouteloua rothrockii 

Vasey 
WSP 418 

Curly mesquite Hilaria belangeri 
(Steud.) Nash. 

WSP 427 

Tanglehead Heteropogon contortus 
(L.) Beauv. Ex. Roem 
and J. A. Schultes 

WSP 
448 

Arizona cottontop Digitaria cali/ornica 
Henr. 
[Trichachne californica 
(Benth.) Chase] 

WSP 
457 

Slender grama Bouteloua filiformis 
(Fourn.) Griffiths 

WSP 474 
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Table 1. (cont'd.) 

Growth Mean WUE 
Common Name Scientific Name Form* (gg~^) 

Black grama Bouteloua gracilis WSP 476 
(H.B.K.) Lag. 

Poverty Aristida divaricata WSP 534 
three-awn Humb. Bonpl. 
Sideoats grama Bouteloua curtipendula WSP 550 

(Michx.) Torr. 
Smooth Aristida glabrata WSP 576 
three-awn (Vasey) Hitch. 
Feather grass Andropogon WSP 707 

saccharoides Swartz. 
Six-weeks needle Bouteloua aristoides SA 331 
grass (H.B.K.) Griseb. 
Caltrop Kallstroemia SA 422 

grandiflora Torr. 
Six-weeks Aristida adscensionis SA 430 
threeawn L. 
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Table 1. (cont'd.) 

Growth Mean WUE 
Common Name Scientific Name Form* (gg"1) 

Boerhaavia Boerhaavia torreyana SA 580 
(Wats.) Standi. 

Eight-flowered Festuca octoflora WA 464 
fescue Walt. 
Combseed Pectocarya linearis WA 594 

(Ruiz & Pavon) DC. 
Lotus Lotus humistratus WA 608 

Greene. 
Filaree Erodium cicutarium WA 749 

(L.) LUer. 
Indian wheat Plantago insularis WA 775 

Eastw. var.fasiigiala 
Morris. 

California poppy Escholtzia mexicana WA 897 
Greene. 

* Growth Form: WSP= Warm Season Perennial. SA= Summer Annual, WA= Winter Annual 
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Wright and Dobrenz (1973) also studied WUE and its associated 

characteristics in Lehmann lovegrass (.Eragrostis lehmanniana Nees). They 

found the two components of WUE, transpired water and dry matter 

produced, varied significantly among the Lehmann lovegrass lines. Their 

studies revealed that the lines with the highest production of dry matter 

transpired the most water. They stated that WUE was not significantly 

associated with the amount of transpired water but was significantly 

associated with the production of dry matter. Individual measurements of 

these two components did not provide an accurate estimate of WUE. 

However, the WUE values did demonstrate the interrelationship of transpired 

water and the amount of dry matter produced. This study demonstrated that 

the most water-use efficient plants produced about twice the amount of total 

dry matter as the least-efficient plants. The desired performance is a 

minimum amount of water used for maximum production which translates 

into superior efficiency of water use. 

Additional studies conducted by Wright and Dobrenz (1970a) on blue 

panicgrass {Panicum antidotale Retz.) focused on determining the WUE of 

this species and relating this to previous studies of blue panicgrass conducted 

by Wright (1962a, 1962b) which revealed that blue panicgrass showed a 

relatively high tolerance to soil-moisture stress. In studies by Wright and 

Dobrenz (1970), soil moisture levels ranged from 15 to 60 cm in depth. 

WUE and root weight decreased when soil moisture stress increased, while 

the dry weight of forage was unchanged. Two prominent findings were 

noted: (1) the most efficient use of water and the highest level of forage 

production were achieved when plants were clipped at a 30 cm height and 
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when a majority of the seedheads had emerged from the boot ("emergence-

maturity stage"); and (2) the emergence-maturity stage gave the highest 

forage and protein yield, which along with the 30-cm clipping height was the 

superior management for efficient use of water. 

Coyne and Bradford (1985) hypothesized that differences in 

morphology and geographical origin of two accessions of eastern gamagrass 

[Tripsacum dactyloides (L.) L.] might result in differences in photosynthesis 

and WUE that could be exploited in a plant improvement program. This 

study showed that eastern gamagrass has comparatively high photosynthetic 

rates and WUE when soil water is not limiting. It was also stated that the 

differences in the measured physiological parameters between the two 

gamagrass strains suggests that potential exists for germplasm enhancement 

with respect to maintaining optimum performance in variable environments. 

Coyne and Bradford (1985) also stated that the efficiency with which a 

plant fixes C in relation to water loss is a function of the manner in which the 

CO2 pathway is partitioned into its component conductances. Species having 

the C4 photosynthetic pathway are generally considered to be more water use 

efficient than C3 species because the C4 species have a higher ratio of 

residual conductance (g'r) to stomatal conductance (g's) (Rawson et al. 1983). 

In the gamagrass studies it was found that the CO2 pathway was partitioned 

to minimize water loss because g'r was greater than g's. It was also shown 

that increasing vapor pressure deficit (VPD) tended to enhance the 

partitioning of the stomatal conductance to g'r at the expense of g's since 

stomates are more sensitive to VPD than are the reactions associated with g'r. 
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MATERIALS AND METHODS 

Plant Materials 

In June of 1990 10 plants of each bluestem population (P.I. 237110 and 

Ganada) were propagated from seed in 0.8-L plastic pots in the Tucson PMC 

greenhouse. Seed of Ganada was received from the Los Lunas Plant 

Materials Center and seed of P.I. 237110 was harvested at the Tucson Plant 

Materials Center. Sixty-five grams of perlite was placed in the bottom of 

each pot to allow for good drainage, on top of which was placed 200 g of 

commercial potting mix. Daytime temperatures in the greenhouse were 

maintained between 32 and 35 °C and nighttime temperatures were 

maintained between 24 and 27 °C. The plants were watered twice a day 

(morning and afternoon) with an automatic overhead mist system. No 

artificial lighting was used, however, the greenhouse was covered with shade 

cloth that reduced the natural sunlight entering the greenhouse by 

approximately 50%. These potted plants were used for all of the following 

experiments except the WUE experiments. All experiments were organized 

in a completely randomized design and were analyzed by analysis of 

variance. Probability values of P<0.05 were used in statistical analyses for 

all experiments. 
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Leaf Peels for Determining Stomate Densities 

In November 1990 stomate densities of leaves from both yellow 

bluestem populations were determined by taking leaf impressions from five 

randomly selected plants of each population on leaves located in the lower, 

middle, and upper portions of the plant canopies. Cellulose acetate was 

applied to the adaxial and abaxial leaf surfaces as well as the sheaths. After 

allowing the cellulose acetate to dry it was removed with a pair of tweezers 

and mounted onto microscope slides. The leaf peels were then viewed under 

a microscope at 450X where the surface area viewed was 0.15 mm2 per 

microscope field. Stomata in three separate fields were counted for each 

slide and stomate density averages for each population were calculated. 

Measurements of Apparent Photosynthesis Under Full Sunlight 

Pliotosynthetic rates were measured using two specially constructed, 

air-tight, plexiglass chambers that allowed atmospheric gases to circulate 

within a closed system. This method is similar to one described by Clegg and 

Sullivan (1978). One of the chambers was equipped with a battery-powered 

fan that facilitated the movement of gases within the closed system. This 

chamber was called the "circulation chamber". This chamber was attached to 

a second chamber with two small hoses made of surgical tubing (Fig. 1). This 

second chamber was called the "leaf chamber." To measure apparent 

photosynthetic rates, a single leaf was carefully inserted through the length of 
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Fig. 1: Diagram of the closed C02 measurement system using the syringe 

technique to obtain C02 samples in the field. 
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the leaf chamber. Both ends of the leaf chamber were then sealed shut using 

a pliable clay material that allowed for an air-tight seal. 

The circulation chamber was fitted with two rubber septa (plugs) 

through which a needle and syringe, with their plungers depressed, is placed. 

At the onset of the process (at 0-time), after the fan circulated the gases 

within the system for 1 minute, a 6 ml sample was taken by pulling back the 

plunger of the first syringe. This first sample was then removed from the 

circulation chamber and the needle immediately inserted in a rubber stopper 

to prevent the sample from being contaminated with outside gases. After the 

gases circulated within the system for 2 minutes, a second 6 ml sample was 

taken. 

Ten sample measurements were taken from five potted plants of each 

population at the TPMC from 11:00-l 1:45 am under full sunlight. The 

samples in the syringes were then taken to the lab for measurement of CO2 

concentration differences between each pair of samples for each plant. The 

CO2 concentration differences in each pair of syringes was measured using a 

Beckman model 865 infrared gas analyzer. Five ml of the gas within each 

pair of syringes was individually injected into a nitrogen gas carrier flowing at 

1 L per minute through the analyzer (Fig. 2) and the peak output was 

measured with a micro-volt meter. The system was calibrated with standard 

gases of known CO2 concentration. The differences in CO2 concentrations 

between the first and second syringes taken from each leaf was a measure of 

CO2 uptake. 
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Laboratory Measurements of Apparent Photosynthesis and Dark Respiration 

Five potted plants of each population which were used in the previous 

experiment were taken to the lab to measure apparent photosynthesis and 

dark respiration. Prior to obtaining any measurements, each plant was first 

placed under a light bank (2000 jiEin nr2 s-1) for 5 minutes. This presumably 

allowed the plants' photosynthetic mechanisms to reach a steady optimum 

rate. Each plant was then placed in an airtight photosynthetic chamber and 

illuminated with 2000 ]uEin m-2 s_1 photosynthetically active radiation (PAR) 

with approximately 0.035% CO2 concentration flowing through closed 

system. It should be noted that with this particular light setup, the 

illumination dropped off to approximately 500 jxEin m-2 s_1 at the base of the 

potted plant within the airtight chamber. Normal CO2 concentration in the 

atmosphere is 0.03% (Meyer et al. 1966). Photon flux density at sea level at 

full sunlight equals 2,000 jiEin m-2 s_I (Barbour, Burk and Pitts 1987) A 

decrease in CO2 concentration within the closed system was analyzed for 1 

minute using the Beckman model 865 infrared gas analyzer and recorded 

using the Heath-Schlumberger model SR-205 strip chart recorder (Fig. 3). 

To measure dark respiration, the light bank was turned off and the 

airtight plant chamber was covered with a black cloth. The increase in C02 

concentration within the atmosphere of the closed system was analyzed and 

recorded for 1 minute. Apparent photosynthesis was calculated from the 

initial slope of decreased CO2 concentration recorded. Dark respiration was 

calculated from the steady state slope of C02 increase recorded within the 

closed system. Gas fluxes were expressed as ^mol CO2 m-2 s_1. 
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Measuring Leaf Surface Areas 

Leaf areas were determined following the gas exchange experiments 

using a light-sensitive automatic area meter. Leaf samples were obtained by 

removing all of the leaf and sheath material from the plants that were used in 

the gas exchange experiments. Leaf samples were placed on the Licor Leaf 

Area Meter where after passing through a beam of light the machine displays 

the surface area in cm2. Leaf sample measurements were averaged on a plant 

by plant basis for each cultivar to obtain the mean leaf surface area. Leaf and 

sheath samples were then dried for 24 hours at 60 °C and weighed. Specific 

leaf weights (SLW) were calculated by dividing the leaf surface area 

measurements into the dry weight measurements and expressed as mg cm-2. 

Measuring Water Use Efficiency 

Ten plants of each population were grown in pots in the greenhouse at 

the Tucson PMC. These plants are separate from those used in the previous 

experiments. Each plant was grown in a 0.8-L plastic pot containing 750 

grams of commercial potting mix. The plants were initially propagated from 

seedlings grown in conetainers and after 6 months of growth were 

transplanted into 0.8-L plastic pots and maintained in the Tucson PMC 

greenhouse. Daytime temperatures in the greenhouse were maintained 

between 32 and 35 °C and nighttime temperatures were maintained between 

24 and 27 °C. The plants were watered twice a day (morning and afternoon) 

with an automatic overhead mist system. No artificial lighting was used, 
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however, the greenhouse was covered with shade cloth which reduced the 

natural sunlight entering the greenhouse by approximately 50%. 

At the beginning of this experiment each plant was initially trimmed 

back to a 5 cm height above the lip of the pot. The potting soil was covered 

with styrofoam to reduce evaporative water loss from the soil surface 

(Dobrenz et al. 1968). The drain holes at the base of each plastic pot were 

plugged with a rubber stopper to prevent water loss via soil drainage. Each 

pot was then watered while placed on a scale and brought to a weight of 

2,000 g. This was determined to be the "base" weight for each plant. The 

soil moisture content at the 2,000 g "base weight" was at a point just above 

field capacity. Every Monday, Wednesday and Friday morning for 4 weeks 

each plant was weighed to determine water loss and re-watered until it 

reached the "base" weight of 2,000 g. The amount of water required to bring 

each pot back up to its "base" weight was recorded. At the end of the 

experiment each plant was clipped back to its original height. The clipped 

material for each plant was separated into leaves and culms and placed into 

marked sample bags. This clipped material was taken to the lab and dried for 

24 hr at 80 °C and weighed. The weight of the dried material for each plant 

within each population was then divided by the SLW (mg cm-2) for each 

respective plant. This permitted approximation of the total leaf area for each 

plant. This area was then divided by the amount of water used at the last 

reading for each plant, to obtain the amount of water transpired per cm2 for a 

72 hour period. WUE was determined for each plant by dividing total 

amount of diy matter produced into the total amount of water used. 
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Leaf Anatomy 

Leaf samples of P.I. 237110 were collected and preserved in formalin 

acetic acid and alcohol. The tissue was dehydrated with alcohol and 

imbedded in paraffin (Berlyn and Mischke 1977). Sections were then cut 

15 jim thick and stained with saflranin. The leaf cross section and stomate 

photographs were obtained using a microscope-mounted Polaroid camera at 

450 X. Visual observations without measurements were made of the cross 

sections. Photographs of Ganada could not be created for comparison due to 

a lack of plant materials from which to obtain samples. 
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RESULTS AND DISCUSSION 

Stomate Densities 

Average stomate densities for the two populations were significantly 

different. P.I. 237110 averaged 107 and Ganada averaged 136 stomates 

mm-2 (Fig. 4.). These measurements represent an average over all plants that 

were examined in each population. Stomate densities for both populations 

were significantly higher in the lower and middle sections of the plant canopy 

than in the upper sections of the canopy. Both populations also showed 

significantly higher stomate densities on the abaxial leaf surface (183 

stomates mm*2) in comparison with the adaxial side of the leaves (60 

stomates mm-2) (Fig. 5.). 

Studies by Dobrenz et al. (1969) of six clones of blue panicgrass 

revealed an average of 114 stomates mm-2 on the adaxial leaf surfaces and 

122 stomates mnr2 on the abaxial leaf surfaces. When the data obtained from 

the six clones were averaged, the abaxial surface of the leaves had a 

significantly higher stomate density than the adaxial surface. These authors 

also concluded that seedling drought tolerant clones had a lower stomate 

density than drought susceptible clones. 

Research by Cox et al. (1990) revealed that the stomate density among 

alkali sacaton populations ranged from 70 stomates mm-2 for plants collected 

near Casa Grande, Arizona to 319 stomates mm*2 for TX-III which was 

collected near Alpine, Texas. This study also concluded that 
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alkali sacaton plants with a higher stomate density had a lower resistance to 

gas and water vapor movement in and out of the leaf. 

Dobrenz et al. (1969) concluded that stomatal densities in blue 

panicgrass were different across all populations with the lower canopy leaf 

having higher stomatal density. It was also stated that the abaxial leaf surface 

had significantly more stomates than the adaxial surface. This difference in 

stomatal numbers between the two leaf surfaces was also observed with P.I. 

237110 and Ganada. Sundberg (1985) concluded that higher densities of 

smaller stomates on the leaf surfaces of non-succulent, xerophytic plants is an 

adaptation that allows for higher daytime transpiration rates resulting in lower 

tissue temperatures. Although no leaf temperature data were obtained, P.I. 

237110 has a significantly lower stomate density than Ganada which may 

suggest that the leaf tissue in P.I. 237110 can better withstand higher daytime 

temperatures. 

Stomate densities on the sheaths of both plant populations were 

determined to be significantly different. Ganada showed 111 stomates mm-2 

and P.I. 237110 had 92 stomates mm-2 (Fig. 6). These differences were not 

surprising due to Ganada having significantly higher stomate densities on the 

leaves. The higher stomate densities on the sheaths of the Ganada population 

may also contribute to a lower tolerance to drought. No studies dealing with 

stomate densities on the sheaths of grass species could be located. 

P.I. 237110 has an SLW of 2.66 mg cm-2 compared to an SLW for 

Ganada of 2.92 mg cnr2 (Fig. 7). Plants with a higher SLW have been shown 

to exhibit higher photosynthetic rates (Nelson and Schweitzer 1988). 
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Fig. 6: Stomates mm-2 on the leaf sheaths of Ganada and P.I. 237110 yellow 

bluestem. Means with different letters are significantly different at 

the 0.05 level. 
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Fig. 7: Specific leaf weight (mg cm-2) for Ganada and P.I. 237110 yellow 

bluestem. Means with diflferent letters are significantly different at 

the 0.05 level. 
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Leaf Area 

Total leaf area for P.I. 237110 was much greater at 40.5 cm2 than for 

Ganada which was measured to be 25.3 cm2 (Fig. 8). In studies with winter 

wheat (Triticum aestivum L.) Martin and Kiyomoto (1992) stated that 

biomass (Aase 1978) and canopy production (Puckridge 1971) are highly 

correlated with leaf area. Genotypic differences in flag leaf area and duration 

have also been correlated with differences in yield in winter wheat (Fischer et 

al. 1981; Rawsonetal. 1983). 

Apparent Photosynthesis 

When apparent photosynthesis was measured in the field at the TPMC, 

no significant differences were observed between Ganada (12jimol nr2 s"1) 

and P.I. 237110 (10 fimol nr2 s"1) (Fig. 9). When measuring apparent 

photosynthetic rates in the lab, there was also no significant difference 

between these two populations, Ganada exhibited a rate of 3.3 (imol nr2 s_I 

and P.I. 237110 showed a rate of 3.1 (imol m-2 s_1 (Fig. 10). 

Lower photosynthetic rates were measured in the lab than in the field 

because in the field a single leaf was measured under full sunlight. In the lab 

we measured apparent photosynthetic rates of a whole plant under a light 

bank that produced 2000 |±Ein nr2 s_1 at the top of the plant canopy and 500 

pEin nr2 s_1 at the base of the plant due to shading from the plant canopy. 
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Fig. 8: Leaf surface area (cm2) for whole plants of Ganada and P.I. 237110 

yellow bluestem. Means with different letters are significantly 

different at the 0.05 level. 
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Fig. 9: Apparent photosynthesis Qimol m-2 s_1) of Ganada and P.I. 237110 in 

full sunlight at the Tucson Plant Materials Center (11:00 - 11:45 am, 

January 1992). Means with the same letters are not significantly 

different at the 0.05 level. 



55 

GANADA PI 237110 

GERMPLASM 

Fig. 10: Apparent photosynthesis (jim mol-2 s_1) of Ganada and P.L 237110 

in the lab (cool air temperatures, artificial lighting). Means with the 

same letters are not significantly different at the 0.05 level. 
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The lower rates in the lab may also have been the result of lower overall light 

intensity due to fluorescent lighting and lower air temperature as compared to 

the full sunlight intensity and outside air temperature when the photosynthetic 

rate samples were taken at the TPMC. No data were taken on light intensity 

and air temperature in the lab. 

Studies conducted with 13 cultivars of alkali sacaton that dififered in 

stomate density Cox et al. (1990) revealed transpiration rates ranging from 7 

Hg cm-2 s_1 up to 15 (ig cm-2 s-1. However their data did not support reports 

by Dobrenz et al. (1969) and Miskin et al. (1972) that grasses with fewer 

stomates had lower transpiration rates. This was due to the fact that Cox et 

al. were limited in their ability to accurately measure stomate densities 

because of the severely corrugated adaxial leaf surfaces, therefore only 

abaxial stomate densities were presented. This prevented an accurate 

comparison with the studies by Dobrenz et al. (1969) and Miskin et al. (1972) 

where stomate densities were determined for both leaf surfaces. 

Castonguay and Markhart (1992) stated that the coordination of gas 

exchange and chloroplast activity are important for plant performance in 

water-limited environments. Together they allow growth to proceed while 

minimizing dehydration. Stomatal closure is a primary effect of moderate 

water stress and the observed decrease in photosynthetic rates under 

moisture-limited conditions is often mainly due to a reduction in CO2 partial 

pressure inside the leaf (Chaves 1991; Vassey et al. 1991). 

Although no significant differences in photosynthetic rate were 

observed between the two yellow bluestem populations, it appears that based 

on plant performance in terms of total dry matter production alone, P.I. 
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237110 may better coordinate gas exchange and photosynthesis resulting in 

increased plant growth over Ganada. Although no leaf temperature data were 

collected, Ganada may transpire more in order to maintain cooler leaf 

temperatures. P.I. 237110 may also have the ability to direct more resources 

into tissue growth and production if it is able to withstand higher leaf 

temperatures. 

Dark Respiration 

Dark respiration rate measurements in the lab showed no significant 

differences between the two varieties (P.I. 237110, 1.9 jimol nr2 s_1 and 

Ganada, 1.4 jimol m-2 s_1) (Fig. 11). Baker et al. (1985) stated that estimates 

of the proportion of the dark respiration that is inhibited by light suggest that 

large fluctuations in the ability of light to inhibit respiratoiy activity occur 

during leaf development. The high cytosolic ATP/ADP ratio that is generated 

by photosynthetic activity of the thylakoids when a leaf is exposed to light is 

thought to inhibit mitochondrial respiratory activity. 

Water Use Efficiency 

The calculated WUE rates for each population were 89 g of water 

required to produce 1 gram of dry matter for P.I. 237110 and 52 g for Ganada 

(Fig. 12). In the study conducted by Wright and Dobrenz (1973), the 

calculated WUE rates for the six lines of Lehmann's lovegrass ranged from 

135 to 178 units of water required to produce one unit of dry matter. The 
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Fig. 11: Dark respiration (fimol nr2 s_1) for Ganada and P.I. 237110 yellow 

bluestem. Means with the same letters are not significantly different 

at the 0.05 level. 
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Fig. 12: Water use efficiency (g g-1) of Ganada and P.I. 237110 yellow 

bluestem. Means with different letters are significantly different at 

the 0.05 level. 
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lower WUE rates in the experiments with the yellow bluestem populations 

may be due to the use of smaller pots; 0.8-L pots for the yellow bluestem 

versus 4.2-L pots for the Lehmann's lovegrass experiments. The smaller pots 

may have restricted root growth in the yellow bluestem plants as well as 

reduce the amount of water for transpiration. This reduction in the amount of 

available water may have lowered the rate of transpiration in the yellow 

bluestem plants which in turn may have reduced the WUE values. 

The average amount of transpired water for each population over the 

24-day evaluation period was 3,179 g of water for P.I. 237110 and 1,794 g 

for Ganada. The transpiration rates over a 72 hour period for each 

populationwere 42.8 mg cnr2 of leaf area for P.I. 237110 and 29.9 mg cm-2 

for Ganada (Fig. 13). Average daily water use was also significantly different 

between these two varieties with P.I. 237110 showing a significantly higher 

water use than Ganada (Fig. 14). This may be due to P.I. 237110's increased 

leaf area and higher total dry matter production. McGinnies and Arnold 

(1939) stated that for any given species, the WUE will vary more or less with 

changes in external factors, and that a plant should have the lowest WUE 

under optimum growing conditions. If this is true, it should follow that a 

comparatively low WUE for a given species should indicate an approach 

toward optimum growth conditions, while a relatively high WUE would 

indicate less favorable conditions. A single determination of the WUE of a 

species considered by itself is no indication of the adaptability of that species 

to the environment. Furthermore, while a single WUE determination may not 

indicate the adaptability of a species to various environments, a series of 
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Figure 13; Transpiration rates for 72 hr period (g cm-2) for Ganada and P.I. 

237110 yellow bluestem. Means with different letters are 

significantly different at the 0.05 level. 
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(Day 1= June 8, 1992). 
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WUE determinations should help to determine that species' range of 

distribution. 

P.I. 237110 apparently took greater advantage of available moisture in 

photosynthetic processes which resulted in greater dry matter production than 

Ganada. Ganada appears to utilize the available water for increased 

transpiration in order to maintain cooler tissue temperatures. 

Leaf Anatomy 

In the leaf cross section photograph of P.I. 237110, the bulliform cells 

appear very prominently (Fig. 15). According to Mauseth (1988), these cells 

may act as points of flexure: if they are turgid and swollen, the leaf is open 

and flat, but if they lose water and become flaccid the leaf folds, minimizing 

its exposed surface area. Shields (1951) reported that such movements may 

involve other cells as well as the bulliform cells. It may be that the primaiy 

function of bulliform cells is the opening of the leaf as it expands from the 

sheath node. The bundle sheath cells in the photograph are characteristically 

large for a C4 species and contain chloroplasts. The radially aligned 

chlorenchyma cells (mesophyll cells) around the bundles are also 

characteristic of a C4 species (Kranz anatomy). Mauseth (1988) describes 

how the mesophyll cells in C4 plants use a different enzyme to take up CO2 

very efficiently, as compared to C3 plants, and use it to manufacture 

oxaloacetic acid. OAA is transported to the bundle sheath cells where it is 

broken down, releasing the CO2 again. Because the CO2 is collected 

throughout the leaf and then released in just one layer of cells, it achieves a 
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15. Leaf cross section of P.I. 237110 yellow bluestem (450 X). Bundle 

Sheath Cell (BS), Vascular Bundle (VB), Buliiform Cells (B), Xylem 

(X), and Phloem (P). 
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very high concentration in the bundle sheath. The chloroplasts of the bundle 

sheath cells can pick up the CO2 because it is high in concentration, and 

RuBP carboxylase can work efficiently. 

The difference in stomate densities between the adaxial and abaxial 

leaf surfaces of P.I. 237110 can also be seen in Figs. 16 and 17. Stomates are 

found on virtually all green parts of a plant, especially the leaves and culms. 

On the leaves, they are typically more abundant on the abaxial surface. 

Grasses typically have dumbbell-shaped guard cells. This results from the 

fact that the elongated guard cells are thin walled on the ends and have thick 

walls along the middle. As the cells absorb water the ends swell but the 

middle remains narrow. The middle regions of the two guard cells are pushed 

apart by the enlarged ends, opening the stomatal pore. When the guard cells 

lose water, the ends shrink and the mid regions move together, and the pore is 

then closed. The dumbbell shape is present only when the guard cells are 

turgid (Mauseth 1988). 
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Fig. 16. Adaxial leaf surface of P.I. 237110 yellow bluestem (450 X). Guard 

Cells (GC) 
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i 

Fig- 17. Abaxial leaf surface of P.|. 237110 yellow bluestem 

Cells (GC) 
(450 X). Guard 
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SUMMARY 

Five experiments were conducted to compare the physiological and 

morphological differences between Ganada and P.I. 237110 yellow bluestem. 

P.I. 237110 yellow bluestem is currently being evaluated at the Tucson PMC 

for its potential use as a conservation plant in the lower deserts of the 

southwestern United States. Ganada yellow bluestem is a commercially 

available cultivar that was released by the Los Lunas, New Mexico PMC in 

1979. Stomate densities for both populations were measured on both leaf 

surfaces as well as the leaf sheaths. Photosynthetic rates were measured 

outside under full sunlight, as well as in a laboratory setting under simulated 

sunlight conditions (2,000 jiEin m-2 s-1). Dark respiration was measured in 

the laboratory under controlled conditions. WUE values were obtained using 

containerized plants grown in a greenhouse at the TPMC. 

The average stomate densities for both populations were significantly 

higher in Ganada on both leaf surfaces than in P.I. 237110. Both populations 

revealed significantly higher stomate densities on the abaxial leaf surface than 

the adaxial leaf surface. Stomate densities for both populations were higher 

on the leaves in the lower and middle portions of the plant canopy than in the 

upper plant canopy. Lower stomate densities in the upper plant canopy may 

help reduce water loss from transpiration due to higher air temperatures and 

light intensities as compared to those in the middle and lower plant canopy. 

The observed stomate densities on the sheaths of both plant populations were 

significantly different with Ganada having more stomates than P.I. 237110. 
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Specific leaf weight was also significantly higher for Ganada than P.I. 

237110. 

Field and laboratory measurements of photosynthesis did not reveal 

any significant differences between the two populations. The dark respiration 

rates obtained in the laboratory were also not significantly different between 

the two populations. 

The WUE experiment showed significant differences between P.I. 

237110 and Ganada (Ganada required 52 units of water to produce a unit of 

diy matter while P.I. 237110 required 89 units). These differences were most 

likely due to P.I. 237110 having a significantly higher total leaf surface area 

which in return results in a higher number of stomates per plant. The 

difference in WUE values may also be explained by considering the original 

collection sites for these two populations. Ganada originated in Turkestan 

(presently Turkmenistan) which is characterized as having a cold desert 

climate (Trewartha and Horn 1980). P.I. 237110 was originally collected in 

Saudi Arabia from the A1 Khars region which has a much hotter desert 

climate during the growing season (Trewartha and Horn 1980). Ganada also 

originates from an area of a more northerly latitude and therefore may be 

more adapted to shorter daylengths as well as a cooler climate. From a 

strictly geographical standpoint P.I. 237110 appears to be better adapted to 

Sonoran desert climate than Ganada. Ganada performs better than P.I. 

237110 at elevations above 1,065 m and in areas with cooler summer 

temperatures such as central and northern New Mexico and southeastern 

Colorado (Anonymous 1979). 
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