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ABSTRACT 

During 1970 and 1971, carbohydrate reserves in stem bases and 

photosynthesis and respiration rates of the Hilaria species and sources 

were measured. The objectives were: (1) to determine the annual total 

nonstructural carbohydrate (TNSC) levels in stem bases of the Hilaria 

species and sources, (2) to quantitatively compare net photosynthesis 

and respiration rates at three temperature regimes for three seasons of 

the year, and (3) to relate the net photosynthesis and respiration rates 

to the TNSC study. 

Annual TNSC curves of curly mesquite (Hilaria belangeri), tobo-

sa (H. mutica), big galleta (H. rigida), and galleta (H. jamesii) 

sources from Arizona, New Mexico, Nevada, Utah, and Wyoming were deter

mined from stem base samples collected from plants grown in a trans

plant garden at the Plant Materials Center (PMC), Tucson. Annual TNSC 

curves also were determined for all four Hilaria species growing in 

their natural habitat in the Yavapai County area of Arizona. Stem base 

samples were collected at 2-week intervals during the active growing 

season from March to October, 1970, and at 1-month intervals from Decem

ber, 1970, to April, 1971. The TNSC of the stem bases were determined 

by digestion with takadiastase enzyme, extracted with water, and 

measured colorimetrically using the anthrone reagent technique. 

Laboratory studies of net photosynthesis and respiration rates 

of potted Hilaria plants collected from both the PMC, Tucson, and the 

Yavapai County sites were measured at 5, 21, and 38 C during the spring 

x 



xi 

1970, fall 1970, and summer 1971 growing seasons. Rates were determined 

using temperature controlled aluminum chambers and infrared gas analyzer 

apparatus. 

The annual TNSC curve of curly mesquite at PMC, Tucson, exhibited 

both a spring and fall pattern of TNSC accumulation. Spring TNSC accumu

lation was accentuated by late spring drought in Yavapai County area. 

Annual TNSC curve for Arizona galleta at PMC, Tucson, showed late fall 

or winter maximum TNSC accumulation. Net photosynthesis and respiration 

rates helped explain differences in TNSC accumulation patterns of curly 

mesquite and Arizona galleta. Arizona galleta had higher photosynthesis 

rates than curly mesquite at 5 C, whereas curly mesquite had higher 

photosynthesis rates than Arizona galleta at 21 and 38 C. 

Tobosa grown under a good moisture regime at the PMC, Tucson, 

exhibited an annual TNSC curve similar to that of Arizona' galleta. In 

the Yavapai County area, however, the annual TNSC curve for tobosa was 

intermediate to the TNSC patterns of curly mesquite and Arizona galleta. 

The annual TNSC curve for big galleta in the Yavapai County area was 

similar to the tobosa annual TNSC curve in Yavapai County. 

Photosynthesis rates for big galleta were lower at 5 C but 

higher at 38 C than any of the other Hilaria species and galleta sources. 

The other Hilaria species and galleta sources reached maximum photosyn

thesis rates at 21 C or rates only slightly increased as temperatures 

increased to 38 C. 

Annual fluctuation pattern of TNSC in stem bases for New Mexico, 

Nevada, and Utah galleta sources at PMC, Tucson, were similar to Arizona 

galleta. There were, however, significant differences in maximum TNSC 



accumulations among Arizona galleta and Nevada and Utah galleta. The 

Wyoming galleta annual TNSC curve at PMC, Tucson, was similar to curly 

mesquite. The differences observed among the TNSC curves for galleta 

sources indicated that some apparent ecotypic variation does exist. 

Paper chromatography studies showed that the soluble sugar 

fraction of stem bases of Hilarla species contained sucrose, glucose, 

and fructose. The hydrolyzed polysaccharide fraction was mainly 

glucose. 

Grazing systems for the Hilaria species in Arizona must con

sider a spring and a summer period of root and herbage growth and 

spring and fall TNSC accumulation periods. 



INTRODUCTION 

The four Hilaria species which occur in Arizona are curly mes-

quite (H. belangeri), galleta (H. jamesii), tobosa (H. mutlca), and big 

galleta (H. rigida) (Kearney and Peebles, 1964). These species may be 

community dominants or co-dominants depending on local climatic and 

edaphic conditions, and are generally considered to be fair to good for

age depending on abundance, season of year, and other species present 

(Gay and Dwyer, 1965; Herbel, 1963; Humphrey, 1955 and 1960). 

Information concerning the distribution and life history of the 

Hilaria genus is fragmentary. A recent ecological study (Pinkney, 1969) 

established approximate distributions for the four species in Arizona 

and indicated that temperature was the primary environmental component 

influencing the distributions of these species. Soil texture appeared 

to influence their distribution in localized areas in Yavapai County. 

The relationships between temperature and the distributions of 

the Hilaria species found by Pinkney (1969) led to the present study. 

A differential response to temperature should influence total non

structural carbohydrate storage and the ability of a plant to survive 

under different temperature regimes. The working hypothesis was that 

net photosynthesis and dark respiration rates among species and ecotypes 

would show differential responses to different temperatures and that 

these differences would be reflected in the annual carbohydrate fluctua

tion cycle. To test this hypothesis, the following study was developed. 

1 



Annual, total nonstructural carbohydrate concentration curves among 

sources of galleta grass and among the four Hilaria species occurring 

in north-central Arizona were determined. Net photosynthesis and 

respiration rates also were determined under different temperature re

gimes in the laboratory. 

The objectives were: (1) to determine the annual total non

structural carbohydrate levels in stem bases of the above species and 

sources, (2) to quantitatively compare net photosynthesis and respiration 

rates at three temperature regimes for three seasons of the year, and 

(3) to relate the net photosynthesis and respiration rates to the carbo

hydrate study. The plant materials compared were curly mesquite, gal

leta, tobosa, and big galleta from the Yavapai County area of Arizona 

along with sources of galleta from New Mexico, Nevada, and Utah. 



LITERATURE REVIEW 

The literature review is divided into three subject headings: 

(1) carbohydrates, (2) photosynthesis, and (3) respiration. 

Carbohydrates 

Variations occur in the types of carbohydrates stored in stem 

bases of various temperate and tropical origin grasses. Smith and 

Grotelueschen (1966) found that fructosans were the primary storage 

carbohydrates present near seed maturity in timothy (Fhleum pratense), 

orchardgrass (Dactylis glomerata), and redtop (Agrostis alba). An ex

tensive survey by Smith (1968) indicated that the primary storage carbo

hydrate (fructosan or starch) can be -used as a taxonomic aid in classi

fication. Species which store primarily starch are, on the whole, of 

tropical origin and those which store fructosans are from temperate re

gions . 

Corns, leaf bases, rhizomes, and roots can function as carbohy

drate storage organs (Troughton, 1957). Their importance as storage 

organs, however, varies with species and possibly environment (Cook, 

1966; Cook and Harris, 1968). Sampson and McCarty (1930) found that 

the seasonal variation of carbohydrates in both stem bases and roots of 

Stipa pulchra were similar although amounts of reserve carbohydrates 

were greater in stem bases. Brown (1943) found that in Kentucky blue-

grass (Poa pratensis) "starch" and sucrose concentrations were always 

higher in the rhizomes than in the roots. Although correlations of 
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carbohydrate reserves with drought resistance are not conclusive, 

Julander (1945) reported that Agropyron spp. and Andropogon spp. accumu

lated carbohydrate reserves during periods of drought. 

McCarty (1938) studied mountain brome (Bromus carinatus) and 

found that carbohydrate reserves in stem bases and roots were depleted 

in the spring, due to formative shoot development shortly after snow had 

disappeared, and were replenished after seasonal and secondary herbage 

growth was completed in the late summer and early fall. Reserves were 

at a minimum (less than 5% of dry weight) at the first of July and at a 

maximum (15 to 20% of dry weight) the last of September. Root and shoot 

growth began in February, March, and April. Seeds were ripe by August 

and disseminated during September. 

Hyder and Sneva (1959) reported on the herbage growth and carbo

hydrate trends in crested wheatgrass (Agropyron desertorum) roots and 

stem bases over the growth season from April to August. Reserves in

creased with herbage growth until the time of head emergence when samples 

contained 27% glucose equivalents on a dry weight basis. After a slight 

decrease in reserves at flowering, carbohydrates accumulated again during 

seed formation to approximately 30% glucose equivalents. 

The seasonal carbohydrate reserve trends of sand reedgrass 

(Calamovilfa longifolia) were extensively studied by Welch (1968). Root' 

and rhizome samples showed reserve depletion during emergence and early 

vegetative growth stages during March, April, and May. The minimum 

carbohydrate reserves of approximately 40 mg per gram dry weight were 

observed May 21. Reserves were replenished after May 21 through the 



5 

remaining vegetative and reproductive growth stages until October 23 

when samples contained about 110 mg per gram dry weight. 

Araujo (1968) reported on the carbohydrate levels in roots, 

underground stems, and stem bases of guinea grass (Panicum maximum) 

during the main growing season from June to September. Carbohydrate 

reserves in stem base samples decreased to about 4% glucose equivalents 

of dry wiight at the 5 leaf stage. Reserves were replenished after 

dough stage to a maximum of over 7% glucose equivalents on September 15, 

when plants had set hard seed. 

The methods and techniques for determining carbohydrate contents 

are documented. Somogyi (1945) reported improvements in blood sugar 

determinations using iodometric and colorimetric methods. Weinmann (1947) 

indicated the advantages of using the enzyme takadiastase over various 

acids in the extraction of carbohydrates from plant material. Use of 

enthrone as a colorimetric indicator of carbohydrate material was ini

tiated by Dreywood (1946). The technique was further tested and improved 

for various carbohydrate components by Morris (1948), Sattler and Zerban 

(1948), Scott and Melvin (1953), Johanson (1954), and Zill (1956). 

More recently, Smith (1969) combined carbohydrate extraction and 

determination techniques. He indicated that the most accurate method 

for determining total nonstructural carbohydrates was the enzyme taka

diastase technique. This enzyme method was used for carbohydrate deter

mination in this study and is described below. 

Carbohydrate reserves in cool and warm season grasses are 

depleted by root and shoot growth after winter dormancy until an annual 

low reserve level is reached. Reserves are then replenished and a 



maximum reserve accumulation is reached near maturity. The annual 

maximum reserve carbohydrate accumulations are greater in temperate ori

gin grasses than in tropical origin grasses. 

Photosynthes is 

The photosynthetic rate is probably the most crucial physiologi

cal process that can be. quantitatively measured in a plant (Hiesey and 

Milner, 1965). For a given set of environmental conditions, the photo-

synthetic rate (net carbon dioxide uptake) will show if a species can 

survive. 

Net photosynthetic rate is influenced by and associated with 

environmental factors such as carbon dioxide (CO2) concentration, light 

intensity, temperature, and nutrient and water supply. Hiesey and Milner 

(1965) stated that "it would be surprising if genetically differentiated 

ecological races did not show differences in response of their photo

synthetic rates to changes in environmental factors." Went (1958) be

lieved that physiological adaptation explained distribution differences 

better than morphological adaptation. He stated that adaptation to 

temperature is a major factor in environmental adaptation of a species, 

especially in terms of optimum temperatures and species tolerances for 

extremes. 

Miller (1960) found, when comparing bermudagrass (Cynodon 

dactylon) and bentgrass (Agrostis palustris) at six different tempera

tures ranging from 15 to 40 C, that maximum photosynthesis occurred at 

25 C for temperate bentgrass and at 35 C for tropical bermudagrass. The 

optimum temperature for high photosynthesis in wheat (Triticum aestivum) 

leaves was in excess of 30 C (Jolliffe and Tregunna, 1968). Leaf 
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samples of corn (Zea mays) plants, pre-conditioned at 16 C in the dark, 

exhibited maximum photosynthesis at 30 C (Raschke, 1970). If the plants 

were pretreated for one hour at 25 C just prior to measurement, the 

temperature at which maximum photosynthesis occurred Increased to 40 C. 

Taylor and Rowley (1971) found that photosynthesis rates of five 

grass species rapidly decreased when the grasses were grown at a tempera

ture of 25 C and then decreased to 10 C. After the initial rate reduc

tion and continued chilling at 10 C for one or two days, a period of 

further rapid reduction in rate occurred in maize, sorghum (Sorghum 

vulgare), and Pennisetum typhoides but not in Paspalum dilatum and rye

grass (Lolium multlflorum). Another study (Duncan and Hesketh, 1968) 

compared 22 races of maize grown at eight different temperatures. Dif

ferences among races and temperatures were found; for example, high 

altitude races had lower net photosynthesis rates at the higher tempera

tures . 

Ten Lolium ecotypes showed higher photosynthetic rates when grown 

at 15 C as compared to those grown at 9 and 21 C (Wilson and Cooper, 

1969). Leaf samples of Lolium perenne grown at day/night temperatures 

of 15/10 C exhibited lower apparent photosynthesis than plants grown at 

25/20 C (Wilson, 1970). 

Other studies using sorghum (El-Sharkawy and Hesketh, 1964), 

Lolium sp. and Cenchrus ciliarls (Charles-Edwards and Charles-Edwards, 

1970), tall fescue (Festuca arundinacea) (Jewiss and Woledge, 1967), 

bermudagrass (Chen, Brown, and Black, 1969; Alexander and McCloud, 1962), 

orchardgrass (Pearce, Brown, and Blaser, 1965), Oxyria sp. (Billings, 

Clebsch, and Mooney, 1961), sugar cane (Saccharum officinarum) (Hatch 
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and Slack, 1966), etc., have generally shown that maximum photosynthesis 

in plants of temperate origin occurred at temperatures between 10 to 25 

C as compared to 30 to 35 C for plants of tropical origin. 

Research has Indicated that differences exist among grass 

species of temperate or tropical origin. One difference is with respect 

to the carboxylation reaction in leaf tissue and resulting character

istics of net photosynthesis and respiration. Hatch and Slack (1966) 

found that CO2 fixation in sugar cane proceeded by a pathway different 

than that proposed by Calvin and Bassham (1962). The compounds in which 

Ĉ was initially fixed was not the 3-carbon phosphoglycerate but 4-car-

bon compounds of oxaloacetate, malate, and aspartate. Further research 

indicated that this pathway operates in many other grasses of tropi

cal origin (Hatch, Slack, and Johnson, 1967). 

El-Sharkawy and Hesketh (1964) reported that temperate and 

tropical grasses differed in the rate of photosynthesis achieved in in

tense light. Tropical grasses such as maize, bermudagrass, and sorghum 

had the capacity to conduct photosynthesis at high rates. Temperate 

grasses such as oats (Avena sativa) did not have this capacity. Downes 

and Hesketh (1968) have further expanded the list of temperate and trop

ical grasses which exhibit the above characteristics. Forrester, 

Krotkov, and Nelson (1966) found that oxygen depletion increased CO2 

assimilation in photosynthesis in grass species with the Calvin pathway 

of CO2 fixation by as much as 40 to 50%, but those species with the C4 

pathway were not affected by oxygen depletion. Downton and Tregunna 

(1968) reported that grass species which possessed the Ĉ  carboxylation 
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reaction had low CO2 compensation points, whereas species with the Cal

vin carboxylation process had high CO2 compensation points. 

An anatomical study conducted by Bisalputra, Downton, and 

Tregunna (1969) found that leaves of tropical grasses contained 

specialized chloroplasts with a parenchymatous bundle sheath. The 

chloroplasts were larger than those of the mesophyll, and large amounts 

of starch were contained in the bundle sheath cells. Temperate grass 

species contained a double vascular bundle sheath with chloroplasts of 

similar or smaller size than those in the mesophyll. Downton, Berry, 

and Tregunna (1969) reported that tropical grasses lacked any detectable 

photorespiration, whereas temperate grasses showed photorespiratory 

losses which could amount to 40-60% of the apparent photosynthesis rate. 

Tropical origin grasses exhibit maximum net photosynthesis rates 

around 30-35 C. They fix CO2 through the 4-carbon carboxylation pathway 

and have low compensation points. Leaf sections show specialized 

chloroplasts in a parenchymatic bundle sheath. 

Floras of the warm desert grasslands originated from Tropical-

Tertiary flora (Axelrod, 1950) and moved north from northern Mexico dur

ing periods of interglaciation with the Madro-Tertlary flora (Axelrod, 

1950, Chaney, 1947). The Hllaria species are distributed from the 

southwestern United States south into Mexico and Guatemala (Pratt, 1965), 

and are considered to be warm season or tropical in origin. 

Respiration 

Respiration rates are not measured in many photosynthesis experi

ments (Hiesey and Mllner, 1965) because rates are variable. Lewis (1970) 

observed that respiration was usually more influenced by temperature 
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than by water, COj, and O2. He Indicated that some temperate plants 

can respire at temperatures down to or just below 0 C. Increases in 

temperature and respiration are linearly related from 0 C up to 32 to 

36 C. With further increases in temperature up to 50 C, respiration 

usually declines or ceases completely. Fetinov and Razmaev (1961) 

stated that respiration rates of corn and wheat decreased by 47.5% and 

9.0%, respectively, after plants were heated for 48 hr at about 40 C. 

The lack of carbohydrate reserves was not the reason for the decrease 

in respiration rates. Petinov and Razmaev presumed that the decrease 

was due to enzyme inactivation at the high temperatures. 

The dark CO2 evolution by northern and southern races of Oxyria 

were compared by Mooney and Billings (1961). Northern races of Oxyria 

exhibited higher respiration rates, especially when temperatures were 

above 15 C. Although reports vary, high-elevation races of plants gen

erally show higher respiration rates at low temperatures than low-

elevation races (Ward, 1970). 

Dark respiration in corn increased at a faster rate than photo

synthesis when temperatures were increased from 68 to 111 F (Moss, Mus-

grave, and Lemon, 1961). A report (Moss, 1962) on several species in

cluding corn, sugar cane, and orchardgrass stated that at 23 C, "differ

ences between species did not appear to be due entirely to high respira-' 

tion relative to photosynthesis." Sugar cane was found to have the 

lowest respiration rate and orchardgrass had the greatest relative to 

photosynthesis. In a later study, temperature effects on CO2 evolution 

were not consistent, although temperature increases generally caused 

high absolute respiration rates (Moss, 1966). 
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Hofstra and Hesketh (1969) measured the CO2 evolution of several 

species (including orchardgrass, Rhodesgrass (Chloris gayana), and com) 

in the light and dark at temperatures ranging from 15 to 50 C. The 

maximum rate for dark respiration of a given species occurred at a tem

perature about 10 C higher than the temperature at which maximum photo

synthesis rate occurred. 



MATERIALS AND METHODS 

Source of Plant Material and 
Study Site Locations 

Study sites were located in the Yavapai County area of Arizona 

where the distributions of"the Hilaria species overlap. Sites were 

located as near one another as possible to sample plants in their natu

ral habitat. The curly mesquite, tobosa, and big galleta sites were lo

cated approximately 3 miles north of Cleator, Arizona. The galleta site 

was located approximately 2 miles northeast of Paulden, Arizona, on the 

Verde Ranch Road. Three clones were marked for field sample collections 

at each of the curly mesquite, tobosa, and big galleta sites. Five 

clones were located at the galleta site. A clone was identified as a 

colony of plant stems connected by rhizomes or stolons. 

Curly mesquite, tobosa, galleta, and big galleta plants from 

the Yavapai County area were transplanted to random locations on plots 

located at the Plant Materials Center (PMC), Tucson, Arizona. Galleta 

grass clones from New Mexico, Nevada, Utah, and Wyoming were also estab

lished on the Tucson PMC plots. Plants were established and sampled at 

PMC to provide comparisons among Hilaria species and sources of galleta 

growing under similar growth conditions. The New Mexico source of gal

leta was transplanted from the Ft. Stanton Experimental Range near 

Capitan, New Mexico. The galleta source from Nevada was obtained on 

Morley Bench, and that from Utah near Cedar City, Utah. The Wyoming 

source of galleta was located near Fort Steele, Wyoming. 

12 



13 

Carbohydrate Analysis 

Source of Sample Material and Study Site Location 

The study sites near Cleator and Paulden in the Yavapai County 

area and the transplant garden at the Tucson PMC were the sources of 

plant material used in the carbohydrate analysis. Sampling was initiated 

at the PMC on March 9, 1970, and continued through April 8, 1971. In 

the Yavapai County area, samples were collected from March 7, 1970, to 

April 7, 1971 (Table 1). 

Stem base samples were collected from all locations during the 

active growing seasons at approximately 2-week intervals from March, 

1970, through the middle of October, 1970. During the winter months 

from the end of October, 1970, through April, 1971, samples were col

lected at approximately 1-month intervals. 

One sample w&s collected on each sampling date from each of the 

three clones at the curly mesquite, tobosa, and big galleta sites near 

Cleator, and one sample from each of the five clones at the galleta site 

near Paulden. Only three of the five samples at Paulden were analyzed. 

At the Tucson PMC, three healthy, vigorous plants were selected for 

sampling of curly mesquite, tobosa, and sources of galleta. The Arizona 

and Utah sources of galleta had been transplanted from field sites in 

Arizona and Utah. One sample was collected from each plant at each sam

ple date. Only two plants of big galleta and of galleta source trans

planted from Nevada were available for sampling; therefore, two samples 

were collected from one plant and one from the other plant to obtain a 

total of three samples on each date. One sample per plant for each 



Table 1. Collection dates of stem base samples at Plant Materials 
Center, Tucson, and Yavapai County area for total non
structural carbohydrate analysis. 

Plant Materials 
Center, Tucson 

1970 

March 9 and 24 
April 9 and 21 
May 5 and 21 
June 5 and 15 
July 6 and 23 

August 9 
September 14 and 30 

October 21 
November 7 
December 11 

1971 

Yavapai County 
Area Locations 

1970 

March 7 and 23 
April 8 and 18 
May 2 and 20 
June 2 and 15 
July 4 and 25 
August 9 and 31 

September 11 and 25 
October 18 
November 6 
December 4 

1971 

March 6 
April 8 

February 27 
April 7 



sample date was collected from the single plants of galleta transplanted 

from New Mexico and Wyoming sources. 

Collection of stem base samples of big galleta at the Tucson 

transplant garden was discontinued after August 17, 1970, since adequate 

plant material was not available. It was also necessary to change 

plants of curly mesquite for one of the three samples during the summer 

months, because one of the plants being sampled had poor growth. 

Sampling Procedure and Sample Preparation 

Samples were randomly selected from each clone. Above ground 

stems and leaves were clipped at the soil surface and roots were removed 

from underground portions of the stem bases (Figures 1 and 2). All of 

the Hilaria species and sources with the exception of curly mesquite pro

duce rhizomes which were retained as part of the stem base samples. 

Each stem base sample was placed in a 4-ounce, wide-mouth col

lection jar. Enough material was collected to insure a minimum of 1 g 

dry weight for analysis. The jars were then placed in crushed ice and 

brought to The University of Arizona, Tucson. In the laboratory, the 

samples were washed in cold water to remove soil, small rocks, and loose 

dead material. The samples were then placed in the collection jars 

minus the lids and killed in a forced-draft oven at 100 C for 2 hours. 

Oven temperatures were reduced to 70 C after 2 hours and the samples 

dried until a constant weight was obtained, about 22 hours. 

The samples collected at the PMC, Tucson, were immediately 

brought into the laboratory, washed, and killed. Normally, less than 2 

hr elapsed between sample collections and killing. However, the stem 

base samples collected in the Cleator and Paulden areas were not washed 



Figure 1. Stem base sample of galleta prior to root and herbage 
removal. 
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Figure 2. Stem base sample of galleta after root and herbage removal. 
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and killed until the morning after collection, a time lapse of about 

18-20 hours. 

Smith (1969) stressed that plant samples should be killed soon 

after collection to prevent enzyme activity. To determine if carbohy

drates were being lost due to time of killing after collection, galleta 

from the Paulden, Arizona source growing at the PMC, Tucson, was sam

pled on April 21, 1970. Samples were collected, placed in ice and 

brought into the laboratory. Three of the samples were washed and killed 

immediately; a second set of three samples were kept on ice, washed, 

and killed 24 hr after collection, and a third set were kept on ice, 

washed, and killed 48 hr after collection. 

The dried stem base samples were ground with a small Wiley mill 

to pass a 40-mesh screen (Ogden, 1966; Smith, 1969). A comparison of 

grinding samples to pass a 40-mesh and 60-mesh screen was made using the 

four Hilaria species in the Yavapai County area (collected May 2, 1970). 

After grinding, the ground samples were stored in airtight 6-

dram snap-cap glass vials. Immediately preceding analysis, the samples 

were redried to a constant weight (approximately 24 hr) in an oven at 

70 C. 

Analytical Procedure 

Various methods are used for estimating plant material carbo

hydrates (Hodge and Hofreiter, 1962; Smith, 1969; Sullivan, 1962; Wein-

mann, 1947). A colorimetric method using anthrone was modified by 

G. L. Jordan (personal communication) and used with some modifications 

by Bartlett (1967), Maynard (1970), Stevens (1968), and White (1968). 

Polysaccharides were solubilized with perchloric acid. 
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Smith (1969) pointed out that most acids (including perchloric) 

are not specific for only nonstructural cell components and tend to 

hydrolyze some structural portions of cells as well. The enzyme, taka-
) 

diastase, is specific for nonstructural carbohydrates and was used in

stead of acids in the method developed by Weinmann (1947) and modified 

by Smith (1969). 

The carbohydrate determination procedures used in this study 

were a combination of methods. The total polysaccharides were hydrolyzed 

with takadiastase and then total nonstructural carbohydrates (TNSC) were 

extracted using water. The quantity of carbohydrates in the extracts 

was measured colorimetrically using the anthrone reagent technique. 

Stem base samples of curly mesquite, galleta, tobosa, and big 

galleta were analyzed to determine if the total of the sugar and poly

saccharide fractions approximated the TNSC content. The analysis was 

replicated four times per species using samples collected May 2, 1970, 

in the Yavapai County area. Sugars were determined by analysis of 80% 

ethanol extracts of ground stem bases. The polysaccharide fraction was 

determined for the alcohol residue by solubilizing in boiling water, 

takadiastase digestion, and reaction with anthrone. 

Bryant (1971) compared three methods for determining total non

structural carbohydrates in blue grama leaf samples. The three proce

dures compared were: (1) takadiastase enzyme and anthrone, (2) taka

diastase enzyme, acid hydrolysis and titration, and (3) takadiastase 

enzyme and titration. Total nonstructural carbohydrate values were 

similar for all three procedures. In the same experiment, Bryant (1971) 

also found that the clearing procedure using zinc sulfate (ZnSÔ ) and 
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barium hydroxide [BaCOĤ ] was more effective In the takadlastase enzyme 

+ anthrone procedure than was the lead acetate clearing technique. 

Somogyi (1945) found that ZnSÔ  and Ba(0H>2 precipitated proteinaceous 

material more effectively than other clearing techniques in the deter

mination of blood sugar. 

Cleared and non-cleared TNSC extracts of curly mesquite, galleta, 

tobosa, and big galleta stem base samples were compared to determine if 

clearing with the ZnS0̂ -Ba(0H>2 technique was necessary. The comparisons 

were replicated four times using samples collected May 2, 1970, in the 

Yavapai County area. 

In the carbohydrate determination in brush species, G. L. Jordan 

(personal communication) used a 660 mu wavelength to avoid pentose 

interference as suggested by Johanson (1953 and 1954). Bryant (1971) 

found that when analyzing curly mesquite and blue grama leaf samples, 

the 620 mu wavelength gave the highest absorbance and lowest transmit-

tance. 

The enzyme extraction procedure followed the method used by 

Smith (1969) and the colorimetric analysis followed the procedure de

scribed by G. L. Jordan (personal communication). The following proce

dures were used in this study to estimate total nonstructural carbohy

drates. Approximately 1.0 g of oven-dry ground stem base sample was 

placed in a 125 ml Erlenmeyer flask with 15 ml of distilled water. The 

mixture was boiled on a hot plate for approximately 90 sec to gelatinize 

the starches. The mixture was cooled to room temperature and 10 ml of 

sodium acetate buffer was added. Exactly 10 ml of takadiastase enzyme 

was then added, and the flask was tightly stoppered and incubated in an 
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oven at 38 C for 44 hr. An enzyme-distilled water blank was included 

in the complete procedure for each set of unknown samples incubated. 

The buffer was prepared by adding three volumes of 0.2 N acetic 

acid to two volumes of 0.2 N sodium acetate. The pH of the buffer was 

approximately 4.5. A small amount of thymol was added to the buffer 

solution to prevent microorganism growth. The buffer was stored in a 

refrigerator in amber bottles. The takadiastase enzyme (Parke-Davis) 

was prepared by dissolving 5.0 g of the enzyme in approximately 300 ml 

of distilled water. The enzyme solution was then dialyzed by placing it 

in a cellulose casing. The casing and enzyme were immersed for 72 hr 

in running water. The dialyzed enzyme solution was then gravity fil

tered through a Whatman No. 4 filter paper and made to 1000 ml volume. 

A small amount of thymol was added to prevent microorganism growth, and 

the enzyme was stored in a refrigerator. 

After incubation, the sample mixture was gravity filtered into 

a 250 ml Erlenmeyer flask using a Whatman No. 1 filter. The residue 

remaining on the filter was washed several times using distilled water. 

The filtered solution was then cleared by adding 10 ml of 10% ZnSÔ , and 

after 15 min , an equivalent amount of saturated Ba(0H)2 was added. The 

resulting white precipitate was removed by vacuum filtration using What

man No. 50 filter paper. The precipitate was washed several times and 

then discarded. The filtrate was placed in a 250 ml volumetric flask 

and made to 250 ml volume. 

The 10% ZnSÔ  was prepared by dissolving 89 g ZnSÔ  crystals 

(ZnS0̂ *7H20) in approximately 300 ml of distilled water. The resulting 

solution was then made to a 500 ml volume. The saturated 8a(OH)2 



solution was prepared by adding 76 g of BaCOĤ  crystals [Ba(OH>2*8H20] 

to 1000 ml of distilled water. The crystals were dissolved as complete

ly as possible at room temperature and then not used for 24 hours. The 

above solutions were not refrigerated. 

After the cleared, filtered carbohydrate solution was brought 

to the 250 ml volume, an appropriate dilution was made as needed to 

bring the carbohydrate concentration into the desirable range on the 

spectrophotometer (between 0.2 and 0.6 absorbance). When TNSC were low, 

no dilution was necessary. Usually, however, a 1 to 10 dilution was 

necessary. A 3 ml portion of the diluted unknown sample was pipetted 

into a 25 ml volumetric flask and 10 ml of anthrone reagent added using 

an automatic pipette. The mixture was swirled slightly and immediately 

boiled in a hot water bath for exactly 15 min and removed. Samples were 

then cooled in a room temperature water bath for approximately 10 min 

or until room temperature was reached. 

The anthrone reagent was prepared by completely dissolving 1.0 

g of thiourea in approximately 500 ml of 87.5% H2SO4 (weight/weight 

dilution). One gram of anthrone crystals was added and completely dis

solved before making to a 1000 ml volume with 87.5% H2SO4. The anthrone 

reagent was immediately stored in a refrigerator and kept out of the 

light. If treated in this way, the anthrone reagent would remain suit

able for use over a two week period. 

After the anthrone-sample mixture was cooled to room temperature, 

the absorbance was read on a Bausch and Lomb spectrophotometer previous

ly calibrated with an enzyme-distilled water blank at a wavelength of 

620 mu. A standard curve was determined by reacting anthrone with 
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0, 10, 20, 40, and 80 jig glucose/ml standard solutions which were boiled, 

cooled, and read on the spectrophotometer as previously described. The 

pg/ml glucose equivalent of the unknown sample was determined from the 

standard curve. A new standard curve was prepared for each individual 

liter of anthrone reagent. The jig/ml glucose equivalent value for a 

sample was converted to mg glucose equivalent/g dry weight of stem 

base tissue by the following formula: 

glucose concentration original .... . 
mg glucose from standard curve X volume X fagtor 

equivalent per = (mg/ml) (ml) 

g dry weight original sample weight 
(g) 

Analysis of Data 

The carbohydrate data were evaluated and compared with stage of 

growth, new root growth, precipitation, and net photosynthesis and res

piration data. The data were tested with an analysis of variance (Li, 

1965). The data collected at the PMC, Tucson, and the Yavapai County 

area were analyzed in one analysis of variance (Table 2). 

Carbohydrate Chromatography 

Identification of the sugar and polysaccharide fractions of cur

ly mesquite, galleta, tobosa, and big galleta was made by paper chromatog

raphy. The sugar fraction of the stem base samples was extracted using 

80% ethanol. The polysaccharide fraction was solubilized with boiling 

water and digested with takadiastase. These extracts were prepared from 

sample material when the TNSC of the species were at the annual high and 

low levels of the year. Dowex 50X-X4 and Dowex 3 exchange resins were 

added to remove inorganic ion interference (Maynard, 1970). 
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Table 2. Analyses of variance form for total nonstructural carbohy
drate samples taken at the Plant Materials Center, Tucson, 
and the Yavapai County area. 

Source Degrees of Freedom Expected 
Mean Squares 

Species 8 °2A + 54 K2s 

Sample within Species 18 °̂ A 

Date 17 °2B + 27 k2D 

Date x Species 136 + 3K2ds 

Sample Within Date and Species 306 «2b 

Total 485 
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Enough extracted solution was spotted on Whatman No. 1 filter 

paper to insure a concentration of 2 to 3 pg of soluble sugars or total 

polysaccharides per spot. The spots were located about 3 cm apart about 

9 cm below the top of the filter paper sheet. Solutions of known sugars 

(glucose, fructose, sucrose, and maltose) were also spotted on each 

sheet. The spotted sheets were air-dried and placed in glass chambers 

for descending chromatography. 

The chromatograms were equilibrated for 4 to 6 hr in a solvent 

saturated atmosphere. The developing solvent was a solution of ethyl 

acetate, pyridine, and water (8:2:1, v/v). The chromatograms were 

developed for 36 hr and then removed from the chambers and air-dried. 

The dried chromatograms were then dipped in analine hydrogen phthalic 

reagent and air-dried again. The chromatograms were heated at 100 C for 

approximately 10 min in a forced-draft oven. Locations of the developed 

spots of the sugars extracted from the Hilaria species were then com

pared with the locations of known sugar spots. 

The analine hydrogen phthalic reagent was prepared by dissolving 

33.2 g of phthalic acid crystals in 1 liter of water saturated n-butanol. 

Approximately 50 ml of phthalic acid n-butanol solution was added to 50 

ml of di-ethyl ether and 2 ml of analine just before use (Ogden, 1966). 

Net Photosynthesis and Respiration Study 

Collection of Plant Material 

Clumps of grass sod approximately 4 to 5 inches in diameter were 

collected with as little soil disturbance around roots as possible and 

placed in 15-cm clay pots in their native soil. Hilaria species and 
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sources of galleta were transplanted to clay pots at the PMC, Tucson, 

just after Irrigation. The plants that were transplanted from the 

clones in the Yavapai County area were thoroughly watered just prior to 

collection. Transplanted plants were immediately watered and clipped 

to a 5-to 6-cm stubble height. Potted plants were then moved to the 

greenhouse at the Campbell Avenue Farm, Tucson, where they were ferti

lized with pelleted ammonium phosphate (30-10-0) and rewatered. The 

plants in the greenhouse were supplied with a 14-hr day length under 

fluorescent lights and watered and sprayed for insects (aphids, red 

spider, etc.) as needed. 

Plant material was collected so that the net photosynthesis and 

respiration studies could be conducted during the early spring, summer, 

and early fall growing seasons. The plants used in the early spring net 

photosynthesis and respiration study, March 21 to April 14, 1970, were 

collected from the transplant garden at the PMC, Tucson. Twelve pots 

each of curly mesquite, tobosa, big galleta, and sources of galleta from 

Arizona, Nevada, and Utah were collected January 30, 1970. The potted 

plants were immediately moved to the greenhouse where they were clipped, 

fertilized, and watered. 

The plants used in the early fall experiment, October 17 to No

vember 1, 1970, were collected from field sites in the Yavapai County 

area of Arizona and the Ft. Stanton, New Mexico area. Fifteen pots of 

the New Mexico galleta were collected from the Ft. Stanton Experimental 

Range near Capitan, New Mexico, on March 29, 1970. Sixteen pots of big 

galleta were collected from the Cleator, Arizona, site of April 18, 

1970, and 20 pots of galleta from the Paulden area on July 4, 1970. 
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Twenty pots of both tobosa and curly mesquite were collected from the 

Cleator site on July 8, 1970. A few plants of galleta sources from Utah 

and Nevada were employed in the study but not enough were available for 

adequate replication. Samples of bare soil in which species and sources 

of Hilaria had once been grown were also used in the study to determine 

if correction of net photosynthesis and respiration rates were needed. 

For the summer experiment, June 17 to June 22, 1971, 25 pots 

each of curly mesquite, tobosa, and big galleta from the Cleator area 

and of galleta from the Paulden site were collected on April 7, 1971. 

Treatments 

During each of the three net photosynthesis and respiration 

experiments, plant material was subjected to treatments at temperatures 

of approximately 5, 21, and 38 C. The net photosynthesis and dark res

piration rates were determined at the above temperatures for the Hilaria 

species and galleta sources on a basis of CO2 uptake or evolution in 

the atmosphere surrounding the plants. Only healthy, vigorously grow

ing plants were selected for use in the net photosynthesis and respira

tion studies. 

In the early spring experiment, nine of the available 12 plants 

of each Hilaria species or source were selected and brought from the 

greenhouse to a growth chamber. The plants in the growth chamber were 

placed under a 12-hour day length, from 3:00 PM to 3:00 AM, with approxi

mate day temperatures of 27 and night temperatures of 17 C. The plants 

were removed from the dark as needed in the study. 

In the early fall experiment, 12 plants of each species were 

selected but were left in the greenhouse until the day needed. This was 



done because some of the plants used In the early spring net photosyn

thesis and respiration study, which were in the growth chamber the lon

gest time, appeared to be less vigorous than when initially brought in 

from the greenhouse. Low light intensities (900 to 1100 foot-candles) 

in the growth chamber at the approximate plant height may have caused 

the lessened vigor. The plants used on a given day were brought into 

the laboratory at The University of Arizona the night before. These 

plants were placed in a plywood box (75 x 50 x 50 cm) which excluded 

light. The plants used on a given day were brought from the dark. 

Clay pots with bare soil were also analyzed at each temperature in the 

early fall 1970 net photosynthesis and respiration study to determine 

if corrections in rates due to mosses, lichens, and soil biota were 

necessary. 

The plant material used in the summer experiment, June, 1971, 

was treated differently than in the two previous net photosynthesis and 

respiration experiments. The plants selected in the greenhouse to be 

used in the laboratory on a given day were brought into the laboratory 

the night before. The plants were then placed in the appropriate en

vironmental chambers the same night, covered to exclude light, and main

tained at the selected temperature overnight. The next morning, the 

plants in the chambers were uncovered and net photosynthesis and res-

priation rates were measured. 

The net photosynthesis and respiration study was a randomized 

block design with a replication of each of the three temperatures form

ing a block. The three temperatures used were randomized within the 

block and, for each growth season study, each temperature was 
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replicated a minimum of three times. After one set of the three dif

ferent temperatures had been checked, a second block of the three tem

peratures was analyzed. Three replications of the three temperatures 

were made. All Hilaria species and sources used in the study for a 

given season were randomly assigned to the environmental chambers for 

each temperature. 

Experimental Apparatus 

The net photosynthesis and dark respiration rates were deter

mined by measuring the CO2 uptake and evolution with a Beckman IR 215 

infrared gas analyzer. Bate, D'Aoust, and Canvin (1969), Brown and 

Rosenberg (1968), and Nevins and Loomis (1970) described the principles 

involved in the evaluation of apparent photosynthesis by CO2 exchange 

methods. Hatch and Slack (1966), Hesketh and Moss (1963), El-Sharkawy 

and Hesketh (1964), Taylor and Rowley (1971) and others have applied 

the method to individual leaf chambers. For this study, net photosyn

thesis and dark respiration rates of whole plants were determined using 

techniques similar to those of Brooks (1970) and Maynard (1970). 

Four circular aluminum chambers with water jackets were construc

ted for temperature-controlled gas-exchange measurements (Figures 3 and 

4). The 0.3 cm thick aluminum chamber walls provided adequate heat ex

change and chamber size was adequate for clay pot manipulation and suf

ficient air circulation. Alcohol:water solution circulating through the 

jackets provided the means for temperature control. 

Plexiglass tops and bottoms were fitted for each of the four 

chambers and attached with 3.5 cm long bolts 0.6 cm diameter, wing nuts, 
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and flat washers. Silicone stopcock grease and heavy paper gaskets 

formed airtight seals between the chambers and plexiglass. 

The temperature of the alcohol:water solution circulated through 

the water jackets of the chambers was controlled by a Forma-Temp Jr. 

(Model 2095) water bath. Heating and refrigeration were regulated with 

a Forma-Scientific (Model S-4389) thermoregulator. Temperatures in the 

chambers were measured by copper-constantan thermocouples inserted 

approximately 2 cm inside the chambers at the air intakes and exhausts. 

A maximum temperature differential of 1 to 5 C was observed from top to 

bottom of a chamber at a given treatment temperature. 

The light for each chamber was supplied by a Westinghouse 300 

watt reflector-flood lamp. The heat energy inputs into the chambers 

from the flood lamps were removed by positioning a 30 x 30 x 16 cm 

plexiglass (0.6 cm thick) water bath system containing a constant water 

head of 9 cm between the flood lamp and the plant chamber. The average 

light intensity 4 inches below the top of the cylinders was 2000 foot-

candles. Any variation in light intensity among chambers was accounted 

for in the experimental design, since the potted samples were random

ized among chambers. 

Air from outside the laboratory window was pumped through the 

chambers and gas analyzer by a vacuum pump. Airflow rates were measured 

at the chamber exhaust and intake of the gas analyzer with a Roger Fil-

mont flow meter (Model F-1500) and Scientific rotameter (Model JG-6330), 

respectively. The air passed through an airtight chamber filled with 

drierite (CaSÔ ) to remove the water vapor prior to entering the gas 

analyzer. 
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The measured C02 fluctuations were recorded on a Speedomax W 

(Leeds and Northrup) single point recorder. The recorder was calibrated 

to correct for drift at a chart reading of 90 with 500 ppm C02 in nitro

gen and to 0 with purified nitrogen. Over approximately a 20-hr period, 

Brown and Rosenberg (1968) observed calibration drifts of up to 20 ppm 

CO2. The infrared gas analyzer was calibrated at the beginning of the 

measurement period each day iri this study. The analysis was conducted 

for 3 to 4 hr at a time. 

Calibration drift due to atmospheric variation during a measure

ment period occurred in the 260 to 310 ppm CO2 concentration range. In 

this range, the response of the infrared gas analyzer to changes in CO2 

is approximately linear (Figure 5). Since differences in base levels 

were taken into account, no significant errors should be present. 

Experimental Procedure 

Four cylindrical aluminum chambers were used in the net photo

synthesis-respiration study (Figures 6 and 7). Chambers 1, 2, and 3 

were used in the measurement of photosynthesis and respiration rate, 

and chamber 4 was always a control. 

After each plant was sealed in the chamber, the light and water 

bath system was positioned on top of the cylinder and the water bath was 

filled. As soon as the maximum constant head level in the water bath 

was attained, the flood lamps were turned on and the time recorded. 

Photosynthesis for each chamber was measured after the flood lamp had 

been on for one hour. The time needed for curly mesquite, tobosa, and 

Arizona galleta to attain maximum net photosynthesis and respiration 
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rates were determined at each of the three temperatures. The plants 

were collected from the Yavapai County area April 7, 1971, and the ex

periment was replicated three times. 

During the 1-hr interval, the infrared gas analyzer was cali

brated at the flow rate used on a given day. Flow rates of 2.0 to 2.5 

liters/min were most often used. Outside air was continuously pumped 

through the chambers containing plants. 

To maintain cooler temperatures in the chambers, it was neces

sary to chill the outside air by passing it through approximately 10 

meters of tygon tubing coiled in a Hotpoint freezer. In addition, 

1-inch fiberglass insulation was wrapped around the chambers. The flow 

rates used at the lower temperatures was decreased to about 1.0 liter/ 

min because of ice formation in the tubing in the freezer from water 

vapor condensation. The maximum net photosynthesis and respiration 

rates of curly mesquite, tobosa, and Arizona galleta at 38 C were deter

mined at flow rates of 1.5, 2.5, and 3.0 liters/min to ascertain if CO2 

was'limiting at the lower flow rates. 

A CO2 concentration base in the outside air was obtained by 

channeling the flow in chamber 4 through the infrared gas analyzer at 

the appropriate flow rate. After a steady level was reached on the sin

gle point recorder, the air flow from chamber 4 was switched back to the 

outside exhaust and the air flow from chamber 1 was diverted into the 

gas analyzer and the flow rate adjusted. The decrease in uptake of CO2 

in the light below the base level in chamber 4 was recorded as net photo

synthesis. After the CO2 uptake leveled off (10 to 15 min), another 

check of the outside air was made (through chamber 4) before going on to 
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the next plant. Air temperatures at the top and bottom of each chamber 

were recorded when the CO2 concentration in that chamber was being 

measured. 

As soon as the photosynthesis rate for a plant had been mea

sured, the flood lamp above that chamber was turned off and the water 

bath drained and removed. Black felt covers were then placed over the 

top of the chamber to exclude light (Figure 8). After one hour, the 

same basic procedure as described above to measure net photosynthesis 

was again executed. The CO2 concentration increase or evolution over 

the base level in chamber A was recorded as dark respiration. After all 

chambers had been measured, the plants were removed from the chambers 

and the stage of growth and seedhead presence or absence recorded. The 

plants were then clipped to a 1-inch stubble height and weighed to ob

tain. a gram-fresh weight. The clipped samples were then placed in small 

paper bags and dried in an oven at 70 C for 24 hours to obtain a dry 

weight. 

Equations similar to Hesketh and Moss (1963), Brown and Rosen

berg (1968), Maynard (1970), and Brooks (1970) were used to calculate 

net photosynthesis. After fresh and dry weights were obtained, net 

photosynthesis (P) and dark respiration (R) in mg CĈ /hr/g fresh weight 

or dry weight were calculated by the formula: 

P or R - ( C02'K'F)/W 

where CO2 " CO2 concentration (ppm) difference between plant 

and control chambers, 

K •• constant to convert ppm CO2 to mg CO2 at chamber 

temperatures, and to correct air flow rate to 
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Figure 8. Aluminum plant chambers with covers and infrared gas analy
zer and apparatus used in the measurement and recording of 
respiration rates. 
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standard conditions (at 21 C, K « 0.1093), 

F - air flow rate (liters/min), and 

W - fresh or dry plant tissue weight (g). 

Analysis of Data 

The net photosynthesis and dark respiration data were compared 

by species and sources of collection. The data were tested by an 

analyses of variance (Table 3). The analysis of variance form and ex

pected mean squares for the fall 1970, and summer 1971, studies are 

similar to those of the spring 1970 experiment. In the fall 1970 study, 

four blocks (instead of three) and five Hilaria species and sources 

(instead of six) were analyzed. In the summer 1971 study, three blocks 

and only two species were analyzed. 
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Table 3. Analysis of variance form used in the net photosynthesis and 
respiration study in the spring 1970. 

Source Degrees of Freedom Expected 
Mean Squares 

Block 

Temperature 

Block x Temperature 

Species (and Sources) 

Species x Temperature 

Error 

Species x Block (10) 

2 

2 

A 

5 

10 

30 
Species x Block x Temperature (20) 

Total 53 

°2A + 18 K2r 

02a + 18 K2t 

O2B+ 
9KV 

°2B +  ̂R2ST 



RESULTS AND DISCUSSION 

The results are discussed under four major headings: (1) car

bohydrate study, (2) net photosynthesis and respiration study, (3) 

relationships between the carbohydrate and net photosynthesis and 

respiration studies, and (4) grazing management implications of the 

carbohydrate and net photosynthesis and respiration studies. 

Carbohydrate Study 

Methodology Studies 

Stem base samples of Arizona galleta from the PMC, Tucson, were 

collected on May 5, 1970, and killed 1, 24, and 48 hr after collection. 

The results of the TNSC analysis for these different killing times indi

cate that the TNSC contents of the samples immediately killed are com

parable to the TNSC contents of those killed 24 and 48 hours after 

collection (Table 4). 

A comparison of TNSC among the Hilaria species in the Yavapai 

County area (collected on June 2, 1970) ground to pass 40- and 60-mesh 

screens are presented in Table 5. The comparison showed that the TNSC 

contents of all Hilaria species are comparable when ground to pass 

either a 40- or 60-mesh screen. 

The TNSC analysis results of stem base samples approximated the 

total of the sugar and polysaccharide fractions when analyzed separately 

(Table 6). The soluble sugar fraction of curly mesquite constituted a 

greater proportion of the TNSC than did the sugar fraction of the other 

41 
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Table 4. Total nonstructural carbohydrate content of Arizona galleta 
stem base samples killed 1, 24, and 48 hr after collection 
at the Plant Materials Center, Tucson. 

Time After 
Collection to 

Killing 

TNSC Content 
Replication (mg glucose equivalents 

per g dry wt) 

1 hr 1 24.7 
2 30.3 
3 

Mean 27.5 

24 hr 1 j 29.6 
2 32.4 
3 28.5 

Mean 30.2 

48 hr 1 34.7 
2 37.7. 
3 29.5 

Mean 34.0 

Table 5. Total nonstructural carbohydrate contents of curly mesquite, 
tobosa, galleta, and big galleta stem base samples collected 
in the Yavapai County area and ground to pass 40 and 60 mesh 
screens. 

TNSC Content 

Screen Curly Tobosa Galleta „ »» Mean 
Size Mesquite Galleta 

(mg glucose equivalents/g dry wt) 

40 65.0 111.3 51.9 43.7 68.0 

60 70.2 108.1 51.7 41.5 67.9 
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Table 6. Analyses for alcohol soluble sugar and polysaccharide 
fractions compared with analysis for total nonstructural 
carbohydrates. 

Carbohydrate 
Fraction 

Curly 
Mesquite 

TNSC Content 

Galleta Tobosa 
Big 

Galleta 

(mg glucose equivalents per g dry wt) 

Sugars 55.2 25.8 31.0 19.3 

Polysaccharides 12.7 29.4 74.2 26.6 

Total 67.9 55.2 105.2 45.9 

TNSC 60.3 52.5 105.7 49.8 

Table 7. Comparison of total nonstructural carbohydrates (TNSC) of 
curly mesquite, galleta, tobosa, and big galleta from the 
Yavapai County area in cleared vs. not cleared extracts. 

Treatment Curly 
Mesquite 

TNSC Content 

Galleta Tobosa Big 
Galleta 

Not cleared 
Cleared 
Difference 
% difference based 
on cleared 
treatment 

(mg glucose equivalents per g dry wt) 

71.4 
60.3 
11.1  

18.4 

56.7 
52.5 
4.2 

8.0 

120.3 
105.7 
14.6 

13.8 

49.8 
46.1 
3.7 

8.0  
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Hilaria species. Curly mesquite is a stoloniferous plant and samples 

for TNSC analysis contained leaf sheaths and stem bases. The other 

Hilaria species stem base samples included rhizomes. The TNSC of stem 

base material were measured as an index to the energy reserve of the 

Hilaria species studied. 

The ZnSÔ -Ba(OH)2 clearing procedure was necessary, since per

cent differences between cleared and non-cleared treatments varied 

among species (Table 7). Cleared samples should provide a better esti

mate of actual carbohydrates than uncleared samples. 

Carbohydrate Chromatography 

The soluble sugar fractions of all four of the Hilaria species 

contained glucose, fructose, and sucrose. From the intensity of the 

spots, glucose and sucrose were present in the greatest amounts. 

The hydrolyzed total polysaccharide fraction, which was hydro-

lyzed with takadiastase enzyme, was almost completely dominated by glu

cose. A faint spot was observed which moved a small distance from the 

origin and was not identified as one of the known sugars. Total poly

saccharide fractions were again spotted and developed along with taka

diastase enzyme and with total polysaccharide extracts hydrolyzed with 

weak HC1 acid. The unknown spot was not the takadiastase enzyme. Acid 

hydrolysis appeared to slightly decrease the intensity of the unknown 

spot but did not remove it completely. 

Total Nonstructural Carbohydrate Comparisons Among Hilaria 
Species and Sources at the Plant Materials Center, Tucson 

The TNSC curves and important growth stages for curly mesquite, 

tobosa, and galleta from Arizona are presented in Figures 9, 10, and 11, 
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Figure 9. Average TNSC level and corresponding growth stages by date for curly mesquite at the 
Plant Materials Center, Tucson. 
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respectively. Data for the average monthly air temperature and rela

tive humidity and total monthly precipitation from January, 1970, to 

May, 1971, at the PMC, Tucson, appear in Table 8. The limited data ob

tained for big galleta are not presented because they were not consid

ered to be representative, since stem base samples collected resulted in 

stress on the poorly established plants at the PMC and caused poor vigor 

and eventual death. 

The three Hilaria species sampled (curly mesquite, tobosa, and 

galleta from Arizona) were all at the 4- to 6-leaf stage on March 9, 

1970, the first sampling date. The first seedheads appeared on curly 

mesquite on March 24, whereas seedheads appeared approximately 2 weeks 

later (April 9) on tobosa and Arizona galleta. Seeds were completely 

disseminated on all three species by October 21, 1970. All three 

species exhibited new root growth on the first sampling date (March 9) 

and uninterrupted root growth was observed for tobosa and galleta until 

September 14. Root growth of curly mesquite was generally the same ex

cept for a 2-month period (May 21 to July 23) when no new root growth 

occurred. A quickly drying soil surface following irrigations may have 

caused cessation of root growth of curly mesquite during this dry spring 

period at Tucson. 

For tobosa and galleta, TNSC curves indicated that the depletion 

and replenishment of reserves were generally similar with respect to 

season of the year. Curly mesquite, however, exhibited a late spring 

replenishment of TNSC reserves resulting in the greatest annual accumu

lation in the spring rather than the fall or winter. 
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Table 8. Average monthly air temperature and relative humidity and 
total monthly precipitation at the Plant Materials Center, 
Tucson. 

Date 

Average 
Daily Air 
Temperature 

Average 
Daily Relative 

Humidity 

High Low High Low 

Precipi
tation 

(F) (%) (inches) 

January, 1970 65.3 33.8 76.4 23.2 0.00 
February, 1970 73.3 43.2 65.2 22.9 0.34 
March, 1970 69.0 41.0 73.8 22.9 1.92 
April, 1970 77.5 42.9 53.8 14.2 0.03 
May, 1970 93.6 57.1 45.8 15.0 0.04 
June, 1970 100.6 65.2 49.7 17.7 2.85 
July, 1970 100.2 73.0 68.3 21.8 2.11 
August, 1970 98.5 70.6 76.1 20.8 3.09 
September, 1970 88.8 60.8 71.4 23.8 3.92 
October, 1970 81.9 46.0 71.2 17.3 0.16 
November, 1970 76.3 41.4 62.7 20.3 0.00 
December, 1970 64.5 36.2 76.7 25.9 0.33 

January, 1971 66.2 32.6 67.4 17.7 0.22 
February, 1971 67.4 36.1 57.0 17.8 0.65 
March, 1971 80.7 40.5 40.8 13.1 0.00 
April, 1971 80.7 45.1 50.3 15.0 0.36 
May, 1971 87.9 51.8 47.2 16.1 0.00 
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Curly mesquite, tobosa, and galleta all showed that TNSC were 

replenished in the fall after root growth ceased. However, TNSC re

serves of curly mesquite (Figure 9) were accumulating on May 5 and 21, 

1970, while root growth was still occurring. Portions of the curly 

mesquite plants being sampled at this time were still growing viror-

ously. 

On the first collection date (March 9, 1970), carbohydrate re

serves of curly mesquite and tobosa were not significantly different at 

the 0.95 level, but reserves of galleta were significantly higher 

(Table 9). By May 21, curly mesquite reserves were significantly high

er than those of galleta and tobosa. This relationship held through 

June 15. Curly mesquite reserves were depleted after June 15; from 

July 23 through September 14 no significant differences among the re

serves of the three species could be detected. By November 7, 1970, 

galleta reserves had accumulated higher than the carbohydrate reserves 

in curly mesquite and tobosa. This relationship existed through 

March 6, 1971. 

The lowest TNSC levels on the carbohydrate curves of curly mes

quite, tobosa, and galleta were not significantly different among spe

cies. However, galleta stem base samples contained significantly 

greater levels of carbohydrate reserves than curly mesquite and tobosa 

at.the highest levels of TNSC for each species. 

Curly mesquite, tobosa, and Arizona galleta were at a earlier 

stage of growth in April, 1971, than in April, 1970. The TNSC of the 

stem base samples were also higher in April, 1971, than in April, 1970, 

for the three Hilaria species. These higher TNSC levels and earlier 



Table 9. Duncan's Multiple Range comparisons of total nonstructural carbohydrates levels of 
Hllaria species and sources at selected dates and reserve levels. Plants grown at Plant 
Materials Center, Tucson. 

Date 
Curly 
Mesquite Tobosa 

Galleta 
(Arizona) 

Galleta 
(Nevada) 

Galleta 
(Utah) 

March 9, 1970 36.2a* 

(mg glucose equivalents per g dry wt) 

35.7a 81.7b 28.0a 53.3a 

May 21, 1970 95.6a 38.7b 44.7b 64.5b 52.5b 

June 15, 1970 59.4a 22.1b 21.5b 24.8b 26.8b 

July 23, 1970 30.8a 16.8a 14.9a 16.4a 27.7a 

September 14, 1970 18.4a 11.4a 25.8a 13.5a 20.2a 

November 7, 1970 62.6ac 53.8a 102.2b 82.8bc 102.4b 

December 11, 1970 90.8a 98.9a 130.1b 85.6a 92.3a 

March 6, 1971 54.7a 64.8a 92.5bc 69.3ac 85.4bc 

Overall lowest TNSC 
level 18.4a 11.4a 14.9a 13.5a 20.2a 

Overall highest TNSC 
level 95.6a 98.9a 130.1b 85.6a 102.4a 

* Values with the same letter on each line are not significantly different at 0.95 confidence 
level. 



growth stages in April, 1971, than in April, 1970, resulted from little 

precipitation and slightly cooler temperatures during the winter and 

early spring of 1971 compared to 1970 (Table 8). 

In addition to Hilaria species comparisons, galleta sources from 

Arizona, Nevada, Utah, New Mexico, and Wyoming were compared at the PMC, 

Tucson. The TNSC curves and growth stages for galleta from Nevada, New 

Mexico, Utah, and Wyoming appear in Figures 12, 13, 14, and 15, res

pectively. Arizona and New Mexico sources were at the 4- to 6-leaf 

stage on the first sampling date (March 9, 1970), Nevada and Utah sourc

es attained the 4- to 6-leaf stage by the following collection date 

(March 24), and the Wyoming source did not reach the 4- to 6-leaf stage 

until May 5, 1970. First seedheads were observed for all sources except 

Wyoming on April 9. The Wyoming source of galleta produced first seed-

heads on April 21. New root growth was observed for Arizona, Nevada, 

New Mexico, and Utah sources on March 9. New root growth in the Wyoming 

source appeared March 24. Root growth continued throughout the spring 

and summer until September 14, 1970, for all sources. 

The Arizona and New Mexico sources of galleta, the most souther

ly distributed of the galleta sources, attained the 4- to 6- leaf stage 

earlier in the spring than the other sources. The Wyoming source is the 

most northerly source and did not reach the 4- to 6- laf stage until 

midsummer. Root growth was initiated at a later date in the Wyoming 

source than in the other sources. These data suggest a photoperiodic 

effect. 

As a result of inadequate plot replication at the PMC, Tucson, 

only the carbohydrate reserve levels of Arizona, Nevada, and Utah 
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sources of galleta were statistically compared. On the first collection 

date, galleta from Arizona had a significantly higher carbohydrate re

serve level than did the Nevada and Utah sources (Table, 9). From 

March 24 to November 7, 1970, no significant differences were measured 

as the carbohydrate reserves were seasonally depleted and replenished. 

On the December 11 collection date, however, galleta from Arizona again 

contained a significantly greater amount of reserve carbohydrates than 

the Utah and Nevada sources. No significant differences were observed 

after December 11, 1970, to the final collection date of April 8, 1971. 

No significant differences were detected when the lowest levels 

of TNSC for each of the three sources of galleta (Arizona, Nevada, and 

Utah) were compared. Herbage and root growth during the summer months 

reduced TNSC to approximately the same level in all three galleta sour

ces. However, when the highest carbohydrate levels for each species 

was compared among sources, Arizona galleta reserves were significantly 

greater than those of the Nevada and Utah galleta sources. 

The New Mexico source had high TNSC during the winter months, as 

did the Arizona source. Nevada and Utah galleta sources had lower TNSC 

in the winter than did the plants collected in Arizona and New Mexico. 

The Wyoming source showed the least TNSC in the winter. Thus, five 

sources of galleta showed three different patterns of fall and early 

winter TNSC accumulation when grown at Tucson, Arizona. 

The average coefficients of variation (CV) estimated for each 

set of three stem base samples at each date for each species and source 

were: (1) curly mesquite, 0.24; (2) tobosa, 0.32; (3) galleta (Arizona), 

0.23; (4) galleta (Nevada), 0.18; and (5) galleta (Utah), 0.23. The 
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estimated CV by date for the Hilaria species and sources at the PMC, 

Tucson, appear in Appendix Table B-l. Coefficients of variation for 

New Mexico and Wyoming sources of galleta were not estimated, since 

limited plant material at the PMC, Tucson, restricted number of samples 

to one per sampling date. The CV for the Hilaria species and sources 

indicate the inherent variability of biological systems. Tobosa stem 

base samples showed more variation than any of the galleta sources. 

Total Nonstructural Carbohydrate Comparisons Among 
Hilaria Species Located in the Yavapai County Area 

The total nonstructural carbohydrate curves and important growth 

stages by collection date for curly mesquite, tobosa, galleta, and big 

galleta are presented in Figures 16, 17, 18, and 19, respectively. 

Precipitation was measured in plastic storage gauges with oil to retard 

evaporation. Gauges were read at each sampling date from April 8, 1970, 

to April 7, 1971, at the Paulden and Cleator, Arizona, locations (Table 

10). Only curly mesquite was at the 4- to 6-leaf stage of growth on 

the first collection date, March 7, 1970. Tobosa attained the 4- to 6-

leaf stage by March 23 and big galleta by April 18. Galleta was at a 

2- to 4-leaf stage on April 18 but did not reach the 4- to 6-leaf stage 

until July 25, after the beginning of the summer rains. 

New root growth was observed for curly mesquite from March 23 

to April 18, and galleta produced new roots from March 23 to May 2. The 

only spring root growth for tobosa and big galleta was observed on 

March 23, 1970. The soils were wet at Paulden and moist at Cleator on 

March 7, 1970. Galleta roots grew at Paulden beginning in March even 

though cool temperatures were still occurring at this time of year. 
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Figure 18. Average TNSC level and corresponding growth stages by date for galleta near Paulden, 
Arizona, in the Yavapai County area. 
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Table 10. Precipitation between sample collection dates at Hilaria 
species locations in the Yavapai County area of Arizona. 

Date 
Paulden 

Galleta 

Location 

Cleator 

Curly 
Mesquite 
and 
Tobosa 

Big 
Galleta 

(inches) 

March 7, 1970 • - - -

March 23, 1970 - Gauge Installation -

April 8, 1970 0.98 T 0.05 
April 18, 1970 0.04 T 0.01 
May 2, 1970 0.15 0.29 0.34 
May 20, 1970 T T 0.00 
June 2, 1970 T 0.00 0.00 
June 15, 1970 0.33 0.09 0.00 
July 4, 1970 0.00 0.00 0.01 
July 25, 1970 3.40 2.54 2.65 
August 9, 1970 0.61 0.81 0.77 
August 31, 1970 3.65 5.19+ 5.24+ 
September 11, 1970 1.42 3.49 3.70 
September 25, 1970 0.00 T 0.00 
October 18, 1970 1.83 1.63 1.40 
November 6, 1970 0.00 0.00 0.01 
December 4, 1970 0.15 0.23 0.26 
February 27, 1971 1.43 1.90 1.70 
April 7, 1971 0.00 0.06 0.06 

Total 13.99 16.23 16.20 

* Precipitation during winter months as snow was not adequately 
measured by existing gauges. 
* Storms prior to this date overflowed gauges. 
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Curly mesquite at Cleator, Arizona, was able to better utilize available 

moisture for new root growth than tobosa and big galleta at Cleator in 

the spring. Existing cool temperatures may have limited root growth 

of tobosa and big galleta. With the coming of summer rain, new root 

growth was evident for all Hilaria species beginning on July 25, 1970. 

Root growth continued until September 11 for curly mesquite, tobosa, 

and galleta and until September 25, 1970, for big galleta. 

Seedheads first appeared on curly mesquite by April 18 and were 

completely shattered by July 4. A few seedheads were produced by to

bosa and big galleta in early June, 1970. It is not known if these 

seeds attained maturity. The greatest number of seedheads were pro

duced after the beginning of the summer rains. Curly mesquite, tobosa, 

and big galleta seedheads in the summer were first observed on August 9, 

1970, and galleta production of seedheads were first observed on August 

31. Seedheads on curly mesquite were completely shattered by October 

18, 1970. Galleta, tobosa, and big galleta seedheads were completely 

shattered by November 6, 1970. 

On March 7, 1970, the TNSC level of galleta was significantly 

greater than those of curly mesquite, tobosa, and big galleta (Table 11). 

Herbage and root growth of galleta at Paulden in March, 1970, was pro

ceeding at a slow rate because of cool temperatures, and TNSC reserves 

were not being depleted rapidly. By May 20, carbohydrate reserves in 

curly mesquite were significantly greater than the other three Hilaria 

species. By May 20, however, soil moisture had been depleted by plant 

growth and little precipitation was recorded. The existing droughty 

conditions affected curly mesquite more than the other three Hilaria 



Table 11. Duncan's Multiple Range comparisons of total nonstructural carbohydrates levels of 
Hilarla species at selected dates and reserve levels. Plants growing in the Yavapai 
County area of Arizona. 

Mesquite Tobosa Galleta Galleta 

(mg glucose equivalents per g dry vt) 

March 7, 1970 54.9a* 56.0a 91.5b 62.9a 

May 20, 1970 108.0a 57.6b 33.0b 59.2b 

June 15, 1970 101.4a 68.1a 65.2a 77.2a 

July 25, 1970 29.4a 35.2a 34.6a 62.2b 

August 31, 1970 36.6ab 28.6a 55.0b 30.6ab 

November 6, 1970 69.9a 58.5a 119.6b 82.1a 

December 4, 1970 56.7a 70.3a 107.3b 69.0a 

February 27, 1971 55.8a 56.1a 94.8b 66.0a 

Overall lowest TNSC level 29.4a 28.6a 24.6a 30.6a 

Overall highest TNSC level 108.0a 70.3b 119.6a 82.1b 

* Values with the same letter on each line are not significantly different at 0.95 confidence 
level. 



species and TNSC in curly mesquite were quickly replenished as root and 

herbage growth slowed or ceased. Carbohydrate reserves in all four 

Hilaria species had increased in response to droughty conditions by June 

15 so that no differences existed. On July 25, just after the beginning 

of the summer rains, big galleta reserves were significantly higher than 

the other three species. By September 6, 1970, galleta TNSC accumulated 

and had been replensihed to a significantly greater level than the TNSC 

of curly mesquite, tobosa, and big galleta. This relationship was 

maintained through the winter until February 27, 1971. Tobosa, galleta, 

and curly mesquite root and herbage growth responded more rapidly to 

summer precipitation than big galleta growth. The big galleta site at 

Cleator, Arizona, has a more sandy soil (Pinkney, 1969) than the other 

Hilaria collection sites. The reason, however, for slower big galleta 

growth and TNSC depletion following summer rains is not readily appar

ent. 

The lowest TNSC levels of each of the four Hilaria species, 

regardless of date, were not significantly different from one another. 

The annual high level of TNSC of curly mesquite and galleta were signif

icantly higher than those of tobosa and big galleta. The high for 

curly mesquite occurred in the spring and for galleta in early winter. 

The CV were estimated for each set of three stem base samples 

collected for each date for each species. The CV for curly mesquite 

varied from Q.01 to 0.42 with an overall average of 0.20. Galleta, to

bosa, and big galleta stem base samples averaged 0.27, 0.15, and 0.25, 

respectively. The CV for the Hilaria species in the Yavapai County 

area are shown in Appendix Table B-2. The estimated CV for TNSC levels 
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of curly mesquite and tobosa in the Yavapai County area were lower than 

those at the PMC, Tucson, whereas galleta CV were approximately the 

same at both locations. 

Net Photosynthesis and Respiration Study 

Methodology Studies 

As discussed in the literature review section, grass species of 

tropical origin have the following characteristics: (1) low CO2 com

pensation points, (2) a lack of photorespiration, (3) net photosynthe

sis not suppressed by O2, (4) a C4 carboxylation pathway, and (5) a 

vascular bundle sheath containing specialized chloroplasts. Since 

members of the Hilaria genus are of tropical origin and have vascular 

bundle sheaths containing specialized chloroplasts (Figures 20 and 21), 

it is assumed that for the net photosynthesis and respiration study 

they have the above-mentioned characteristics. 

Pots of bare soil which at one time had contained living plants 

were checked at 5, 21, and 38 C for CO2 being taken up or evolved. Net 

photosynthesis rates per pot at 5 C varied from 0.0 to 1.5114 mg CO2 

taken up/hr and from -0.7844 to 1.1832 and 1.1201 mg CO2 taken up/hr 

at 21 and 38 C, respectively. Respiration rates varied from 0.0 to 

0.4196 mg CO2 evolved/hr at 5 C. At 21 C, respiration varied from 

1.1922 to 1.3221 mg CO2 evolved/hr, whereas at 38 C, 0.6278 mg CO2 

evolved/hr was measured. No corrections in the net photosynthesis and 

respiration rates obtained for the Hilaria species and sources were made 

as a result of the above measurements. Variations in rates within and 

among temperatures were great and the only way to account for this would 



Figure 20. Magnified leaf section of tobosa illustrating bundle 
sheath layer characteristic of grasses of tropical 
origin • . 

Figure 21. Magnified leaf section of big galleta illustrating 
bundle sheath layer characteristic of grasses of 
tropical origin. 
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have been to rerun each pot for net photosynthesis and respiration af

ter clipping the foliage. Time and finances did not permit this extra 

work; therefore, rates for net photosynthesis and respiration do con

tain a bias for the pot effects. Relative differences among species 

and treatments are most important in this study. 

The response of curly mesquite, galleta, and tobosa to light and 

dark in terms of attaining maximum photosynthesis and respiration rates 

with time at a temperature of 21 C (70 F) are shown in Figure 22. The 

response rates of these three species at 5 C (40 F) and 38 C (100 F) 

are shown in Appendix Figures A-l and A-2. At 21 C and after a one 

hour waiting period, net photosynthesis rates of curly mesquite and to

bosa were approaching the maximum rates, but Arizona galleta was about 

50% of its maximum rate. After one hour at 5 C, Arizona galleta had 

attained about 60% of its maximum net photosynthesis rate, whereas to

bosa and curly mesquite had reached only about 30 to 40% of their maxi

mum rates. These data indicated a downward bias in net photosynthesis 

rates of galleta at 21 C when measured after 1 hr in the light. The 

data also indicated a downward bias in net photosynthesis rates of all 

three species when measured in the light at 5 C. Two hours in the light 

before measurement would have been more appropriate to eliminate this 

bias at the cooler temperatures. At 38 C, galleta, tobosa, and curly 

mesquite were near maximum net photosynthesis rates after one hour. All 

three species had approximated their maximum respiration rates after one 

hour of darkness at all three temperatures. 

Galleta showed the highest net photosynthesis rates at 5 C and 

curly mesquite the lowest. At 38 C, curly mesquite had the highest net 
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Figure 22. Photosynthesis and respiration rate response to light and dark at 21 C for curly mes-
quite, tobosa, and Arizona galleta. 
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photosynthesis rate and galleta the lowest. These data Indicate that 

Arizona galleta is best adapted to cooler climates as compared to curly 

mesqulte and tobosa. Curly mesqulte and tobosa appear to be better 

adapted to warm or hot climates as compared to Arizona galleta. 

The maximum net photosynthesis and respiration rates of curly 

mesqulte, tobosa, and Arizona galleta at three flow rates at 38 C are 

presented in Table 12. Reduction in flow rates slightly decreased net 

photosynthesis rates. Some of the observed variation may have resulted 

from the infrared gas analyzer being calibrated at a flow rate of 2.5 

liters/min instead of 1.5 or 3.0 llters/min. Reduced photosynthesis 

rates at a flow rate of 1.5 llters/min may have resulted from slightly 

limited CO2 concentrations in the circulated air due to the CO2 re

quirements of plants at 38 C. These were only small differences in 

photosynthesis rates attributed to flow rates used in trials for this 

dissertation. 

Net Photosynthesis and Respiration Rate Comparisons 
Among Species and Sources of the Hilaria Genus 

The data collected from the net photosynthesis and respiration 

studies were tested with analyses of variance. Each seasonal study 

(spring 1970, fall 1970, and summer 1971) was analyzed separately. The 

CV for the net photosynthesis and respiration experiments were calculated 

by dividing the standard deviation of the treatment-species interaction 

by the grand mean. The CV of net photosynthesis in the spring 1970, 

fall 1970, and summer 1971 studies were 0.67, 0.66, and 0.36, respectively. 

A major contributing factor to the variation among replications was 

the difference in vigor of•individual grass plants. 
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Table 12. Effect of varying flow rates at 38 C on net photosynthesis 
rates of curly mesquite, tobosa, and Arizona galleta. 

Trial Run 
Flow 
Rate 

Curly 
Mesquite Tobosa 

Galleta 
(Arizona) 

(liters per 
min) 

1.5 

2.5 

3.0 

1.5 

2.5 

3.0 

(mg CC>2 uptake per g fresh wt per hr) 

0.9542 

1.1426 

1.2249 

1.2733 

1.4213 

1.5493 

0.7788 

0.9218 

0.9427 

0.5178 

0.5612 

0.6042 

0.6678 

0.7145 

0.8248 

0.9282 

0.9907 

0.9998 
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Differences in vigor resulted from how well each plant responded after 

transplanting. The differences in vigor resulted in variable leaf and 

stem numbers oh the study plants. 

Spring 1970. Net photosynthesis sample means for each species 

and source compared at each temperature, the stage of growth, and aver

age fresh weight of green tissue for the spring-1970, experiment appear 

in Table 13. The sample means for respiration are in Table 14. 

Differences among species and temperature treatments were sig

nificant at the 0.95 confidence level, whereas the species-temperature 

treatment interaction was not. Duncan's Multiple Range Test was used 

to determine significant differences among net photosynthesis (Table 13) 

and respiration (Table 14) means among Hilaria species and sources. 

The net photosynthesis rate means for curly mesquite and big 

galleta were the highest when averaged over all three temperatures and 

were significantly different from the Utah source of galleta which was 

the lowest. The net photosynthesis rate means were not different among 

the three sources of galleta and tobosa or for curly mesquite, tobosa, 

big galleta, and Arizona and Nevada sources of galleta. 

Net photosynthesis rates of all the Hilaria species and sources 

were lowest at 5 C and increased as temperatures increased from 5 to 21 

C. Big galleta exhibited the lowest net photosynthesis rate at 5 C. 

Net photosynthesis rates of curly mesquite, tobosa, and Nevada and Utah 

sources of galleta were highest at 21 C and decreased when temperatures 

were increased to 38 C. The net photosynthesis rate of Arizona galleta 

was only slightly increased as temperatures increased from 21 to 38 C. 

Big galleta was the only Hilaria species that exhibited a large increase 



Table 13. Net photosynthesis rates, stage of growth, and average fresh weight for potted plants 
of curly mesquite, tobosa, big galleta, and Arizona, Nevada, and Utah sources of 
galleta held in controlled temperature chambers in the laboratory during the spring 
1970. 

Curly Galleta Galleta Galleta Tobosa Big Temperature 
Mesquite (Arizona) (Nevada) (Utah) Galleta Means 

(mg CO2 uptake per g fresh wt per hr) 

5 C (4 OF) 0.326 0.142 0.265 0.120 0.226 0.033 0.185 

21 C (70F) 1.082 0.576 0.854 0.385 0.668 0.704 0.712 

38 C (100F) 0.813 0.621 0.400 0.246 0.519 1.433 0.672 

Species Means 0.740ab* 0.447bc 0.506bc 0.250c 0.471bc 0.723ab 0.523 

Stage of Growth 4- to 6-
leaf 

4- to 7-
leaf 

4- to 6-
leaf 

3- to 6-
leaf 

5- to 8-
leaf 

3- to 7-
leaf 

50% 
seedheads 

67% 
seedheads 

50% 
seedheads 

33% 
seedheads 

no 
seedheads 

no 
seedheads 

Average Fresh 
Weight (g) 3.60 16.87 7.66 9.60 10.28 2.60 

* Values with the same letter on each line are not significantly different at 0.95 confidence 
level. 



Table 14. Respiration rates of curly mesquite, tobosa, big galleta, and Arizona, Nevada, and Utah 
sources of galleta held in controlled temperature chambers in the laboratory during the 
spring 1970. 

Temperature 
Curly Galleta Galleta Galleta 
Mesquite (Arizona) (Nevada) (Utah) 

Tobosa Big Temperature 
Galleta Means 

(mg CO2 evolved per g fresh wt per hr) 

5 C (40F) 0.196 0.081 0.085 0.078 0.099 0.645 0.197 

21 C (70F) 0.381 0.123 0.180 0.167 0.155 0.201 0.201 

38 C (100F) 0.623 0.381 0.591 0.624 0.625 0.640 0.581 

Species Means 0.400ab* 0.195c 0.285bc 0.290bc 0.293bc 0.495a 0.326 

Values with the same letter on each line are not significantly different at 0.95 confidence 
level. 



in net photosynthesis rate as temperatures were increased from 21 to 

38 C. 

The respiration rate of big galleta was much higher at 5 C than 

the other Hilaria species and sources. The reason for the high respira

tion rate exhibited by big galleta at 5 C was not readily apparent. 

Respiration rates of the remaining Hilaria species and sources of gal

leta increased as temperatures were increased from 5 to 21 C. Marked 

increases in respiration rates were observed as temperatures were in

creased from 21 to 38 C. High respiration rates resulted in decreased 

net photosynthesis rates at 38 C compared to 21 C. The respiration 

rates of curly mesquite at 5 and 21 C were greater than those of tobosa 

and the sources of galleta. 

Fall 1970. The species and temperature treatments and the 

species-treatment interaction were significant at the 0.95 confidence 

level. Curly mesquite, tobosa, big galleta, and Arizona and New Mexico 

sources of galleta were compared. The means of the net photosynthesis 

rates at each temperature, the stage of growth, and the averaged fresh 

weight of green tissue appear in Table 15. The respiration means for 

the fall 1970 study are shown in Table 16. 

The net photosynthesis rates of big galleta were low. The low

er leaves of most of the plants of this species were drying as the 

plants approached dormancy. The other Hilaria species and galleta 

sources exhibited lowest net photosynthesis rates at 5 C and rates in

creased as temperatures Increased to 21 C. The net photosynthesis rate 

of Arizona galleta was significantly higher at 5 C than any of the 

others. Tobosa and New Mexico galleta net photosynthesis rates 



Table 15. Net photosynthesis rates, stage of growth, and average fresh weight for potted plants 
of curly mesquite, tobosa, big galleta, and Arizona and New Mexico sourcê  of galleta 
held in controlled temperature chambers in the laboratory during the fall 1970. 

Temperature 
Curly 
Mesquite 

Galleta 
(Arizona) 

Galleta 
(New Mexico) Tobosa 

Big 
Galleta 

Temperature 
Means 

(mg CO2 uptake per g fresh wt per hr) 

5 C (4 OF) 0.098b* 0.562a 0.111b 0.103b -0.088b 0.157 

21 C (70F) 0.768a 0.615a 0.690a 0.470a -0.185b 0.472 

38 C (100F) 0.973a 0.668ab 0.559ab 0.366bc 0.104c 0.534 

Species Means 0.613ab 0.615ab 0.453bc 0.313c -0.056d 0.388 

Stage of Growth 5- to 10-
leaf 

5- to 10-
leaf 

4- to 7-
leaf 

6- to 11-
leaf 

4- to 8-
leaf 

100% 
seedheads 

502 
seedheads 

75% 
seedheads 

8% 
seedheads 

16% 
seedheads 

Average Fresh 
Weight (g) 10.76 5.18 6.88 9.87 3.03 

Values with the same letter on each line are not significantly different at 0.95 confidence 
level. 



Table 16. Respiration rates of curly mesquite, tobosa, big galleta, and Arizona and Mew Mexico 
sources of galleta held in controlled temperature chambers in the laboratory during the 
fall 1970. 

Temperature 
Curly 
Mesquite 

Galleta 
(Arizona) 

Galleta 
(New Mexico) Tobosa 

Big 
Galleta 

Temperature 
Means 

(mg C(>2 evolved per g fresh wt per hr) 

5 C (40F) 0.072a* 0.208 a 0.079a 0.083a 0.145a 0.118 

21 C (70F) 0.265a 0.302a 0.309a 0.284a 0.342a 0.301 

38 C (100F) 0.851bc 0.994ab 0.680c 0.729c 0.962ab 0.843 

Species Means 0.396ab 0.501a 0.356b 0.366b 0.483ab 0.421 

* Values with the same letter on each line are not significantly different at 0.95 confidence 
level. 
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decreased as temperatures increased from 21 to 38 C. Arizona galleta 

net photosynthesis rates increased slightly as temperatures were in

creased from 5 to 21 C and 21 to 38 C. Curly mesquite and big galleta 

were the only Hilaria species to exhibit marked increases in net photo

synthesis rates as temperatures increased from 21 to 38 C. The respira

tion rates of all Hilaria species and galleta sources increased as 

temperatures increased from 5 to 38 C. 

Summer 1971. Only curly mesquite and Arizona galleta were com

pared in the summer 1971 (Table 17). No significant species-temperature 

interaction was found, although species and temperature treatments 

means were significantly different at the 0.95 confidence level. The 

overall net photosynthesis means and respiration means of the two spe

cies were not different. 

The net photosynthesis rates of curly mesquite and Arizona gal

leta increased as temperatures were increased from 5 to 21 C. The 

highest net photosynthesis rates for both species were attained at 21 C. 

As temperatures were increased from 21 to 38 C, net photosynthesis rates 

of both species decreased. The net photosynthesis rates of curly mes

quite were higher at 21 and 38 C than the rates of Arizona galleta. As 

temperatures were increased from 5 to 38 C, respiration rates of both 

species increased. 

Comparisons among the Hilaria species and sources. The high CV 

of the spring 1970, fall 1970, and summer 1971 net photosynthesis and 

respiration studies masked definite trends among the Hilaria species 

and galleta sources. Variations resulted from variable plant response 

to transplanting, variable pretreatments, and from different stages of 
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Table 17. Net photosynthesis and respiration rates, stage of growth, 
and average fresh weight for potted plants of curly mesqulte 
and Arizona galleta held in controlled temperature chambers 
in the laboratory during the summer 1971. 

Curly ! Mesqulte Arizona Galleta 

Temperature Net 
Photosyn
thesis 

Respira
tion 

Net 
Photosyn
thesis . 

Respira
tion 

5 C (4 OF) 0.221 0.104 0.267 0.031 

21 C (70F) 1.056 0.291 0.859 0.279 

38 C (100F) 0.878 0.643 0.551 0.468 

Species Means 0.718a 0.346b 0.559a 0.259b 

Stage of Growth 4- to 8-
leaf 

100% 
seedheads 

4- to 8-
leaf 

100% 
seedheads 

Average Fresh 
Weight (g) 9.53 11.09 

mg CC>2 uptake per g fresh wt per hr 
mg CO2 evolved per g fresh wt per hr 
Values with the same letter on each line for either net photosyn

thesis or respiration are not significantly different at 0.95 con
fidence level. 
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plant growth and vigor at the time of net photosynthesis and respira

tion measurements. Pretreatment effects on net photosynthesis rates 

have been studied by Duncan and Hesketh (1968), Wilson and Cooper (1969), 

Raschke (1970), Wilson (1970), and Taylor and Rowley (1971). 

Curly mesquite and Arizona galleta were the Hilaria species 

compared in all three net photosynthesis rate studies. The mean rates 

for the three studies are shown in Figure 23. These mean net photosyn

thesis rates suggested that Arizona galleta had a photosynthetic advan

tage over curly mesquite at 5 C. Curly mesquite appeared to have a 

photosynthetic advantage over Arizona galleta at 21 and 38 C. 

In the study to determine photosynthesis response after illumi

nation, Arizona galleta responded to light more rapidly and attained a 

higher net photosynthesis rate at 5 C than curly mesquite (Figure A-l). 

At 38 C (Figure A-2), however, curly mesquite responded more rapidly to 

light and reached a higher net photosynthesis rate than Arizona galleta. 

Big galleta exhibited trends in photosynthesis rates influenced 

by temperature similar to curly mesquite. In the spring 1970 and fall 

1970 studies at 5 C, the net photosynthesis rates of big galleta were 

lower than any of the other Hilaria species and sources (Tables 13 and 

15). Marked increases in rate of net photosynthesis were exhibited by 

big galleta when temperatures were increased from 21 to 38 C. 

Net photosynthesis and respiration rates among tobosa and the 

sources of galleta were variable among seasons and differences were not 

significant. Inadequate replication, in addition to the measured vari

ation and nonsignificant differences, obscured possible trends. 
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Figure 23. Photosynthesis rates at 5, 21, and 38 C for curly mes-
quite and Arizona galleta averaged over spring 1970, 
fall 1970, and summer 1971 studies. 
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Relationships Between the Carbohydrate and Net 
Photosynthesis and Respiration Studies 

The maximum TNSC level for curly mesquite at the PMC, Tucson, 

occurred in the late spring (Figure 9) when daily high temperatures were 

approaching 38 C (Table 8). Maximum TNSC for Arizona galleta at the 

PMC, Tucson, occurred in the winter (Figure 11) when daily high tempera

tures were about 18 C. The TNSC annual concentration curves for curly 

mesquite and Arizona galleta growing in Yavapai County were similar to 

the curves found for these species at PMC, Tucson (Figures 16 and 18). 

Curly mesquite reached maximum concentrations of TNSC in the spring 

and Arizona galleta in the winter. The spring drought period in Yavapai 

County reduced spring growth and favored a higher accumulation of TNSC 

in the spring for both species than observed at PMC, Tucson. These data 

are conslstant with the data obtained during the net photosynthesis and 

respiration study. Arizona galleta had a higher photosynthesis rate 

than curly mesquite at lower temperatures and curly mesquite had a high

er photosynthesis rate than Arizona galleta at higher temperatures. 

New Mexico, Nevada, and Utah sources of galleta at the PMC, 

Tucson, also showed maximum accumulations during the late fall or win

ter similar to Arizona galleta. The maximum TNSC accumulations for 

tobosa under irrigated conditions at the PMC, Tucson, also occurred 

during the winter. In Yavapai County, maximum TNSC accumulations for 

tobosa were higher than tobosa at the PMC in the late spring, due to 

drought, and lower than tobosa at the PMC during the winter. 

At higher temperatures, curly mesquite and big galleta exhibited 

greater net photosynthesis rates and higher TNSC concentrations than 
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sources of galleta. At lower temperatures, however, galleta sources 

exhibited greater net photosynthesis rates and higher TNSC concentra

tions than curly mesquite and big galleta. Tobosa was intermediate to 

galleta sources and curly mesquite in net photosynthesis rates and 

TNSC concentrations. 

Grazing Management Implications of the Carbohydrate 
and Net Photosynthesis and Respiration Studies 

The data obtained from the Hilaria species and sources of gal

leta under irrigation at the PMC, Tucson, showed root and herbage 

growth initiated in the spring and continuing through the summer to ear

ly fall. Under these good moisture conditions, tobosa and sources of 

galleta exhibited maximum TNSC concentrations in the fall or winter. 

Grazing could begin in the spring after initiation of root and herbage 

growth and possibly be continued through the summer. Rest for plant 

reproduction and TNSC accumulation would be most advantageous at the 

end of the summer growth season. 

Curly mesquite, under good moisture conditions at the PMC, 

Tucson, reached a maximum TNSC concentration during the late spring. 

Grazing prior to the late spring maximum TNSC accumulation could reduce 

TNSC to a low level and retard herbage and root growth during the sum

mer. Grazing systems in the summer should also include allowance for 

plant growth and reproduction and TNSC accumulation prior to fall and 

winter dormancy. 

Moisture conditions favorable to good plant growth that existed 

during the spring and summer at the PMC, Tucson, do not normally occur 

on native ranges. The data obtained for the four Hilaria species in 



Yavapai County illustrate the effect of the late spring and early sum

mer drought period characteristic of the southwestern United States. 

All four Hilaria species exhibited a brief root and herbage growth peri

od in March and April prior to the drought period and TNSC accumula

tions in Hay and June. As observed at the PMC, Tucson, maximum TNSC 

concentration for curly mesquite occurred in May (Figure 16) and for 

galleta in November (Figure 18). The TNSC concentrations for tobosa 

and big galleta reached high levels in June and November or December, 

respectively (Figures 17 and 19). Grazing of curly mesquite, tobosa, 

galleta, and big galleta under southwestern moisture regimes should 

provide for periodic rest or light grazing during the brief spring 

growth period, since TNSC accumulated at this time are needed for ini

tiation of root and herbage growth in the summer. Periodic deferment 

or light stocking during the fall would also favor improved plant vigor 

and TNSC levels for all the Hilaria species, especially galleta. 

The response of the net photosynthesis rates of curly mesquite 

and Arizona galleta to changing temperatures are indicative of these 

species distributions in Arizona. The annual TNSC patterns for curly 

mesquite and Arizona galleta are consistent with the net photosynthe

sis data. Annual TNSC curves and/or net photosynthesis and respiration 

rates could be used in the selection of plant species or ecotypes 

suitable for a particular environment. 



SUMMARY AND CONCLUSIONS 

The TNSC concentration in the stem bases of curly mesquite 

showed a spring and fall pattern of TNSC depletion and accumulation at 

both the transplant garden at the PMC, Tucson, and in the field in 

Yavapai County. The spring TNSC accumulation of curly mesquite was more 

pronounced in Yavapai County than at PMC, Tucson, because of reduced 

growth during the late spring drought period at the field location. 

Arizona galleta exhibited an annual TNSC accumulation pattern that had 

maximum accumulations in late fall or winter at both the PMC, Tucson, 

and Yavapai County. The late spring drought period in Yavapai County 

produced only a slight early summer TNSC accumulation in Arizona galleta. 

Net photosynthesis and respiration rates for curly mesquite and 

Arizona galleta help explain the difference in carbohydrate accumulation 

patterns exhibited by curly mesquite and Arizona galleta. Curly mes

quite had higher net photosynthesis rates at 21 and 38 C than the 

Arizona source of galleta. Arizona galleta exhibited higher net photo

synthesis rates than curly mesquite at 5 C. Curly mesquite net photo

synthesis rates favored TNSC accumulation during the hot late spring 

and early summer and galleta accumulated reserves in the fall and winter. 

The annual TNSC concentration curve for tobosa was similar to 

Arizona galleta under good moisture conditions at the PMC, Tucson. 

Tobosa located in Yavapai County exhibited a TNSC annual curve that had 

late spring and fall TNSC depletion and replenishment periods which 

were between the patterns shown by curly mesquite and Arizona galleta. 
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An annual TNSC curve for big galleta as obtained only In Yavapai County 

and was similar to the pattern shown by tobosa. 

Net photosynthesis rates at 5 C for big galleta were lover than 

those of any of the other Hilaria species and sources. Big galleta 

also exhibited marked increases in net photosynthesis rates as tempera

tures increased from 21 to 38 C. The other Hilaria species and sources 

either obtained maximum net photosynthesis rates at 21 C or net photo

synthesis rates only slightly increased as temperatures were increased 

from 21 to 38 C. 

Mew Mexico, Nevada, and Utah sources of galleta grown at the 

PMC, Tucson, exhibited TNSC accumulation patterns similar to Arizona 

galleta. There was, however, an apparent ecotypic variation between 

Arizona galleta and Nevada and Utah sources of galleta, since maximum 

TNSC concentrations In Arizona galleta were significantly higher than 

for the other two sources of galleta when grown at the PMC, Tucson. 

The net photosynthesis and respiration rates obtained for the sources 

of galleta were too variable and limited to show significant differences 

in photosynthesis or respiration rates among the apparent ecotypes. 

The Wyoming source of galleta at the PMC, Tucson, exhibited an annual 

TNSC curve similar to curly mesquite. Maximum TNSC concentration 

occurred during the early summer. Data were limited here, but a definite 

difference in pattern of TNSC accumulation was shown by the Wyoming 

source of galleta compared to galleta from Arizona, New Mexico, Nevada, 

and Utah grown at the PMC, Tucson. 

The soluble sugar and total polysaccharide fractions of the 

Hilaria species and sources approximated the TNSC determinations. 
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Chromatography indicated that the soluble sugar fraction contained 

sucrose, glucose, and fructose. The hydrolyzed polysaccharide fraction 

was mainly glucose which showed the polysaccharide storage product 

to be a glucosan. 

Grazing systems for managment of ranges in the southwestern 

United States where curly mesquite, galleta, tobosa, and big galleta 

occur must consider both a spring and summer period of root and herbage 

growth. 
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Figure A-l. Photosynthesis and respiration rate response to light and dark at 5 C of curly mes-
quite, tobosa, and Arizona galleta. 



LIGHTS 
OUT 

OC 
X 

0.5-

X 
CO 
liJ q: 
u. 
© 

N 
O 
O 

CURLY 
MESQUITE o 

S 
-0.5 

GALLETA 

TOBOSA 

TIME (hr) 

Figure A-2. Photosynthesis and respiration rate response to light and dark at 38 C of curly mes-
quite, tobosa, and Arizona galleta. 
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Table B-l. Estimated coefficients of variation of total nonstructural 
carbohydrates of stem base samples of curly mesquite, to-
bosa, and Arizona, Nevada, and Utah galleta sources by date 
at the Plant Materials Center, Tucson. 

Curly . Galleta Galleta Galleta 
a e Mesquite 0 osa (Arizona) (Nevada) (Utah) 

March 9, 1970 0.25 0.32 0.13 0.27 0.08 
March 24, 1970 0.21 0.18 0.04 0.18 0.22 
April 9, 1970 0.45 0.32 0.39 0.30 0.34 
April 21, 1970 0.18 0.31 0.49 0.10 0.15 
May 5, 1970 0.13 0.13 0.31 0.27 0.21 
May 21, 1970 0.26 0.26 0.11 0.07 0.04 
June 5, 1970 0.08 0.25 0.54 0.20 0.08 
June 15, 1970 0.12 0.22 0.29 0.14 0.19 
July 6, 1970 0.20 0.26 0.26 0.18 0.42 
July 23, 1970 0.44 0.68 0.33 0.34 0.20 
August 17, 1970 0.41 0.44 0.04 0.10 0.46 
September 14, 1970 0.22 0.28 0.41 0.26 0.25 
September 30, 1970 0.12 0.34 0.35 0.14 0.40 
October 21, 1970 0.27 0.37 0.07 0.00 0.34 
November 7, 1970 0.18 0.52 0.15 0.06 0.24 
December 11, 1970 0.15 0.26 0.17 0.17 0.11 
March 6, 1971 0.27 0.38 0.03 0.16 0.26 
April 8, 1971 0.44 0.29 0.06 0.33 0.13 

Averaged Totals 0.24 0.32 0.23 0.18 0.23 
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Table B-2. Estimated coefficients of variation of total nonstructural 
carbohydrates of stem base samples of curly mesquite, to-
bosa, galleta, and big galleta by date located in the 
Yavapai County area. 

Date Mesquite Galleta Tobosa Galleta 

March 7, 1970 0.01 0.20 0.18 0.23 
March 23, 1970 0.09 0.12 0.19 0.26 
April 8, 1970 0.21 0.51 0.08 0.32 
April 18, 1970 0.07 0.41 0.24 0.50 
May 2, 1970 0.29 0.51 0.06 0.44 
May 20, 1970 0.16 , 0.31 0.22 0.06 
June 2, 1970 0.03 0.42 0.28 0.19 
June 15, 1970 0.14 0.12 0.13 0.15 
July 4, 1970 0.21 0.16 0.09 0.20 
July 25, 1970 0.26 0.37 0.22 0.32 
August 9, 1970 0.19 0.22 0.32 0.25 
August 31, 1970 0.40 0.41 0.12 . 0.26 
September 11, 1970 0.16 0.26 0.14 0.35 
September 25, 1970 0.25 0.20 0.09 0.31 
October 18, 1970 0.22 0.33 0.02 0.35 
November 6, 1970 0.21 0.13 0.20 0.29 
December 4, 1970 0.42 0.19 0.08 0.08 
February 27, 1971 0.07 0.21 0.02 0.12 
April 7, 1971 0.34 0.11 0.25 0.16 

Averaged Totals 0.20 0.27 0.15 0.25 
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