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I. ABSTRACT 

Lehmann Iovegrass {Eragrostis lehmanniana Nees.). a perennial bunchgrass, has 

established itself well since its introduction from South Africa. Arizona cottontop 

(Digitaria califomica (Benth.) Henr.) is a native perennial bunchgrass that sometimes 

appears on the same sites and soils as Lehmann Iovegrass. In a greenhouse, emergence 

was evaluated using a line-source irrigation system that simulated natural summer 

precipitation on two soil types collected from the Santa Rita Experimental Range 

(SRER). Density and cool-season growth of each species were monitored along transects 

located at the SRER on three different soils. I found that although Lehmann Iovegrass 

and Arizona cottontop emerge similarly on two soils, un-emerged caryopses of Arizona 

cottontop had a better percent survival rate. Also, Lehmann Iovegrass plants had more 

green above-ground biomass from November to May than Arizona cottontop, and 

Lehmann Iovegrass was able to greenup more rapidly following rain. This study showed 

these species have similar emergence characteristics on two soils, but that cool-season 

greening (growth) differs between the species on the same soils. 
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11. INTRODUCTION 

The rangelands of the southwestern United States have undergone a number of 

changes, especially since the 1870's. Many of these changes have been brought on by a 

combination of livestock grazing, reduced fire frequency, severe droughts and the 

introduction of new species. Some of these species have become more prominent 

features of the landscape (Roundy and Biedenbender 1995). 

Differences among important rangeland grasses, such as grazing tolerance (Martin 

and Cable 1974; Ruyle et al. 1988; McClaran and Anable 1992), forage quality (Voigt et 

al. 1986; Cox 1992), and emergence, growth and development (Martin and Cable 1974; 

Frank 1996) have often been studied for important forage species in southeastern 

Arizona. However, the soil characteristics required for germination and persistence, 

amount of moisture required for germination and emergence, and the patterns of moisture 

utilization throughout the year (during the growing and non-growing seasons) are less 

studied for many of the same species. These types of questions are probably less studied 

because it is more difficult to develop experiments that adequately address these 

questions efficiently. Once site characteristic requirements and developmental thresholds 

are better understood for rangeland grasses, researchers may be able to offer hypotheses 

to species-specific demographic questions such as; "Why does a particular species 

successfully persist and reproduce on one soil, but fail to persist on another soil?" or 

"How does a particular species utilize moisture during both the growing season and the 

non-growing season?" or " How does a species' utilization of moisture affect its 

distribution across the landscape?" 
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This study attempted to determine the similarities and differences in particular 

developmental characteristics of a native grass (Arizona cottontop [Digitaria califomica 

(Benth.) Henr.]) and an introduced grass (Lehmann lovegrass [Eragrostis lehmanniana 

Nees.]) on two soils. Developmental characteristics of particular interest were emergence 

and emergence of the two species on two different soils, and the utilization of moisture 

during the winter by mature plants. Soils used in this study were identified in 1979 as 

Comoro and Lampshire (USDA-SCS), but were later reclassified as Combate, 

Bobaquivari and Pantak (Breckenfeld pers. comm. 1997). (More detailed information on 

the soil name changes can be found in section HI A 1.) 

It may be important to have species-specific information on developmental 

characteristics for future management of the southwestem rangelands during times of 

global climate change or with changes in land management practices. For example, if 

emergence requirements, such as moisture (amount and timing of) and soil 

characteristics, for Lehmann lovegrass and Arizona cottontop are better understood, land 

managers may be better able to adjust management strategies to affect an increase or 

decrease of these grass species populations in southeastern Arizona with the current 

theories of global climate change. Additionally, if available moisture during the growing 

season increases in southeastern Arizona, these species may be able to increase their 

current ranges, whereas if the available moisture decreases, the opposite may be case. A 

better understanding of emergence requirements for rangeland species would be helpful 

for land managers anticipating the wise-use of lands in the area, and especially those with 
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large populations of Lehmann lovegrass because it accounts for a large portion of the 

available forage in the semidesert grasslands of southeastern Arizona. 

It has been observed that Lehmann lovegrass has higher density than other grasses 

on Combate soils at the Santa Rita Experimental Range (SRER). Lehmann lovegrass has 

also been observed to have lower densities on Pantak soils in a similar location. Combate 

soil has a loamy sand surface layer (0-5 cm) over a coarse sandy loam texture (5-120 cm), 

where as Pantak soil has a very gravelly sandy loam surface layer (0-10 cm) over a very 

gravelly sandy clay loam (10-36 cm). This lead me to hypothesize that inherent soil 

differences were a major factor affecting the density of Lehmann lovegrass on the two 

soils. Additionally, since historic reports suggest high densities of Arizona cotiontop in 

areas that are now dominated by Lehmann lovegrass (Thomber 1910; Canfield 1957), it is 

possible that Lehmann lovegrass may have replaced Arizona cottontop as a dominant 

species at certain sites. Therefore, it was further hypothesized that Arizona cottontop and 

Lehmann lovegrass might show similar growth patterns on the two soils and, thus, would 

be a good species for comparison. 

A. Objectives 

This study involved two sections, each with its own objectives. 

1. Line-source irrigation 

Using a line-source irrigation system in a greenhouse for variable moisture 

application, I proposed to determine; 
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• The amount of moisture needed during the summer for viable caryopses of 

both Lehmann lovegrass and Arizona cottontop to germinate and emerge on 

both the Combate and Pantak soils; and if 

• Caryopsis viability of Lehmann lovegrass and Arizona cottontop after initial 

watering events on the two soils, using non-germinated caryopses from the 

line-source setup. 

2. Density and cool-season growth 

Using transects established at the SRER, I proposed to determine: 

• If Lehmann lovegrass or Arizona cottontop differ in density on Combate or 

Pantak soils at the Santa Rita Experimental Range; and 

• If Lehmann lovegrass and Arizona cottontop differ in greening, and thus plant 

response to available moisture, during the cool-season growth period 

(November to May). 

B. Species Utilized in this Research 

1. Lehmann lovegrass (Eragrostis lehmanniana Nees.) 

a. History of Lehmann lovegrass introduction in North America 

In 1932, F.J. Crider who was Director of the Boyce Thompson Southwestern 

Arboretum at Superior, AZ, received caryopses (seeds) of Lehmann lovegrass collected in 

the Griqualand West Region of South Africa (Cox et al. 1988b). In 1935, Crider began 

irrigated screening tests with these accessions at the U.S. Department of Agriculture, Soil 

Conservation Service (USDA-SCS), Plant Materials Nursery in Tucson, AZ, and selected 

plants that matured quickly and produced caryopses during the first season (Cox et al. 
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1988a; Cox and Ruyle 1986). He labeled the bulk caryopses from the established plants 

as 'A-68.' 

Lehmann lovegrass was introduced into southeastern Arizona to help curb erosion 

and range degradation problems resulting primarily from previous overgrazing and 

droughts. It was generally successful and spread rapidly because of its ability to produce 

caryopses within the first season following emergence, its grazing and drought tolerance, 

and its ability to respond positively to fire from surplus caryopses already in the soil (Cox 

and Ruyle 1986). Lehmann lovegrass caryopses have been widely available for use in 

revegetation (Cox et al. 1988b). Between 1978 and 1984, 9072 to 14,515 kg of certified 

caryopses were produced annually in Arizona (Ruyle and Cox 1985). Approximately 

70% of this seed was sown on rangelands and along highways in Arizona, New Mexico 

and Texas, a practice that ended in 1985 (C. Taylor, pers. comm. 1998). The majority of 

the remaining caryopses were sown along roadways and on rangelands in the Mexican 

states of Chihuahua, Coahuila, and Sonora (Cox et al. 1988b). 

b. Spread of Lehmann lovegrass from seeded areas 

Lehmann lovegrass has established itself well and spread beyond the initial 

seeding locations. Between 1940 and 1980, Lehmann lovegrass was seeded on 70,000 ha 

and spread to an additional 130,000 ha in Arizona, New Mexico, Texas and Mexico (Cox 

and Ruyle 1986). By 1990, it was estimated to be present on 200,000 ha in Arizona alone 

(Cox et al. 1990). After its first seeding on the SRER 48 km south of Tucson, in 1937, 

Lehmann lovegrass formed a monoculture in many seeded areas and encroached onto 

neighboring areas between about 900 and 1525 m in elevation that received at least 200 
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mm of summer rainfall (Anable et al. 1992; Cable 1971b; Cox et al. 1988b; Cox and 

Ruyle 1986). From small seedings between 1945 and 1970 on the SRER, Lehmann 

lovegrass had spread to more than 85% of the available non-seeded areas by 1989 

(Anable et al. 1992). As non-invaded areas decreased, the spread of Lehmann lovegrass 

slowed but did not stop entirely (Anable et al. 1992). 

c. Basic biology 

Lehmann lovegrass is a perennial warm-season bunch grass often with geniculate 

culms 30 to 80 cm tall with rooting and branching occurring at the nodes (Hitchcock 

1951; Powell 1994). The open panicles are 10 to 15 cm long, with linear spikelets 10 to 

12 mm in length (Hitchcock 1951) that are usually 6-12 flowered (Powell 1994). 

Caryopses are generally ovate to oblong (- 0.5 X 0.75 mm) and have a naked seed coat 

when they drop from the inflorescence (Winkel et al. 1991). 

In its native Griqualand West Region in southern Africa, Lehmann lovegrass 

occurs at elevations between 1463 and 2800 m, where annual rainfall varies between 200 

and 560 mm, with most rainfall occurring in spring, summer, and fall (Cox et al. 1988b). 

In both southern Africa and Arizona, thunderstorms typically occur at 1-4 day intervals 

and either total spring or summer precipitation ranges from 150 to 220 mm (Cox et al. 

1989). Although sown at a variety of elevations and soil types, Lehmann lovegrass is 

now thought to be adapted to specific soil types in the southwestem United States and 

northern Mexico (Cox et al. 1988a). If current environmental conditions remain 

relatively constant, Lehmann lovegrass is not expected to increase its range in any 

direction because it is thought to occur in all areas where it is adapted (Cox et al. 1988a). 
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d. Lehmann lovegrass research in North America 

Lehmann lovegrass's introduction has drastically changed the landscape of the 

semiarid grasslands of southeastern Arizona and parts of Mexico, which has brought 

Lehmann lovegrass to the forefront of rangeland plant studies in the southwestern United 

States. Past research includes studies of the response of Lehmann lovegrass to grazing 

under different rates of stocking (Cox, et al. 1992), characterization of germination and 

emergence (Cox and Martin 1984; Emmerich and Hardegree 1996; Frasier et al. 1984; 

Hardegree and Emmerich 1991; Martin and Cox 1984; Roundy et al. 1992), and the water 

use efficiency of adult plants (Wright and Dobrenz 1973). The ability of Lehmann 

lovegrass to establish itself via caryopses beyond unseeded areas has also been a topic of 

interest for many ranchers, land managers, and researchers (Ruyle and Cox 1985). 

Cattle seem to select Lehmann lovegrass during dry seasons in southeastern 

Arizona, probably because it may be the only plant that is green, but they prefer the native 

perennial grasses during the wet seasons (Ruyle 1985). However, when Lehmann 

lovegrass appears in monoculture in this region, cattle are frequently unable to receive 

sufficient nutrients for maintenance because of Lehmann lovegrass's low forage quality 

(Ruyle 1985). This problem has led to studies of the development and possible 

management of the species to improve its forage quality (Voigt et al. 1986). Cox (1992) 

evaluated biomass production and chemical composition of live Lehmann lovegrass 

leaves, culms, and inflorescences. At the SRER, he found that leaf biomass peaked in 

early August, biomass of green inflorescences peaked in mid August, and biomass of 

green culms peaked in mid October. Cox (1992) also determined that cmde protein of 
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Lehmann lovegrass forage meets grazing animal requirements for only about half the 

year. In another study. Cox et al. (1992) showed that both nitrogen and phosphorus in 

Lehmann lovegrass roots decreased after a single defoliation event. In addition, Lehmann 

lovegrass exhibited a 26% decline in total root biomass compared to a 50% decline in 

Arizona cottontop root biomass with a single defoliation event (Cox et al. 1992). This 

supports the observation that Lehmann lovegrass may be generally more grazing tolerant 

than Arizona cottontop (Ruyle 1985). Other studies have suggested this as well 

(McClaran and Anable 1992; Ruyle et al. 1987; 1988). 

Although research has been done on the grazing tolerance and forage quality of 

Lehmann lovegrass, much of the research that has been done with this species has been 

directed to its emergence requirements and has provided information that can be used by 

ranchers and land managers. Roundy et al. (1992) determined that Lehmann lovegrass's 

maximum percent germination occurred when there was an alternation of seedbed 

temperatures (20° C 16 hours/ 40° C 8 hours) for four weeks. This temperature 

alternation was thought to be similar to wet seedbed temperature extremes during the 

summer rainy season in southern Arizona. Similar results were obtained by Wright 

(1973). Haferkamp et al. (1977) determined that mechanically scarified Lehmann 

lovegrass caryopses had a higher germination rate than those caryopses that were not 

scarified. Hardegree and Emmerich (1991) also found that mechanical pericarp 

scarification increased the germination rate and total germination percentage of Lehmann 

lovegrass caryopses. 
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Some accessions of Lehmann lovegrass appear to have characteristics that malce 

them less susceptible to drought. Hull et al. (1978) found that in drought-tolerant lines of 

Lehmann lovegrass, large wax plates were present on the leaf surfaces but these plates 

were absent on drought-susceptible lines. The wax plates of drought-tolerant lines were 

oriented vertically to the leaf surface, which was thought to slow water movement 

through the leaf boundary layer more than those on drought-susceptible lines that were 

situated horizontally to the leaf surface (Hull et al. 1978). Wright and Dobrenz (1973) 

found that although accession A-68 had higher adaxial than abaxial stomatal densities, 

stomatai densities were not found to be generally associated with water use efficiency, 

e. Lehnnann lovegrass and soil characteristics 

Caryopsis planting depth has a significant effect on the germinaiion and 

emergence of Lehmann lovegrass. Cox and Martin (1984) found that caryopses did not 

emerge if they were planted more than about 5 mm below the soil surface. Contrastingly, 

caryopses that were placed on the soil surface germinated and emerged at very high rates 

(Cox and Martin 1984). In another study Cox et al. (1988a) concluded that Lehmann 

lovegrass seedlings emerged only when caryopses were planted at or near the surface in 

sand, loamy sand, and sandy loam soils. Cox and Martin (1984) found that Lehmann 

lovegrass had 50% lower emergence in Pima silty clay loam soil than in either Sonoita 

silty clay loam or Combate sandy loam soils. This was thought to be due to an increase in 

clay within the Pima soil, as compared with Sonoita or Combate soils. An increase in 

clay particles within the soil will probably reduce the available moisture to the caryopsis 

for germination because the water molecules are held more tightly by soil particles 
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(Kramer and Boyer 1995). In addition to the above mentioned soils, Lehmann lovegrass 

may occur in dense stands on gravelly loams and stony loams and is generally found in 

southern Arizona on soils of the Continental, Combate, Sonoita, Tumacacori, and White 

House series (Cable 197 lb; Cox et al. 1988b). 

Lehmann lovegrass seems to occur in pure stands when surface soils range in 

texture from sand to sandy loams. Cox and Ruyle (1986) found that in southeastern 

Arizona and northcentral Mexico, establishment and long-term persistence of Lehmann 

lovegrass was limited to loamy sand and sandy loam soils. Cox et al. (1984) found that 

Lehmann lovegrass can establish on most soils in this region in an atypically wet summer, 

but suggested that it can only persist on sandy or sandy loam soils. This might be due to 

the increased availability of moisture at depths where the roots have penetrated over time. 

It may also be because proper nutrient levels are found in the sandy or sandy loam soils 

and not in soils with greater clay content. 

For this experiment, I was particularly interested in determining the amount of 

moisture needed for Lehmann lovegrass caryopses to emerge on selected soils with loamy 

sand and very gravelly sandy loam surface textures (0-5 cm and 0-10 cm, respectively), 

and in determining the viability of the caryopses on these soils. In combination with 

seedling emergence and establishment, I was also interested in determining how Lehmann 

lovegrass utilized moisture throughout the cool-season growing period (November to 

May) on these same soils. Since populations of Lehmann lovegrass currently exist on 

these soils at the SRER, the soils suggested by Cox (1984) may not necessarily be the 

only soils where Lehmann lovegrass is able to persist. 
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2. Arizona cottontop {Digitaria califomica (Benth.) Henr.) 

a. Distribution 

Arizona cottontop ranges from the southwestern United States to central Mexico, 

and has been collected from nine states in Mexico as well as Arizona, New Mexico, 

Texas, Oklahoma, and Colorado. It has also been documented in the South American 

countries of Bolivia and Argentina. In Arizona, this species is found in a variety of 

habitats including oak-woodland, chaparral, semidesert grassland, and Sonoran desert 

shrub communities between 300 and 1800 m elevation (Cable 1979). 

Arizona cottontop generally grows in regions with strongly bimodal rainfall 

patterns separated by dry periods, such as southeastern Arizona, and in regions with high-

summer and low-winter rainfall, such as westem Texas and southern New Mexico (Cable 

1979). Historical accounts show that this was dominant on the semidesert grasslands of 

southeastern Arizona (Cable 1969; Canfield 1957; Judd and Judd 1976; Martin and 

Morton 1993; Thomber 1910). It has been suggested by Cable (1979) that vigorous 

Arizona cottontop stands are dependent on adequate summer rainfall. 

b. Description and basic biology 

Arizona cottontop is a perennial warm-season bunchgrass commonly found in 

locations similar to Lehmann lovegrass. It has slender, erect culms from 30 to 100 cm 

tall, and has prominent silky-cottony inflorescences that are strongly pubescent with long, 

silky, white hairs on glumes that surround and closely oppress the caryopsis (Cable 1979). 

Individual basal culms of the plant may live 3 years or more and can potentially produce 

up to 8 axillary shoots during their lifetime (Cable 1971a). Individual plants, over a 15 
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year study, were found to live a total of 8 to 10 years at the SRER (Canfield 1957). 

Although it is a warm-season grass, new basal shoots normally start their development in 

the relatively cool spring growing period, go dormant during the May-June drought, 

resume growth with the onset of the summer rains, and then produce inflorescences 

(Cable 1971a). Tapia and Schmutz (1971) found that Arizona cottontop seedlings were 

resistant to physiological drought (when osmotic tensions exceeded 1.22 MPa). On the 

SRER, McGinnies and Arnold (1939) showed Arizona cottontop to have two periods of 

growth during the year (late spring and late summer/early fail). 

Arizona cottontop is an especially valuable forage for livestock because of its 

ability to utilize soil moisture at any time during either growing season (spring or 

summer/fall) for the initiation and growth of new shoots (Cable 1982). Cable (1979) 

determined that Arizona cottontop is able to utilize available soil moisture quickly, and 

that it is able to withstand relatively long periods with little or no available soil moisture. 

It is also a palatable, drought hardy species that thrives under moderate grazing of up to 

50 or 60% utilization (Cable 1979). 

c. Arizona cottontop research 

Arizona cottontop has been studied less than Lehmann lovegrass. Gatica (1995) 

found that the germination percentage of Arizona cottontop caryopses increased with time 

from their maturity in late summer. The caryopses reached their highest values 9-12 

weeks after removal from the plant in southern Arizona. Caryopses of this species also 

do not germinate after short imbibition periods followed by a 24-hour dry period, and 

complete caryopses (with glumes) imbibe more water than naked ones (Gatica 1995). 
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Cable (1982) found that Arizona cottontop produces more and higher quality 

forage under moderate grazing than under no grazing due to new growth from axillary 

shoots. He also found that Arizona cottontop exhibits weak apical dominance, allowing 

axillary shoots to grow and produce forage throughout the growing season. Additionally, 

it has been suggested that there is no "vulnerable" time of year for Arizona cottontop in 

relation to livestock utilization because it will grow well during any season with adequate 

moisture (Cable 1982). 

Arizona cottontop was found to have higher total percent germination with 

constant (25°C) and gradual temperature alternation, than with abruptly alternating 

temperatures in the summer (20° and 40°C), spring (2° and 33°C) and winter (1° and 

16°C) (Roundy and Biedenbender 1996). Roundy and Biedenbender (1996) also found 

that Arizona cottontop germination was less with abrupt winter temperature alternation 

than with gradual temperature change. 

Livingston et al. (1997) found that densities of Arizona cottontop were higher 

under velvet mesquite (Prosopis velutina Woot.) than in open areas at the SRER. They 

suggested this difference in density could be due to differences in grazing intensity, and 

concluded that areas with less grazing pressure would more likely have higher densities 

of Arizona cottontop in open areas (not under velvet mesquite). It would follow that 

areas with more grazing pressure would be more likely to have lower densities of Arizona 

cottontop in open areas. 
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d. Arizona cottontop and soil characteristics 

Soil textures where Arizona cottontop appears to persist and reproduce include 

clay loam, sandy loam and loose gravelly soils, but it has also been found on limestone 

ledges and porphyritic hills (Cable 1979). Similar to Lehmann lovegrass, Arizona 

cottontop is "abundant and very productive" on Whitehouse and Combate soils in 

southern Arizona (Cable 1979). Livingston et al. (1997) reported populations of Arizona 

cottontop on both the Sonoita and Tanque soil series. 

For this experiment, I was interested in determining the amount of moisture 

needed for Arizona cottontop caryopses to germinate on selected soils with loamy sand 

and very gravelly sandy loam surface textures (0-5 cm and 0-10 cm, respectively), and in 

determining the viability of the caryopses on these soils compared to the same traits for 

Lehmann lovegrass caryopses. In addition to seedling emergence and establishment, I 

was also interested in determining if Arizona cottontop utilization of moisture throughout 

the cool-season growing period (November to May) on these same soils differed from 

that of Lehmann lovegrass. 

C. Emergence and Establishment 

1. Processes of germination, emergence and establishment 

The process of caryopsis germination was summarized well by Leather (1987) in 

which he identified three main events: 1) caryopsis imbibition, 2) rapid changes in 

organelle activities within the caryopsis, and 3) radicle protrusion through the testa. 

Water uptake is necessary for the rehydration of tissues in a dry caryopsis, and the 

initiation of its metabolic activity. The initial rate of water movement into the caryopsis 
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is determined by the difference in water potential between the soil and the caryopsis 

(Kramer and Boyer 1995). 

Studying germination can be very difficult because caryopses are usually buried 

beneath the soil surface, and the exact time germination occurs can be difficult to 

determine. Also, although germination is not reversible, imbibition may be in some 

instances (Allen et al. 1993). This can be a very important possibility for plants in arid 

environments because rainfall may be light and infrequent. Line-source irrigation 

(Johnson et al. 1982) technology provides a method to study germination, and subsequent 

emergence, because applied moisture may be varied relatively easily across the sample. It 

can also be used to determine which caryopses are able to reverse the imbibition process 

and remain viable, without germination taking place. 

An established seedling is one that which has adequate root penetration into the 

soil to maintain a favorable water potential in the shoot for growth (Tischler and Voigt 

1987). As Kramer and Boyer (1995) pointed out, roots tend to slow in growth when the 

soil surface dries because of the increased frictional resistance. Due to this increased 

resistance, the roots closer to the soil surface tend to cease growing and die when the soil 

dries but the lower roots proliferate (Kramer and Boyer 1995). 

Answers to some germination or emergence questions are more easily obtained by 

utilizing a variable moisture application process. Line-source irrigation technology is one 

way to create a variable moisture application because it generates a moisture gradient for 

caryopses, within containers, placed beneath the applicator (Johnson et al. 1982). 
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2. Line-source irrigation technology 

Greenhouse line-source irrigation systems generally consist of a hose connected to 

a water supply, a moisture applicator (spray nozzle), a track in which the applicator 

travels back and forth, a series of valves, and a timer (Johnson et al. 1982). For moisture 

application, a pressurized hose is used to spray water periodically to plants within 

containers beneath the spray bar. Moisture is applied in a gradient with the most moisture 

applied to the plants closest to the applicator and less moisture applied further away. 

Line-source irrigation has been utilized for many years by crop scientists and 

horticulturists. Lfses of line-source irrigation technology include studies of: plant 

response to water application (Johnson et al. 1982; Mahalakshmi et al. 1990), plant 

competition (Pomela et al. 1989), irrigation scheduling models (Simonne et al. 1993), 

measurement of evapotranspiration rates and plant yield under irrigation (Barros and 

Hanks 1993; Grimes et al. 1992; Wicks and Carson 1987), and crop nutrient status under 

irrigation (Westcott et al. 1993). 

Line-source irrigation systems have also been used to study the effects of different 

amounts of moisture on: levels of nutrients within the soil profile (Comfort et al. 1993), 

soil thermal regimes (Wraith and Hanks 1992), and solute transport within the soil and 

plant (Comfort et al. 1993). In addition, it has been used to study the effects of specific 

nutrients such as boron and salinity on plants (Aragues et al. 1992; Shani and Hanks 

1993) and the relationship between nutrients and canopy temperatures (Kluitenberg and 

Biggar 1992). Line-source irrigation technology has also been utilized to study growth 

and persistence of rangeland plants along a soil moisture gradient (Asay and Johnson 
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1990; Johnson and Aguirre 1991; West et al. 1993), and to monitor carbon isotope 

discrimination in alfalfa under varying moisture levels (Johnson and Rumbaugh 1995). 

As Bresler ei ai. (1982) pointed out, a line-source irrigation system ensures 

uniform water application in strips parallel to the sprinkler line. Thus, an inherent 

limitation of line-source irrigation experiments is that moisture treatments cannot be 

placed within replications randomly. Regardless of its limitations, line-source irrigation 

technology provides a practical mechanism for studying rangeland plant germination and 

emergence under differing moisture levels and was used in this study. 

D. Density and Growth 

1. Importance of density 

Plant density may offer some insight into plant survival at a given site (Bonham 

1989). Plant density may be closely related to rangeland management goals as well, such 

as the reduction of soil loss under a grazing regime (Martin and Morton 1993). Plant 

density and size at a given location is a function of many factors including seedling 

establishment, available moisture, and competition (Samuel and DePuit 1987). 

Martin and Cable (1974) observed that obvious vegetation density differences 

often corresponded with soil differences on the SRER. They also conceded that the 

single most important factor determining the density, and frequency of a species on a 

given site is available moisture (Martin and Cable 1974). 
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2. Growth 

Thomas and Young (1954) found that the greatest differences in vegetation 

growth were due to differences in soil series. Additionally, Subirge (1982) reponed that 

most differences in vegetation growth are related to soil texture and structure because 

these characteristics influence moisture holding capacity, aeration and plant root 

development, which are key components of plant growth. Although it may be true that 

soils play an important role in plant growth, the available moisture at any site will also be 

important for growth of individual plants. For a perennial plant in southeastern Arizona, 

especially seedlings, the dry period between growing seasons can be very stressful. If 

emergence occurs in late summer, warm-season grass seedlings may need to depend on a 

spring growth period to maintain themselves to the next summer growth period. 

The life of a perennial grass seedling in southeastern Arizona can be simplified 

into four stages (assuming there are no other outside factors such as grazing or fire). The 

first stage is establishment, where the seedling must be able to survive any droughts 

occurring during this period. If the seedling is able to survive, it then faces the fall 

drought (second stage) where it either does or does not have enough biomass to withstand 

the drought. In the third stage, the seedling must receive enough moisture during the 

short cool-season growth period to survive the summer drought. If the seedling is able to 

survive these stages it will probably survive to maturity (fourth stage), where "maturity" 

is defined as the ability to produce inflorescences. 

This experiment was designed to look more closely at Lehmann lovegrass and 

Arizona cottontop during stages one through three. The first portion (line-source 
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irrigation) of the study addresses stage one of the seedling's development. Stage two was 

originally replicated by adjusting plant-available moisture within a rain shelter to produce 

seedlings of varying sizes. This section of the experiment eventually failed due to 

excessive seedling mortality. The third stage was replicated by monitoring seedlings and 

mature plants in the field to account for plant utilization of moisture and mortality. 
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III. DESCRIPTION OF EXPERIMENTAL SITES AND MATERIALS 

A. Soils 

1. Description 

Initially, the two soils chosen for this experiment were thought to be of the 

Comoro and Lampshire Series as described in 1979 (USDA-SCS 1979). It was later 

determined by Dr. Donald Post (Department of Soil, Water and Environmental Sciences, 

University of Arizona) and Mr. Don Breckenfeld (USDA-NRCS, Tucson, Arizona) that 

the soil delineations were incorrect. Soils of the two SRER experimental sites used in 

this experiment (further described in section HI. B.) were re-classified by Mr. Breckenfeld 

in August 1997. The soil originally delineated as of the Comoro series was determined to 

be within the Combate series, and the Lampshire soil site was determined to be composed 

of three soils: Combate, Bobaquivari and Pantak. For the remainder of this thesis, the 

soils will be referred to as Combate, Bobaquivari and Pantak (Breckenfeld 1997) (Table 

I). 

2. Collection 

The soils used in all portions of this experiment were collected from study sites 

located at the SRER to better imitate natural conditions for seedling establishment in a 

controlled setting. The Combate soil was collected on 3 June 1996 on the west side of 

Forest Service Road 486, directly across the road from where the Combate study site was 

established (Figures 1 and 2). This site (east side of road) is referred to as "Site A." The 

Pantak soil was collected 5 June 1996, also on the west side of Forest Service Road 486 

(Figures 1 and 3). The Pantak study site was later established on the same side of the 



Table 1. Soil series descriptions for Bobaquivari, Combate and Pantak soils collected at the SRER and used in these 
experiments. 

Soil Series' 
Bobaquivari Combate-Diaspar Complex Lampshire-Pantak- Rock 

Outcrop Complex 

Slope 1-8% 1-5% 10-60% 
Landform fan terrace alluvial fan or fan terrace hills and mountains 
Classiflcation thermic Ustic Haplargids thermic Ustic Torrifluvents thermic Lithic Ustic 

Haplargids 
Depth Class very deep deep upland very shallow/shallow 
Permeability moderately §low moderately rapid moderate 
Avail. H2O Holding Capacity low low moderate 

Typical Profile 
Coarse Fragments at Surface 5-10% gravel 5-20% (generally gravel) 35-55% (gravel, cobbles 

and stones) 
Horizon One 

depth 0-8 cm 0-5 cm 0-3 cm 
texture loamy sand loamy sand very gravelly sandy loam 

Horizon Two 
depth 8-20 cm 5-120 cm 3-10 cm 
texture coarse sandy loam coarse sandy loam very gravelly sandy loam 

Horizon Three 
depth 20-81 cm n/a 10-36 cm 
texture gravelly sandy clay loam very gravelly sandy clay 

loam 
'All soil data were obtained from the USDA-NRCS re-delineation report for SRER completed September 1997 (Breckenfeid 1997). 



Figure 1. Aerial view of Combate and Pantak sites, along Forest Service Road (FR) 486, at the Santa Rita 
Experimental Range (SRER), where north is to the left side of the photo. Combate (Site A), east of FR 486, 
and Pantak (Site B), west of FR 486, study sites are shown. ^ 
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road. This site (west side of road) will be referred to as "Site B." The top 20 cm of soil 

on both the Combate and Pantak sites were collected. Bobaquivari soil was not collected 

because it was originally thought to be within the Pantak series. Instead, it was sampled 8 

August 1997. 

3. Treatment 

Treated soil was used in the line-source irrigation portion of this study. As the 

soils were collected, large rock fragments were removed using a 1.25 X 1.25 cm screen. 

After collection, the soil was autoclaved to kill caryopses it contained. Autoclaved soil 

was placed in 5-gallon plastic pots for transport to the greenhouse, then covered to 

prevent contamination from air-blown seed. 

B. Experiment Locations 

The emergence experiment using line-source irrigation was conducted in a 

greenhouse at the University of Arizona Campus Agricultural Center in Tucson, Arizona. 

Temperatures and relative humidity levels in the greenhouse were monitored daily. Field 

monitoring was conducted at the SRER using transects. 

1. Location of Transects at the Santa Rita Experimental Range (SRER) 

Twenty permanent transects were located with 10 on both Sites A and B. A 50-m 

baseline was randomly established on each of the two sites from which 10, 25-m, point-

intercept transects (Bonham 1989) were randomly assigned, perpendicular to the baseline. 
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a. Combate transects (Site A) 

Site A was located on the east side of FS 486, 0.6125 km, southwest of the FS 486 

- FS 505 intersection (Figures 1 and 2). The transects were established running south to 

north. 

b. Pantak transects (Site B) 

Site B was located on the west side of FS 486, 0.175 km, southwest of the FS 486 

- FS 505 intersection (Figures 1 and 3). Transects were established running north to 

south. Also, the transects on this site were divided into three sections, along soil 

differences, to account for any effects differing soils may have had on the plants of 

interest (Figure 4). 

Because of the re-classification of the soils at Site B by Mr. Breckenfeld, all soils 

of the transects were re-sampled 8 August 1997 and further laboratory analysis was 

completed for particle size distribution, particle size classification, and color for the top 

two horizons in Dr. Post's laboratory at the University of Arizona (Table 2). 





Table 2. Laboratory analysis results of Bobaquivari, Combate and Pantak soils used in the transect experiments conducted at 

the SRER'. Soil samples were collected 3 June and 5 June 1996, and 8 Au(>u.sl 1997. Further analysis was completed in 

the laboratory using established methods (USDA 1984). Color values were obtained using methods documented by Post et 

al. 1993. 

Soil Horizon Dcpth^ Particle Size Classirication Pailicle size distribution Color 

(cm) % Sand % Silt %Clay Dry Moist 

l-ii\e-source 

Combate A 0,0 - 5.08 gravelly, loamy coarse sand 81 11 8 0.5Y 4.5/3.3 9.5YR 3.4/2.4 

13 5.08 - 50.8 gravelly, coarse sandy loam 76 14 10 0.3Y 4.2/2.9 9.6YR 3.0/2.2 

Pantak A 0.0- 10.2 gravelly, loamy coarse sand 80 8 12 9.3YR 4.2/3.5 8.9YR 3.2/2.9 

Ut 10.2-25.4 gravelly, sandy clay loam 68 12 20 8.8YR 3.8/2.9 8.4YR 2.9/2.6 

Transects 

Bobaquivari A 0.0-1.3 coarse sandy loam 77 8 14 8.4YR 4.5/4.3 8.5YR 3.6/3.5 

B 1.3-25,4 gravelly, sandy clay loani 66 8 26 6.7YR 4.0/4,3 6. lYR 3.3/4.1 

Combate A 0.0- 10.2 gravelly, coarse sandy loam 77 14 9 9.8YR 4.9/3.8 9.5YR 3.3/2.9 

B 10.2-25.4 gravelly, coarse sandy loam 76 14 10 9.4YR 4.2/3.4 8.6YR 3.1/2.8 

Pantak A 0.0 - 20.3 gravelly, coarse sandy loam 67 16 17 9. lYR 4.0/3.6 8.3YR 3.0/2.8 

Bt 20.3 - 30,5 gravelly, coarse sandy loam 64 18 18 8.4YR4.I/3.8 7,8YR 3.0/2.9 

'Laboratory results were obtained at Dr. Post's soil analysis laboratory at The University of Arizona, October 1997. All tests were conducted by Jamie 

Dubay 

'Horizon depth values were recorded when the samples were taken 3 June 1996 (line-source Combate), 5 June 1996 (line-source Pantak), and 8 August 

1997 (all transect soils) 
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IV. LINE-SOURCE IRRIGATION EXPERIMENT: EMERGENCE AND 

ESTABLISHMENT OF LEHMANN LOVEGRASS AND ARIZONA 

COTTONTOP 

A. Objectives 

The objectives of the line-source irrigation experiment were to determine: 

• The amount of moisture needed during the summer for viable caryopses of 

both Lehmann lovegrass and Arizona cottontop to germinate and emerge on 

both the Combate and Pantak soils; and 

• Caryopsis viability of Lehmann lovegrass and Arizona cottontop after initial 

watering events on the two soils, using non-germinated caryopses from the 

line-source setup. 

B. Methods 

1. Line-source irrigation 

The line-source irrigation portion of this study was conducted in a greenhouse 

using a line-source gradient irrigation system (Johnson et al. 1982). Two runs were 

conducted between 16-29 August and 10-23 September 1996. These dates were selected 

to correspond with the period of the year with high rainfall, thus high relative humidity 

levels, when Lehmann lovegrass and Arizona cottontop plants germinate naturally in the 

field (Cable 1971a; Cox et al. 1988b). In these experiments, the irrigation system was 

programmed to apply a maximum of 4.9 mm of water per day in the early morning (about 

G2(X)), during peak humidity within the greenhouse (Figure 5). Temperature (Figure 
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Figure 5. Total amount of water received at a given distance (position) from the line-
source sprinkler. "Position" was defined as the location of the cone along the 
moisture application gradient, with position I receiving the most moisture and 
position 9 receiving the least along a linear gradient. 
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6) and relative humidity levels (Figure 7) within the greenhouse were monitored daily for 

a simultaneous experiment and included here (D.M. Fendenheim pers. comm. 1997). 

2. Caryopsis production and treatment 

Caryopses collected from Arizona cottontop plants growing in a population 

located at the Diamond Bell Ranch near Robles Junction, Arizona (Livingston et al. 

1997) were used to produce the caryopses used in this experiment. The caryopses were 

produced in 1992 at the Campus Agricultural Center in Tucson, Arizona and harvested by 

hand. Arizona cottontop caryopses with their hairy glumes were used in this experiment. 

Lehmann lovegrass caryopses (accession A-68, PI 469223) were harvested 18 June 1986 

from field 9, borders 6 and 7, at the Tucson Plant Materials Center, using a combine. 

Caryopses of Lehmann lovegrass used in this experiment were naked and without glumes, 

as they occur naturally. 

Caryopses of both species were placed in 20 X 4 cm cylindrical containers. 

Containers were prepared with the following layers; 1) paper (to plug the holes in the 

base of the cones), 2) pea gravel, and 3) soil even with the top of the cone (Figure 8). 

Either Combate or Pantak field-sifted soil (sifted through a 1.25 X 1.25 cm screen) was 

placed in the cones over pea gravel, then soil sifted with a I X 1 cm screen, then the 

surface was covered with soil sifted with a 0.25 X 0.25 cm screen to avoid any coarse 

fragments at the surface that might impede soil - caryopsis contact. The first layer of soil 

was field-sifted soil, then coarse sifted field soil (to 1 cm of top of container), then fine 
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Figure 6.A. Temperature diurnal fluctuations within the University of Arizona Campus Agricultural Center 

greenhouse between 13-29 Aug 1996. A line-source irrigation experimental run was conducted 19-27 Aug. 
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greenhouse between 28 Aug and 13 Sep 1996. A line-source irrigation experimental run was conducted 
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Figure 7.A. Relative humidity diurnal lluclualions within the University of Arizona Campus Agricultural Center 

greenhouse between 13-31 Aug 1996. A hne-source irrigation experimental run was conducted 19-27 Aug. 
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Figure 7.B. Relative humidity diurnal fluctuations within the University of Arizona Campus Agricultural Center 

greenhouse between 28 Aug and 13 Sep 1996, A line-source irrigation experimental run was conducted 13-23 
Sep. 
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9 cm^ of fine-sifted soil 

22 cm^ of coarse-sifted soil 

110 cm' of field-sifted soil 

18 cm of pea gravel 

paper to block air holes at base 

Figure 8. Inside-view of cone preparation for line-source irrigation experiments con
ducted in August and September of 1996. Upon preparation, caryopses of Lehmann 
lovegrass and Arizona cottontop were placed in the cone, then cones were randomly 
placed along the line-source irrigation gradient for moisture application. 
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sifted field soil was added to make the soil surface within the container uniform (Figure 

8). Excess soil was scraped from the cone by running a ruler across the top edge of the 

cone. 

Five Arizona cottontop caryopses were placed 5 mm below the soil surface, and 

11-15 [ig of Lehmann lovegrass caryopses (approximately 11-15 caryopses) were 

distributed over the soil surface. Fifteen groups of 11-15 Lehmann lovegrass caryopses 

were counted and weighed, then a mean weight was generated from the 15 groups. The 

remaining groups of Lehmann lovegrass caryopses were weighed out, as close as 

possible, to the mean weight. Lehmann lovegrass caryopses had an estimated viability of 

94%, while Arizona cottontop caryopses estimated viability was 83%, based on total 

percent germination after the sixth day of moisture application (data not published). In 

this experiment, nine containers were placed perpendicular to the nozzle for moisture 

application. Containers were subdivided into groups of threes for statistical analysis with 

containers 1-3 in group 1, containers 4-6 in group 2, and containers 7-9 in group 3. 

Cones were irrigated each day for 6 days using the line source, not irrigated for 3 

days and then watered uniformly each day to field capacity for 5 days. Field capacity for 

this experiment was assumed reached when water drained from the bottom of the cones 

after watering. Emergence of seedlings was monitored and recorded daily for 10 days, 

beginning the fourth initial irrigation day. Final counts of live seedlings were taken after 

resuming daily moisture application for at least 5 days, to account for any viable 

caryopses that did not germinate during the first moisture application period. Data were 

collected the final 11 days of each 14-day run. 
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3. Calculation of emergence parameters 

In this experiment, "position" was defined as the location of the cone along the 

moisture application gradient, with position 1 receiving the most moisture and position 9 

receiving the least (Figure 5). Total percent emergence per cone was calculated by 

dividing the total number of germinated caryopses in each cone at the sixth day of 

moisture application by the potential emergence, where potential emergence was the 

mean percent emergence in positions 1 -3 of the same line on the same day. For Lehmann 

lovegrass, a mean number of caryopses (n = 13) per cone was assumed for calculations. 

Some positions had higher emergence values on the sixth day than the emergence mean 

of positions 1-3. This resulted in percent emergence values greater than 100. 

Caryopsis survival (viable ungerminated caryopses) was calculated using the 

following formula: 

# of emerged seedlings per # germinated seedlings 
container after second wetting per container on 6th day 

Mean # of germinated Mean # of germinated 
seedlings in positions 1-3 seedlings in positions 1-3 

where "second wetting" was the continuation of moisture application after the 3-day non-

irrigation period. 

4. Statistical analyses 

A modified split-plot design was used, with soils as the main plot factor, species 

as the sub-plot factor, and moisture as the sub-sub-plot factor, creating a split-split-plot 

experimental design. Each of the two runs contained three replications. Since some of 

the results of the emergence experiments were expressed as percentages, the statistical 
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program SAS (SAS Inst., Inc. 1988) was used to test for normality within the data. No 

transformation was needed. Analysis of Variance (ANOVA) was used to assess all 

treatment effects within the study, and pairwise mean separation was completed using the 

Least Significant Difference (LSD) test. Effects were considered significant at the P< 

0.05 level, throughout. 

C. Results and Discussion 

1. Total emergence and caryopsis survival of Lehmann lovegrass and 

Arizona cottontop 

For caryopses in semidesert environments, remaining viable after exposure to low 

amounts of moisture in order to germinate later during periods of sufficiently higher 

moisture may be critical for their successful emergence and establishment (Elberse and 

Breman 1990). Mean emergence percentages after the initial wetting at day 4 did not 

differ on the two soils (Figure 9), but there were significant effects for run, position and 

species (Table 3). Unlike what I hypothesized, the soilXspecies interaction was not 

significant (Table 3), indicating differences between species were not attributable to the 

species' germination rates on the soils studied. A significant positionX species 

interaction was observed as emergence percentage and caryopsis survival differed 

between species with changes in the amount of moisture applied (Figure 9). The three-

way interaction was not significant (Table 3). 

Caryopsis survival of the two species also did not differ on the two soils (Table 3), 

but there were significant effects for mn, position, and species. Again, there was not 
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Table 3. F values from 3-factor ANOVAs for percent germination on days 2-5 after 
the first wetting in August and September, 1996. All repititions within each run 
were pooled for analysis. 

Source/ interaction F value Source/ interaction 
Day 2 Day 3 Day 4 Day 5 Survival' 

Run 4.26* 2.88* 4.49* 5.05* 6.45* 
Soil 0.43 0.46 0.10 0.04 2.25 
Position 45.52* 58.74* 60.00* 45.71* 12.75* 
SoilX position 0.40 0.30 0.25 0.30 1.46 
Species 14.21* 3.71 11.32* 16.97* 32.84* 
SoilX species 0.97 2.81 2.55 0.91 0.20 
PositionX species 4.27* 4.44* 3.42* 2.94* 9.71* 
SoilX positionX species 0.95 0.79 0.56 0.34 0.46 

•^<0.05. 
'Survival was calculated by dividing the total pcrcent gennination per container by the mean germination in positions 1-
3, and it represented the percentage of unggminatwl caryopses that survived the first wetting at postions 1-9. 



a significant soilX species interaction from caryopsis survival (Table 3), and a significant 

positionX species interaction resulted because more Arizona cottontop caryopses were 

able to survive the first wetting to later germinate and produce seedlings compared to 

Lehmann lovegrass. The 3-way interaction was again not significant (Table 3). 

2. Daily emergence 

Although I had hypothesized that the soils were the definitive variable 

determining why Lehmann lovegrass and Arizona cottontop germinated differently on the 

two sites, this does not appear to be true. Instead, I found there were no differences 

between soils over all days and moisture levels (Tables 3). Also, the soilX species 

interaction was not significant across all days (Table 3), which suggests that the observed 

differences between sites at the SRER were more likely the result of differences between 

the species abilities to utilize available moisture, or some other unmeasured effect, such 

as aspect. 

Lehmann lovegrass and Arizona cottontop showed a similar pattern of high 

percent emergence in positions 1-4, but Lehmann lovegrass percent emergence dropped 

off at position 5 while Arizona cottontop caryopses germinated relatively well (>90%) at 

position 7 (Table 4). There were significant differences noted between the species at 

positions 5-9, which suggests that the two species utilize available moisture differently. 

Beyond position 4, Lehmann lovegrass percent emergence dropped rapidly, whereas 

Arizona cottontop percent emergence did not differ at positions 7-9 (Table 4). There was 
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Table 4. Mean percent germination of Lehmann lovegrass and Arizona cottontop 
caryopses at day 6 on Combate and Pantak soils at positions 1-9 using line-source 
irrigation in August and September 1996. 

Lehmann lovegrass' Arizona cottontop 
Position Combate Pantak Combate Pantak 

I 93 ±13* 110 ±19" 103 ±11' 106 ±19' 
2 95 ±\T 88 ±9" 103 ±10' 96 ±11' 
3 112 ±23' 102 ±13' 94 ±12' 97 ±11' 
4 100 ±r 95 ±ir 99 ±14' 115 ±ir 
5 63 ±20* 63 ±17' 121 ±20*' 115 ±12'' 
6 32 ±15' 24 ±13' 94 ±26^ 56 ±18" 
7 4 ±4" 4 ±2' 27 ±14'' 29 ±13*' 
8 0' 0' 18 ±11'' 11 ±7'' 
9 0" 0' 23 ±15'' 25 ±16" 

Means with the same supersaipt in a row are not significantly different, based on point csbmatioa of the mean. 
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no significant difference between soils for either Lehmann lovegrass or Arizona 

cottontop at all positions (Table 4). Arizona cottontop caryopses germinated at each 

position; however, Lehmann lovegrass emergence percent was very low at position 7 and 

dropped to 0 at positions 8 and 9 in both soils (Table 4), further indicating that the species 

may utilize available moisture differently at germination, regardless of soil. 

Caryopses morphology may play an important role in the emergence behavior of 

grasses. Arizona cottontop has glumes surrounded by thickly compressed white hairs, 

whereas Lehmann lovegrass has a naked caryopsis. Percent viable ungerminated 

caryopses of Arizona cottontop and Lehmann lovegrass after the first wetting differed 

significantly on Combate > 50 cm from the line-source, and on Pantak > 39 cm from the 

sprinkler (Figure 10). At these levels of water application, Arizona cottontop caryopses 

survival was significantly higher than Lehmann lovegrass. Arizona cottontop also 

showed higher percentages of emergence after the second wetting at the furthest positions 

from the line source (Figure 10). 

3. Significance 

The results of this experiment suppon my observation at the SRER that Lehmann 

lovegrass and Arizona cottontop are able to germinate on both Combate and Pantak soils, 

if the caryopses are given sufficient moisture during the proper season. Thus, it is 

theoretically possible for these two species to develop stands on either of these soils in 

southeastern Arizona if viable caryopses of these species are present. 

After an initial soil wetting that is insufficient for emergence, Arizona cottontop 

caryopses were better able to retain viability and were able to germinate later while 
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Figure 10. Percent of viable ungerminated caryopses of Lehmann lovegrass and Arizona cottontop on Combate (Site 
A) and Pantak (Site B) soils after the second wetting during iwo runs completed August and September, 1996, at 
the University of Arizona Campus Agricultural Center greenhouse in Tucson. All data are shown with their 
distance from the line-source. Position 1 was located 0 cm from the line-source, and position 9 was located 78 cm 
from the line-source. 
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Lehmann lovegrass caryopses were not as successful. The morphological difference 

between caryopses of Lehmann lovegrass and Arizona cottontop may also contribute to 

the different emergence behaviors of these two species. Similar results were obtained by 

Gatica (1995), who concluded that hairy caryopses coverings may slow imbibition and 

thereby premature emergence, where as a smooth seed coat may not protect against 

emergence even with small precipitation events. The results of this study support his 

findings. 

Results of this study also support conclusions by Elberse and Breman (1990) that 

fast germinating species will lose a great portion of their caryopses when precipitation is 

erratic, although Adams and Roundy (1996) found that Lehmann lovegrass can imbibe, 

dry out, and still have high emergence with subsequent wetting, as long as the radical 

does not emerge before drying. Additionally, results of this study indicate that on a seed-

by-seed basis, more Lehmann lovegrass caryopses will be lost before emergence with low 

amounts of precipitation than Arizona cottontop caryopses. Assuming an equal number 

of Lehmann lovegrass and Arizona cottontop caryopses within the seedbank, this would 

indicate that if early summer precipitation is erratic and mean precipitation is low, 

Arizona cottontop populations will be better able to withstand the precipitation variability 

than Lehmann lovegrass populations. However, since there is such a difference in 

caryopsis production from a Lehmann lovegrass individual versus an Arizona cottontop 

individual, it is more likely that there will be many more Lehmann lovegrass caryopses in 

the seedbank than Arizona cottontop caryopses, thus the results of this study may not as 

be apparent in the field. Also, it has been established (Wright 1973) that Lehmann 
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lovegrass caryopses may remain dormant for a number of years before establishing, which 

may prevent the high loss of Lehmann lovegrass caryopses from the seedbank. Future 

research with Arizona cottontop should address temperatures needed for emergence and 

establishment. This will enable researchers and managers to better manage populations 

of Arizona cottontop within stands of Lehmann lovegrass. 
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V. SRER TRANSECT EXPERIMENT: DENSITY AND GROWTH OF 

LEHMANN LOVEGRASS AND ARIZONA COTTONTOP 

A. Objectives 

The objectives of the SRER transect experiment were to determine if: 

• Lehmann lovegrass or Arizona cottontop differ in density on Combate or 

Pantak soils at the Santa Rita Experimental Range; and 

• Lehmann lovegrass and Arizona cottontop differ in greening, and thus plant 

response to available moisture, during the cool-season growth period 

(November to May). 

B. Methods 

1. Establishment 

Based on Bonham's (1989) plotless method, a 50-m baseline was randomly 

established on Sites A (Combate soil) (Figure 2) and B (Bobaquivari and Pantak soils) 

(Figure 3). Each baseline was aligned along a randomly designated compass direction 

from a randomly selected point at each site. Five, 25-m line-intercept transects were 

randomly assigned and ran perpendicular to the baseline. The transects were assigned 

under the following stipulations: 1) each transect had to be located at least 5 m from an 

adjacent transect, and 2) each transect could not be more than 15 m from either adjacent 

transect. Ten m along each of the 25-m transects were randomly selected for monitoring. 

Due to a wash crossing Site B, the transects on this site were further divided into three 

subdivisions. The subdivisions indicated the position of the monitored plant, whether it 

was north of the wash, in the wash, or south of the wash. These subdivisions also 
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delineate which soil the plants fall into (given the determination of the soils within Site 

B). Since the subdivisions were based on soil changes, the lengths along each transect 

varied (Figure 4). 

2. Monitoring 

Along the 10 m sampled on each transect, the location of Lehmann lovegrass and 

Arizona cottontop adult individuals intercepting the transect, regardless of size, were 

recorded to the nearest 10 cm on 24 Nov. 1996. All Lehmann lovegrass and Arizona 

cottontop individuals intersecting the transect were monitored. The initial basal cover of 

these plants was measured to the nearest cm and recorded for individuals that intercepted 

the transect line, and a "green score" (Table 5) was assigned each time the plants were 

monitored. Green score, as recorded in this study, was associated with the growth of 

individual plants because it likely reflects: I) the current and past water status of the 

individual, and 2) recent past plant growth conditions when water was sufficient for the 

individual's growth. Belowground growth was not directly incorporated into this study. 

Both Sites A and B were under continuous grazing for the duration of this study. 

It was assumed that the grazing effects would be minimal, so no action was taken to 

prevent livestock grazing of the study plants. For the duration of this study, only one 

study plant was partially grazed, and it produced new basal leaves where the grazing had 

occurred. 

All Lehmann lovegrass and Arizona cottontop individuals located along the 10-m 

section of each transect were monitored every two weeks or 5 days after a rain event. 
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Table 5. Green score delineations for Lehmann lovegrass and Arizona cottontop plants 
monitored at the SRER October 1996 - May 1997. Each plant was scored each day 
of data collection. 

Score Description 
1 Plant has no green tissue and appears very dry, ail leaves and culms 

are brown 
2 < 25% of plant is green, most of plant appears dry and brown, but 

culms are showing greening and new shoots/leaves are present 
3 > 25 but < 50% of plant is green, dead plant material makes up only 

25-30% of entire plant biomass, some apparantly dry plant material 
present 

4 ^0 but < 75% of plant is green, some apparantly dry plant material 
present" 

5 Plant is > 75% green, dead material is only on tips of leaves and on 
growth from previous seasons, but makes up less than 25% of entire 
plant biomass 
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whichever came first, beginning 24 Nov. 1996 until 14 May 1997. A day where any 

amount of precipitation occurred (SRER Precipitation Station Number 027593) was 

considered a "rain event." Since there was not a rain station established at the field sites, 

it was assumed that when precipitation occurred in Tucson, it also occurred at the SRER. 

3. Statistical analysis 

Lehmann lovegrass and Arizona cottontop density data were obtained using the 

line-transect method described by Bonham (1989) at Sites A and B on all soils. Mean 

density and standard errors for both species at Sites A and B were calculated along each 

transect. To account for soil differences at Site B, mean density and its standard errors 

were calculated by the transect subdivisions. Lehmann lovegrass and Arizona cottontop 

basal cover data were obtained using the plotless, line-intercept method explained by 

Bonham (1989). Initial basal cover was recorded for Lehmann lovegrass and Arizona 

cottontop on both sites and reported as percentages of the total transect area sampled on 

each site. Also, initial basal cover and their standard errors were calculated to estimate 

the relative average cover per species at the beginning of the experiment. 

Means and standard errors were calculated for the transect green score data of 

Sites A and B using formulas described by Milton (1992). Mean values obtained were 

plotted with daily rainfall data (SRER Precipitation Station Number 027593) from the 

same period to demonstrate any similarities between the two. "Species" for the transect 

experiment is defined as Lehmann lovegrass or Arizona cottontop, "soil" is Combate, 

Bobaquivari, or Pantak, and "month" is the month during which the green score data were 

collected (November - May). 
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C. Results and Discussion 

I. Density and cover of Lehmann lovegrass and Arizona cottontop 

The density of Lehmann lovegrass was significantly higher than Arizona 

cottontop at both sites on Combate and Bobaquivari soils (Table 6). There were 

insufficient Arizona cottontop plants sampled on Pantak soils to compare densities of the 

species. Lehmann lovegrass density was highest on the Combate soil at Site A, but 

differed between sites on the same soil. This difference may be due to a small sample 

size at Site B, but is more likely the result of an older stand of individuals at Site B than 

at Site A. Density data collected across sites differed between species and showed 

evidence of soil specificity by Lehmann lovegrass and Arizona cottontop to Combate soil 

over Bobaquivari and Pantak soils (Table 6). 

Total initial basal cover of Lehmann lovegrass differed from that of Arizona 

cottontop across all soils and sites (Table 6). On Combate, the increase in Arizona 

cottontop initial basal cover at Site B may be due to the availability of caryopses from 

other flowering individuals found at the site. At Site A, only 7 Arizona cottontop 

individuals were recorded, but 25 individuals were recorded at Site B. Since each 

individual is able to produce 4-9 branches that produce flowering racemes with 

numerous spikelets in its lifetime (Cable 1979), an increase in the numbers of individuals 

at a particular site is very likely to have a positive impact on the basal cover of the 



Table 6. Number of individuals, calculated total densities and initial basal cover of Lehmann lovegrass and Arizona cottontop 

on Combate, Bobaquivari and Pantak from Sites A and B at the SRER. 

Site A Site B Total individuals sampled 

Species Trait Combate Combate Bobaquivari Pantak Site A Site B 

liRl.i:' 

Freq 
il') 17 30 19 119 66 

DICA 7 6 18 1 7 25 

Both 126 23 48 20 126 91 

Density" SE Density SE Density SE Density SE 

ERLE 5.00 0.18 2.00 0.14 3.00 0.27 1.00 0.25 

DICA 0.10 0.23 0.40 0.12 1.00 0.13 nsd' nsd 

% Basal % Basal % Basal % Basal 

Cover'' SE Cover SE Cover SE Cover SE 

ERLE 20 0.41 23 1.45 16 1.01 10 2.07 

DICA 2 2.40 12 3.46 11 1.37 nsd nsd 

'Lehmann lovegrass (ERLE) and Arizona cottontop (DICA). 

'Calculated using established methods (Bonham 1989), and reported as plants/m' 

^There were insufficient data for calculations 

^Reported as % of total area sampled along transects 
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population at that site. 

Arizona cottontop individuals were larger than Lehmann lovegrass individuals on 

Combate soil at both sites. The mean individual crown diameter of Arizona cottontop 

was 13.0 (± 2.4) cm and 18.7 (+ 3.4) cm at Sites A and B, respectively, while those of 

Lehmann lovegrass at the same sites were 8.5 (± 0.4) cm and 12.4 (± 1.4) cm. 

Total initial basal cover also differed between species on Bobaquivari and Pantak 

soils (Table 6). The mean individual size of Arizona cottontop individuals on 

Bobaquivari soil was 11.4 (± 1.4) cm, while Lehmann lovegrass mean individual size was 

only 9.9 (± l.O) cm. Mean individual size of Lehmann on Pantak soil was 11.8 (± 2.0). 

2. Green scores of Lehmann lovegrass and Arizona cottontop 

Although there were no significant differences in species between soils, there 

were significant differences between the species and their subsequent percentages of 

ranking levels on a given soil (Table 7). Only one Arizona cottontop plant was found on 

the Pantak soil of Site B, which did not allow statistical analysis. Percentage of ranking 

levels, alone, suggests that Lehmann lovegrass may utilize moisture differently than 

Arizona cottontop because Lehmann lovegrass remained at a higher "greenup rank" 

(assigned rank: 1-5) through the duration of this experiment. Lehmann lovegrass may 

utilize cool-season rainfall by maintaining the moisture status of aboveground biomass, 

allowing the individual to remain green longer, or by producing new aboveground 

biomass while Arizona cottontop either does not utilize the moisture or uses it in a 

manner not observable by this experiment, such as belowground growth. 



Table 7. Summations over all observation dates of total individuals sampled and percentage break-out 
of green score values for Lehmann lovegrass and Arizona cottontop on Combate, Bobaquivari and 
Pantak soils on both Sites A and B. All data were collected between November 1996 and May 1997 
at the SRER. 

Green score 
Species/ 1 2 3 4 5 

Soil Total Total Total Total Total 
# % H % ft % U % # % 

Arizona cottontop 
Combate 144' 80.0^ 31 17.2 5 2.8 0 0 0 0 
Bobaquivari 193 78.1 45 18.2 9 3.6 0 0 0 0 
Pantak nsd^ nsd nsd nsd nsd nsd nsd nsd nsd nsd 

Lehmann lovegrass 
Combate 509 27.1 1003 53.4 161 8.6 119 6,3 87 4.6 
Bobaquivari 108 26.5 227 55.6 32 7.8 26 6.4 15 3.7 
Pantak 82 31.2 132 50.2 15 5.7 24 9.1 10 3.8 

'Total number of plants of a particular species (Lehmann lovegrass or Arizona cottontop) that were given a particular green 
score rank (1 - 5), 

^Percent of total samples for a particular species (Lehmann lovegrass or Arizona cottontop) to be given a particular green score 
r a n k  ( 1 - 5 ) .  

^There was not sufficient data for Arizona cottontop from the Pantak soil for statistical analysis. 

Ov u* 
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Green scores for Lehniann lovegrass were higher than those of Arizona cottontop 

on Combate soil for days 81, 122, 153, 164, 183, and 193 (Fig. 11). The most marked 

difference between mean values for the species on Combate was day 164 in March 

(Lehmann lovegrass = 4.3 ± 0.8, Arizona cottontop = 2.1 ± 0.8) and day 183 in April 

(Lehmann lovegrass = 3.7 ± 0.7, Arizona cottontop = 1.2 ± 0.4). This was similar to what 

was found on Bobaquivari for day 164 in March (Lehmann lovegrass = 4.1 ± 0.8, 

Arizona cottontop = 2.0 ± 0.5) and day 183 in April (Lehmann lovegrass = 3.6 ± 0.8, 

Arizona cottontop = 1.3 ± 0.5) (Fig. 12). Similar results were found for Lehmann 

lovegrass on Pantak soil (Fig. 13). These increased green score means occurred 

following the largest rain event of the study (>60 mm) that occurred on day 151 (Fig 11). 

Plant response to moisture from a precipitation event was not visible until 

approximately 10 days following the event. The largest increase in mean green scores for 

both Lehmann lovegrass and Arizona cottontop occurred at day 164 after a rain event of 

>60 mm (Figs. 11-13). Lehmann lovegrass mean green scores increased from 1.9 ± 0.5 to 

4.3 ± 0.8, and Arizona cottontop mean green scores increased from l.O ± 0.0 to 2.1 ± 0.8. 

Also, both Lehmann lovegrass and Arizona cottontop did not greenup until ambient 

temperatures were warm (>20°C), even with substantial (>20 mm) rain events. For 

example, two rain events occurred in early January (day 98 and day 99) but no greenup 

change was visible for either species, but greenup values began increasing shortly after a 

substantial rain event took place the beginning of March (days 151 and 152). These 

results were expected since both species of this study utilize C4 photosynthesis 
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Figure 11. Mean green scores for Lehmann lovegrass and Arizona cottontop plants 
sampled at the SRER on Combate soil for each sample day (A) and daily precipitation 
at the SRER (SRER Precipitation Station Number 027593) from 1 October 1996 (B). 
Green scores from plants on Sites A and B were combined to calculate means. 
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(Hitchcock 1951). Results of this experiment suggest that Lehmann lovegrass may better 

utilize winter rainfall than Arizona cottontop, although Arizona cottontop does greenup 

(Figs. 11-13). This difference in the utihzation of winter rainfall might be partially 

explained by Lehmann lovegrass having a lower optimum temperature for photosynthesis 

than Arizona cottontop, but this should be studied further to draw such conclusions. 

Mean green scores of Lehmann lovegrass on Combate and Bobaquivari over the 

entire experiment were 2.1 (± 0.2) and 2.0 (± 0.3), respectively. These were significantly 

different than those found for Arizona cottontop on both soils over the same time period 

(1.2±0.1,and 1.2±0.1). 

3. Significance 

Lehmann lovegrass was more dense than Arizona cottontop over all soils studied. 

Both Combate and Pantak soils had a gravelly, coarse sandy loam texture throughout the 

profile sampled, this may have allowed for better initial growth and soil penetration of 

Lehmann lovegrass roots. The sampled Bobaquivari soil, on the other hand, had a sandy 

clay loam texture at 0.13 cm. The increase in clay content did not prevent establishment 

of Lehmann lovegrass on this soil though. This does not support conclusions made by 

Cox and Martin (1984). 

Arizona cottontop was not observed to form stands of high density on any of the 

soils used in this study. On Combate and Pantak soils, this might be due to the 

competition created by dense stands of Lehmann lovegrass on the same sites. On 

Bobaquivari soils, this sparseness is more likely due to other factors such as the location 

of individuals or livestock grazing. Since competition between species was not studied in 
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this experiment, it would be an important aspect to study in the future to potentially 

further explain the density differences of Lehmann lovegrass and Arizona cottontop on all 

soils. 

Initial basal cover for Arizona cottontop was less than Lehmann lovegrass on all 

soils. This could be partly due to the low number of Arizona cottontop plants found on 

each site. Further research should be conducted to see if this difference might also be due 

to other factors at the sites, such as total cover of other species present or livestock 

grazing. To determine if the initial basal cover differences between species is due to soil 

or inherent differences between the species, data for other plant species at the same 

locations needs to be further measured to account for any plant competition that may be 

affecting the Lehmann lovegrass or Arizona cottontop populations. 

Lehmann lovegrass remains greener longer than Arizona cottontop into a dry 

period, after a precipitation event, on all soils which may be an advantage for quick 

utilization of available moisture. Since Arizona cottontop does not green-up as quickly 

after a drought as Lehmann lovegrass, it may take longer to respond to a rain event 

because reallocation of resources to above ground biomass is needed. Results obtained in 

this experiment further support the line-source experiment data; thus differences in green-

up observed in the field between Lehmann lovegrass and Arizona cottontop are also more 

likely the result of inherent differences in the species rather than to differences in the 

soils. Future research should address Arizona cottontop's winter leaves as dormant axils 

and its use of belowground resources during the winter months. 
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VI. CONCLUSIONS 

Conclusions that can be drawn from the two experiments conducted in this study 

include: 

• Based on the line-source experiment, the average moisture required for viable 

caryopses of Lehmann lovegrass to germinate and emerge on Combate and Pantak 

soils is approximately 0.8 mm per day for 6 consecutive days, whereas the average 

moisture required for viable Arizona cottontop caryopses to germinate on the same 

soils is 0.2 mm per day for 6 consecutive days. 

• Arizona cottontop is able to retain more ungerminated, viable caryopses after small 

precipitation events, which can probably be attributed to its hairy glumes. Lehmann 

lovegrass caryopses appear to not be as successful at retaining ungerminated, viable 

caryopses, probably due to their naked pericarp. 

• Lehmann lovegrass has a higher density and percent cover than Arizona cottontop on 

Combate, Bobaquivari and Pantak soils. 

• Lehmann lovegrass remains greener during the cool-season growing period 

(November - May) than does Arizona cottontop on these soils and this may be an 

advantage for quick utilization of available moisture. 

The results of this study regarding Lehmann lovegrass and Arizona cottontop 

emergence and cool-season growth provides land managers with important information 

for future management of these species. 
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