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ABSTRACT 

Germination of 10 native and exotic grasses was compared 

for temperature regimes representing abruptly and gradually-

fluctuating minimum and maximum wet seedbed temperatures in 

summer, spring, and winter, respectively, in the desert 

grassland. Gradually fluctuating temperatures produced 

similar total percent germination but more rapid germination 

than abruptly alternating temperatures and constant 25 

degrees C. Lehmann lovegrass (Eragrostis lehmanniana) and 7 

native grasses were sown into stands of Lehmann lovegrass 

that were left intact, burned, sprayed with herbicide and 

left standing, or sprayed and mowed. In 1992 mow and dead 

standing treatments reduced Lehmann lovegrass seedling 

density and improved establishment of cane beardgrass 

(Bothriochloa barbinodis), Arizona cottontop (Digitaria 

californica), green sprangletop (Leptochloa dubia), and 

plains bristlegrass (Setaria leucopila) compared to burn and 

control treatments. In 1993 the burn treatment reduced 

mature Lehmann lovegrass and enhanced establishment of 

sideoats grama (Bouteloua curtipendula), Arizona cottontop, 

green sprangletop, and plains bristlegrass compared to the 

other treatments. 
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LABORATORY GERMINATION OF PERENNIAL GRASSES UNDER 

GRADUALLY AND ABRUPTLY FLUCTUATING SPRING, SUMMER, 

AND WINTER TEMPERATURES 

JUSTIFICATION AND PURPOSE 

Native and exotic grasses are usually sown at rates 

based on the percentage of pure live seed. However, rarely 

are seeds subjected to field temperature curves to determine 

an accurate pure live seeding rate. Laboratory germination 

tests to calculate pure live seed percentages are often 

conducted at a constant temperature of 25 degrees C. The 

standards set forth by the Association of Official Seed 

Analysts (Yaklich 1984) recommend constant or abruptly 

alternating temperatures for germination trials, depending on 

the species. For example, sideoats grama should be 

laboratory germinated at alternating temperatures of 16 and 

30 degrees C (Association of Official Seed Analysts Rules for 

Testing Seeds 1978). Constant or abruptly alternating 

temperatures do not mimic actual field seedbed conditions, 

where temperatures rise and fall gradually over a 24 hour 

period. Results from constant or abrupt temperature 

germination tests may be artificially high and, when used to 

determine seeding rates, may produce lower than expected 

yields (Roundy et al. 1992). 
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The purpose of this study was to determine the responses 

of 15 native and exotic perennial grass collections to 

constant, abruptly alternating, and gradually fluctuating 

winter, spring, and summer wet field temperature regimes 

typical of southeastern Arizona grasslands. The study sought 

to determine if these grasses show different germination 

rates and total germination percentages for the various 

temperature regimes. A comparison was also sought between 

native grasses and Lehmann and Cochise lovegrass, which are 

commonly seeded in southeastern Arizona. This information 

will help establish of more accurate seeding rate 

recommendations for revegetation and improve the relationship 

between laboratory germination test responses and responses 

under field conditions. Relating laboratory responses to 

field conditions can also contribute to improved 

predictability of grass establishment. Germination rate is 

sensitive to temperature, and rates based on actual seedbed 

temperature regimes may be useful in determining the rapidity 

of germination and ultimate seed fate in relation to 

different periods of water availability. 
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LITERATURE REVIEW 

Temperature and Germination 

Species vary with regard to minimum and maximum 

temperatures which permit germination (Bewley and Black 

1982) . For example, the seeds of California winter and 

summer annuals both experience winter and spring bimodal 

precipitation, but each germinates only when temperatures are 

appropriate for completion of its life cycle. The 

germination of seeds among and within seed collections for a 

species is distributed in time even under optimal temperature 

conditions either because populations are heterogeneous in 

their germination rate, or because of the existence of 

thermophilic and cryophilic seeds within the population. 

Seeds are also heterogeneous in their optimal germination 

temperature requirement. Growth regulators such as 

gibberelins and cytokinins can increase the germination 

temperature range in laboratory studies. Some interspecific 

and intraspecific variation in germination temperature 

requirements are associated with geographic origin and 

environmental conditions at the seed source. 

An interaction between temperature and light influences 

germination percentage and rate of some seeds (Bewley and 

Black 1982) . The photosensitivity of many species is 

temperature dependent, with some species having germination 

inhibited by white light at high temperatures and other 
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species at low temperatures. A light requirement can 

sometimes be bypassed by chilling or alternating 

temperatures. Light, via the active form of phytochrome, is 

essential for some species to respond to alternating 

temperatures (Probert 1992). 

Thermodormancy, dormancy enforced by temperatures 

unfavorable for germination, can be innate (arising in the 

developing and maturing seed) or secondary (arising in the 

already matured seed) (Bewley and Black 1982; Fenner 1985). 

Annual cycles of increasing and decreasing thermodormancy can 

occur depending on environmental conditions which favor or 

disfavor germination. For example, the seeds of winter 

annuals enter secondary dormancy due to low temperatures at 

maturity, with dormancy decreasing as temperatures rise. 

They lose their thermodormancy by the end of the summer, 

producing seedlings in the fall. 

For temperate species, seasonal temperature changes 

control dormancy status of seeds and the timing of emergence 

(Probert 1992). Physiological changes in seeds in dry soils 

act as natural mechanisms which govern the timing of 

germination. Patterns of dormancy have high survival value 

for plants. Dormancy is decreased during the season 

preceeding the time when favorable conditions exist for 

seedling establishment, and dormancy is induced during the 

season preceeding unfavorable conditions. Temperature 
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fluctuations decrease dormancy by breaking hard seed coats or 

by inducing physiological changes associated with after-

ripening (Bewly & Black 1982; Fenner 1985; Probert 1992). 

According to Probert (1992) temperature is the most important 

environmental variable responsible for synchronizing 

germination with conditions conducive to establishment. 

Thermoperiod is the time in hours each day above the mean 

temperature. Amplitude is the difference between the maximum 

and minimum daily temperature. The number of cycles is the 

number of times (days) a temperature regime repeats itself. 

Of course, germination ultimately depends on the availability 

of water (Probert 1992). 

Gummerson (1986) examined the effects of constant 

temperatures and osmotic potentials on the germination of 

sugar beet seeds, finding a linear relationship between 

germination and osmotic potential. He described 5 parameters 

which influence germination: the proportion of live seeds; 

the hydrothermal time required for germination; the base 

temperature; the mean and standard deviation of the base 

osmotic potential. Hydrothermal time is the combination of 

osmotic potential above a base potential, temperature above a 

base temperature, and time. He presented an equation to 

predict the time course for germination over a wide range of 

temperatures and water potentials. He also found that the 
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base potentials for the germination of different fractions of 

the seed population were normally distributed. 

Environmental conditions under a closed vegetation 

canopy are very different from those in canopy gaps, and 

strategies for regeneration under canopies differ from those 

in openings (Grubb 1977; Fenner 1985). Early successional 

species which colonize open ground tend to have small seeds 

to facilitate burial and often exhibit extended seedbank 

dormancy as they await a disturbance. They 

characteristically germinate over a restricted temperature 

range and are often light-requiring to prevent buried seeds 

from germinating at too great a depth. Closed vegetation 

buffers temperatures from diurnal fluctuations. Thompson et 

al. (1977) found that at a depth of 1 cm, grassland soil 

temperatures fluctuated 5 to 10 C in a 20-cm gap and only 0 

to 4 C under a closed grass canopy. An alternating 

temperature response may be an adaptation for gap detection 

or depth sensing (Fenner 1985; Williams 1983) . Since 

alternating temperatures can break dormancy, germination 

tends to occur in gaps, where establishment is favored. 

Alternating Temperatures and Germination 

The effect of alternating temperatures in enhancing the 

germination of some species has been known since the turn of 

the century (Harrington 1923; Plummer 1942; Murdoch et al. 

1989). Harrington (1923) reviewed studies from 1883 to 1921 
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which showed that seeds of celery (Celen graveolens), orchard 

grass (Dactylis glomerata), Kentucky bluegrass (Poa 

pratensis), Bermuda grass (Cynodon dactylon) , and Johnson 

grass (Sorghum halepense) germinated much better under 

alternating temperatures than constant temperatures, with the 

optimum maximum and minimum range varying with species. 

Different lots sometimes varied in their response to 

alternating temperatures, which Harrington attributed to 

various stages of after-ripening. 

Plummer (1942) subjected 12 range grasses (Agropyron 

cristatum, A. trachycaulum, A. smithi, A. spicatum, 

Arrhenatherum elatius, Bromus carinatus, B. inermis, Elymus 

glaucus, E. triticoides simplex, Festuca ovina, Poa bulbosa, 

Stipa arida) from the Intermountain region of the U.S. to 

constant and alternating temperature regimes. All but Poa 

bulbosa germinated equally well at alternating temperatures 

of 3 0 degrees C for 6 hours and 20 degrees C for 18 hours as 

at a constant 3 0 degrees C or under greenhouse conditions 

where temperatures fluctuated between 10 and 40 degrees C. 

Ellern and Tadmor (1966) working in the semi-arid Negev 

region of Israel found that alternating temperatures did not 

increase total percent germination for Agropyrum desertorum, 

Phalaris bulbosa, Oryzopsis holciformis, and Hordeum 

bulbosum. Their laboratory temperature regimes were based on 

field temperatures during the winter rainy season, which is 
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the typical planting time there. Some species germinated 

faster at lower or higher temperatures, but the total percent 

germination was the same. The authors interpreted this 

ability to germinate over a wide range of temperature 

alternations to be adaptative for survival in the natural 

environment. They also point out that the rate of 

germination is critical for establishment and as important as 

total percent germination in the success of revegetation 

seedings. 

Thompson and Grime (1983) studied 112 species from the 

Sheffield region in Britain, of which 46 species increased 

germination under alternating temperatures with light. Some 

species were polymorphic, having some seeds which responded 

to alternations in temperature and others which germinated at 

constant temperatures. They found that a positive response 

to alternating temperatures in the light was most 

characteristic of wetland species, and that wetland, 

grassland, and disturbed ground species were sensitive to 

alternating temperatures in darkness. 

Williams (1983) investigated the effects of temperature 

fluctuations and red and far-red light on the germination of 

5 grasses indigenous to Britain. He found that relatively 

small temperature variations had a large influence on 

germination. The highest germination occurred at 20 degrees 

C alternating with 10 degrees C plus red light. The species 
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with the most exacting temperature and light requirements had 

the largest and most persistent seed banks, whereas those 

which occur transiently and less frequently in seed banks 

germinated under a wider range of conditions. 

Murdoch et al. (1989) studied Chenopodium album, a 

species having a pronounced germination response to 

alternating temperatures, in order to quantify the dormancy-

breaking mechanisms on imbibed seeds. In determining the 

unit of dose for an alternating temperature treatment, their 

model takes into account amplitude, rate of temperature 

change, maximum and minimum temperatures, number of cycles, 

and time per cycle above a mean temperature. Germination of 

C. album at sub-optimal temperatures increases with mean 

temperature and amplitude; therefore the greatest germination 

will occur when the maximum temperature equals the optimum 

constant temperature and the minimum temperature will be as 

low as possible to maximize the amplitude. Mean temperature, 

amplitude, and thermoperiod explain most of the loss of 

dormancy associated with fluctuating temperatures for this 

species. The model was also applied to Panicum maximum and 

explained 80% of the variability in response to alternating 

temperatures. 

Heat Units and Germination 

Reaumur first published the heat unit concept in 1735 

(Wang 1960; Kish and Ogle 1980; Davidson and Campbell 1983) 
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and since then it has been widely applied in agriculture to 

predict the timing of stages of crop development from 

emergence to flowering to maturation (Kish and Ogle 1980; 

Angus et al. 1981; Scully and Waines 1988). It is possible 

to create predictive models using the heat unit requirements 

of the crop of interest along with weather data to match 

appropriate crops to particular geographic areas or to 

determine harvest dates (Kish and Ogle 1980; Angus et al. 

1981; Davidson and Campbell 1983; Skully and Waines 1988). 

The heat unit approach calculates the accumlated heat 

required for the completion of a particular stage of plant 

development (germination, vegetative growth, floral 

initiation, seed-set) by summing the daily mean temperatures 

above a certain threshold temperature during the growing 

season (Wang 1960) . Heat units can be expressed by the 

following formula from Davidson and Campbell (1983) : 

DD = Sum (Tm - bo) 

where DD = degree days or heat units 

Sum = from stage 1 to stage 2 

Tm = daily mean temperature = (max + min)/2 

bo = base temperature 

The base temperature is that temperature below which no 

development occurs. This model assumes that over the 

temperature range of the normal growing season, the rate of 

development is linearly related to mean daily temperature and 
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that the base temperature lies within this range (Angus et 

al. 1981; Kish and Ogle 1980; Davidson and Campbell 1983; 

Skully and Waines 1988; Jordan and Haferkamp 1989). The base 

temperature can be determined by regressing the reciprocal of 

time to 50% germination on the mean temperature. The base 

temperature lies at the projected x-intercept of the 

regression line and the reciprocal of the slope represents 

the heat unit requirement (Angus et al. 1981; Davidson and 

Campbell 1983; Hsu et al. 1985; Skully and Waines 1988; 

Jordan and Haferkamp 1989). 

One problem with the heat unit approach to studying 

temperature and plant development is that the relationship is 

not always linear as this model assumes. At upper and lower 

threshold temperatures the curve may be sigmoid instead of 

linear, or growth may decline above an unfavorably high 

temperature (Wang 1960; Jordan and Haferkamp 1989). At or 

near the- base temperature the days required for development 

may increase exponentially (Davidson and Campbell 1983). 

Base temperatures determined by this method may be much lower 

than those derived from field results (Angus et al. 1981). 

For many species the relationship between temperature and 

development is linear, but for some species non-linearity 

requires the use of other models such as quadratic or cubic 

functions (Angus et al. 1981; Hsu et al. 1985; Jordan and 

Haferkamp 1989). 
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Another problem with the heat unit approach is that is 

does not incorporate the myriad of factors which affect 

development in addition to air temperature, such as available 

moisture, photoperiod, soil temperature, amplitude or 

duration of diurnal temperature fluctuations, and 

microclimate at the seed level (Wang 1960; Kish and Ogle 

1980; Angus et al. 1981; Davidson and Campbell 1983; Skully 

and Waines 1988). Angus et al. (1981) modelled crop 

development using soil temperature but the predictions were 

no better than those based on air temperature because in 

their study irrigation lowered seedbed temperatures. Kish 

and Ogle (1980) improved the accuracy of the heat unit system 

in predicting the maturity date of snap beans by integrating 

available soil moisture into the formula. However, Davidson 

and Campbell (1983) working with spring wheat (Triticvm 

aestivum) in Canada, found no difference in rate of 

development for various photoperiod, nitrogen, or moisture 

stress treatments; only temperature affected development, 

indicating that the degree-day model was an adequate index of 

phenological development. Skully and Waines (1988) 

determined a base temperature of 2 degrees C for common bean 

(Phaseolus vulgaris) grown in the California desert, whereas 

a base temperature of 10 degrees C was reported from a 

Maryland study. They explained that a 15.5 degree diurnal 

temperature flux and longer duration of daily maximum 
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temperatures in the desert environment would accumulate more 

heat units than the daily average temperature would indicate. 

Jordan and Haferkamp (1989) point out that seedling drought 

tolerance may be more important for survival in semi-arid 

environments than the accumulation of heat units or the rate 

of germination. 

Another criticism of the heat unit approach offerred by 

Wang (1960), is that plants respond differently to the same 

environmental factors during various stages of their life 

cycle and that responses to threshold temperature values also 

change. Therefore heat units and base temperatures, which 

are treated as constants by this method, are not valid 

throughout the developmental stages of plants. 

Nevertheless, many researchers believe the heat unit 

approach is useful despite its limitations. Scully and 

Waines (1988) conclude "base temperature and heat unit 

requirements are useful traits for indexing a species' 

adaptation to the environment. However, greater refinement 

of this technique is needed to accurately discriminate 

genotypic differences within species." Jordan and Haferkamp 

(1989) state "heat units, germination indices, and 

germination rates can provide selection criteria among 

accessions within semi-arid environments provided that the 

temperature range is restricted to an estimate 15 to 20 

degrees C above the temperature associated with the minimum 
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germination rate." Angus et al. (1981) found "The linear 

model gave satisfactory estimates of the thermal response of 

field emergence for most of the crops which were examined 

over a wide temperature range." Davidson and Campbell (1983) 

also support the heat unit concept: "In controlled 

environments and under the field conditions existing at Swift 

Current, Saskatchewan, the degree-day concept is an excellent 

indicator of the rate of development." 

Germination Studies of Southwestern Grasses 

Researchers working during the first decades of the 20th 

century obtained high germination percentages in tests with 

native grasses of the southwestern United States. For 

example, Wilson (1931) at the New Mexico Agricultural 

Experiment Station in the early 1930's found that "seeds of 

many New Mexico range forage plants germinate considerably 

better than generally supposed." Studying Arizona cottontop, 

Wilson (1931) found that germination was high, commonly 70 to 

85% in germination tests, even after long periods of storage. 

In 1937, Little of the Southwestern Forest and Range 

Experiment Station (serving Arizona, New Mexico, and western 

Texas) summarized the results of germination tests on 22 

native grasses conducted since 1923. The germination of most 

species was quite high, although there was large variation 

among tests due to variable methods, seed ages, accessions, 

environmental conditions, and stages of seed maturity. 
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Bridges (1941) reported very high germination for 121 native 

and exotic grasses. 

Low germination was typical for species with hard seed 

coats which had not been scarified. Cassaday (1937) 

increased the germination of Sporobolus spp. from 2% to 48% 

by mechanical scarification. Toole (1940), improved the 

laboratory germination of pla-ins bristlegrass by 

scarification with 71% by volume sulfuric acid for 15 or 30 

minutes, and germination was further enhanced by the addition 

of potassium nitrate. After scarification, a daily 

alternating temperature regime of 7 and 27 degrees C achieved 

the highest germination, which was further increased by 

prechilling at 3 to 10 degrees C. These experiments were 

conducted with light. 

Knipe and Herbel (1960) tested the effects of limited 

moisture on the germination of 6 grass species: black grama, 

bush muhly, tobosa (Hilaria mutica), Lehmann lovegrass, mesa 

dropseed (Sporobolus flexuosa), and Boer lovegrass 

(Eragrostis chloromelas) . Except for Lehmann lovegrass, time 

to germination was not increased at osmotic concentrations of 

0.3 to 7.0 atm, although total germination was reduced for 

all species. Black grama and bush muhly attained measurable 

growth up to 11.0 atm, which the authors interpret to 

indicate adaptation to survival under conditions of limited 

moisture. 
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Tapia and Schmutz (1971) investigated the germination 

response of 3 desert grasses to moisture stress and light. 

Arizona cottontop germination was not negatively affected 

until osmotic tensions created by D-mannitol solution 

exceeded 12 atm, indicating a high level of drought 

tolerance. At the same time, maximum germination was not 

reached until 9 days, an adaptation to an arid climate which 

enhances establishment by permitting germination only when 

moisture persists for an adequate period of time. Cottontop 

germination decreased with constant darkness, leading the 

researchers to conclude that it should be seeded at a shallow 

depth. Plains bristlegrass seeds were scarified by shaking 

for 2 minutes inside a cylinder lined with medium-textured 

sandpaper. Maximum germination of 26% was reached after 12 

days when incubated at 25 degrees C and 90 to 100% relative 

humidity. Low and slow germination may have been due to 

incomplete scarification of the hard seed coats. Germination 

was not inhibited at less than 12 atm of osmotic pressure. 

Despite high variability of the results, this study showed a 

tendency for bristlegrass germination to increase with longer 

dark periods. Both the delay in germination time and the 

ability to germinate at high osmotic pressures indicate 

adaptation to drought. The response to dark suggested to 

Tapia and Schmutz (1971) that plains bristlegrass should be 

sown deeply, although light is not the only consideration in 
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sowing depth, and very little light penetrates below 2 mm in 

most soils (Kasperbauer and Hunt 1988). Lehmann lovegrass in 

this study germinated more rapidly than cottontop or 

bristlegrass but was most adversely affected by increasing 

osmotic pressure. Tapia and Schmutz (1971) conclude that 

Lehmann lovegrass is less resistant to physiological drought 

and that the key to its adaptability lies in its ability to 

germinate rapidly. 

Taylorson and Brown (1977) were able to overcome the 

seed dormancy of 12 of 14 grasses (when germinated in light) 

by incubating them at 50 degrees C. The time required for 

maximum effect differed with species and lot, and by varying 

the duration of the heat treatment various stages of dormancy 

were produced. When germinated in darkness, 9 of the 14 

species increased germination percentage significantly. 

However, it was difficult to recommend a particular after-

ripening procedure because of variations in genotype, 

environment, and maturation which affected the response. 

Masinas and Carpenter (1984) subjected seedlings with 

radical lengths of 5 mm to 48 hours of constant temperatures 

at 5-degree intervals between 12 and 37 degrees C, and to 42 

degrees C. Their growth was compared to seedlings under 

temperature regimes which alternated every 12 hours. Maximum 

radical growth for sideoats grama occurred under a constant 

temperature of 32 degrees C, and substantial growth continued 
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at 3 7 degrees C, but radical growth was inhibited under 

alternating temperatures. These results have implications 

for extrapolating laboratory data collected under constant 

temperatures to the field, where large temperature 

fluctuations exist. 

In laboratory studies (Frasier et al. , 1985; Frasier, 

1987) sideoats grama seeds germinate in 15 to 18 hours. 

Sideoats grama seedlings placed on dry filter paper after 

germination survived for up to 3 days, with approximately 15% 

surviving 10 days. Frasier interprets these results to 

indicate greater tolerance of short-term drought following 

germination than the 3 lovegrasses and the blue panicgrass he 

tested. When sideoats grama seeds were germinated in sand 

under 1 to 5 day moisture periods, they germinated very 

rapidly, with 50 to 70% emerging within 2 to 5 days (Frasier 

et al., 1984; Frasier et al., 1985). However, when they were 

subjected to a 5-day dry period and then remoistened, over 

50% of them died, for a survival rate of less than 35% of the 

original seeds. Most of the deaths occurred among the 

seedlings which germinated after only 1 or 2 days of 

moisture. The researchers theorized that the short roots of 

the 2-day old seedlings could not withstand the moisture 

tension of 4 bars at the surface of the sand medium during 

the dry period. Lehmann lovegrass in the same experiment 

germinated more slowly and was less susceptible to the 
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effects of the dry period, with 40 to 60% survival. These 

results point to the importance of the timing of 

precipitation in the success of seeding for revegetation and 

suggest a possible reason for sideoats grama seeding 

failures. A short wet period during which seeds germinate 

followed by a dry period can cause mortality if the seedling 

cannot achieve sufficient size to withstand the drought. 

Rapid germination and root elongation into relatively 

moist subsurface soil can be an important survival factor for 

grasses establishing in dry climates. In a study by Simanton 

and Jordan (1986) sideoats grama seedlings had the most rapid 

germination and the longest root lengths during a 7-day 

experiment of 5 grasses tested. However, these authors come 

to the same conclusion as Frasier and his colleagues, that 

these characteristics can be advantageous or detrimental 

depending on the amount and temporal distribution of 

rainfall. Rapid shoot elongation may also result in higher 

transpirational water losses. 

Roundy efc al. (1993) studied seedling emergence and root 

morphology of sideoats grama, Cochise lovegrass, and blue 

panic (Panicum antidotale) in relation to sowing depth. In 

warm-season grasses, adventitious roots develop from the 

coleoptilar node which is elevated near the soil surface by 

elongation of the subcoleoptile internode. Nine to 13 days 

of continuous surface soil moisture are necessary for 
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adventitious root initiation. For these 3 species, increased 

sowing depth did not result in more favorable conditions for 

emergence or adventitious root formation by providing access 

to moisture at deeper depths. Subcoleoptile elongation 

placed the coleoptilar nodes within 2.5 mm of the soil 

surface regardless of sowing depth. 

Jordan and Haferkamp (1989) determined that a minimum 

temperature of 13 degrees C is required for Arizona cottontop 

germination. A minimum germination temperature for plains 

bristlegrass was 11 degrees C and the minimum germination 

temperature for sideoats grama was 9 degrees C. 

Roundy et al. (1992) determined the laboratory 

germination of 3 lovegrasses (Lehmann, Cochise, and plains) 

to an array of constant and alternating temperatures 

representative of wet field seedbeds in southern Arizona. 

Lehmann and Cochise lovegrass had high germination under 

simulated abruptly alternating winter seedbed temperatures, 

and all 3 lovegrasses germinated under simulated spring 

seedbed temperatures. Maximum germination occurred under 

alternating temperatures of 20/40 degrees C, representing 

summer conditions under which these species emerge in the 

field. The authors suggested that laboratory tests conducted 

under actual seedbed temperature curves might more accurately 

predict field emergence than standard germination tests at 

constant or abruptly alternating temperatures. 
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Another consideration in germination rate is the 

condition of the seeds. In a study conducted by Munda 

(1993), Arizona cottontop, cane beardgrass, sideoats grama, 

and yellow bluestem were tested following 3 seed treatments: 

appendages intact, including glumes, lemma and palea; hairs 

and awns removed; and all appendages removed leaving only the 

caryopsis. An alternating temperature regime of 3 5 degrees C 

for 8 hours and 2 0 degress C for 16 hours was used. All 

species showed the greatest total percent germination and the 

most rapid germination when seeds had all appendages removed. 

Laboratory germination tests and revegetation seedings are 

usually done with cleaned seeds having some or all appendages 

removed. In the field, the presence of appendages upon seed 

maturation and dehissence may delay germination through the 

winter and spring until appendages decompose due to 

weathering and microorganisms. 
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METHODS AND MATERIALS 

Plant Materials 

Fifteen native and exotic warm-season perennial grass 

collections of 10 species were tested for total percent 

germination and germination rate (Table 1). Species were 

chosen which have value for livestock and wildlife feed, show 

promise for revegetation, and are well-adapted to the semi-

arid southwestern U.S. Seeds of cane beardgrass, plains 

bristlegrass, and tanglehead were donated by the Soil 

Conservation Service Tucson Plant Materials Center. Seeds of 

Arizona cottontop, plains lovegrass, Lehmann lovegrass, 

Cochise lovegrass, sideoats grama, green sprangletop, and 

plains bristlegrass were purchased from commercial seed 

suppliers. Bush muhly seeds were gathered from wild stands. 

Seeds were of different ages and had been stored at room 

temperature for varying lengths of time. 

Temperature Regimes 

The grasses were tested under 7 temperature regimes 

(Figure 1): constant 25 degrees C; abruptly alternating 

temperatures between 20 and 40, 10 and 30, and 1 and 16 

degrees C, representing minimum and maximum wet seedbed 

temperature conditions in summer, spring, and winter, 

respectively in the desert grassland; and gradual diurnal 

fluctuating temperatures for these temperature ranges, 

representing actual temperature curves in wet field seedbeds. 
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Field temperatures for the abrupt and gradual laboratory-

curves were obtained from 2 studies. Sumrall et al. (1991) 

measured soil temperatures on a sandy loam upland range site 

on the Santa Rita Experimental Range for 2 years. 

Temperatures were recorded during selected periods in fall, 

winter, spring, and prior to and during the summer rainy 

season on plots with an intact Lehmann lovegrass canopy and 

on burned and mowed plots. Winkel and Roundy (1991) measured 

soil temperatures on a loamy upland range site just prior to 

and during the summer rains. This site was located on the 

Anvil Ranch 65 km southwest of Tucson at an elevation of 1027 

m. Both studies measured temperatures with thermocouples 

buried at 1 cm. Campbell CR-10 dataloggers recorded data 

every minute and calculated 3 0-minute averages. 

Germination Procedures 

The abruptly alternating trials were conducted in a 

Cleland incubator programmed to maintain the cooler of the 2 

temperatures for 16 hours and the warmer temperature for 8 

hours. The gradually fluctuating trials were held in a 

Conviron incubator programmed to increase and decrease 

temperatures incrementally from the maximum to the minimum 

during the course of a 24 hour period. All trials were 

provided with fluorescent light during the warmest 8 hours of 

the temperature regime. 
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Twenty-five seeds of each grass were counted into 4 

petri dishes lined with moistened Watman #2 filter paper and 

subjected to each temperature regime. Germination was 

recorded and dishes were rotated in the germinators daily. 

Seeds were counted as germinated when the radical emerged to 

a length of 1 to 2 mm. The spring and summer trials were 

terminated after 21 days. The winter trials were extended to 

42 days. 

The Shapiro-Wilk W-statistic was used to test the data 

for normality of distribution. A 3-way analysis of variance 

was performed on both raw and ranked data (Conover and Iman 

1981) to determine significance of season and temperature 

effects and species by season-temperature regime interactions 

for total percent germination and days to 50% germination. 

An arcsine square root transformation was performed on the 

total percent germination data prior to analysis. 

Germination responses to each season-temperature regime were 

compared by least significant difference for each species. 

Species were also compared to each other within each season-

temperature regime. Statements of statistical significance 

always refer to alpha levels of p < 0.05. 
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RESULTS 

Statistical Analysis 

Arcsine square root transformed germination percentage 

data and germination rate data were not normally distributed 

according to the Shapiro-Wilk W-statistic so the data were 

ranked (Conover and Iman 1981) and an analysis of variance 

was performed for both ranked and unranked data (Appendix B 

Tables 1 and 2) . There was very little difference at the 

alpha level of p < 0.05 between the ranked and unranked data. 

In addition, the unranked data had very low skewness and 

kurtosis values for its distribution. For these reasons 

analysis of variance was performed on unranked data. There 

were significant species by season by temperature 

interactions for both total percent germination and 

germination rate. Therefore response to each temperature 

regime was compared for each species within each season. 

Species responses were compared to each other for each season 

and temperature regime. 

Total Percent Germination 

For the summer temperature regime, there was a 

significant difference in percent germination among constant, 

gradually fluctuating, and abruptly alternating temperatures 

for 5 of the 15 grass collections (4 of the 10 species), 

including 3 native species and 2 accessions of Lehmann 

lovegrass (Table 2 and Appendix A). There was a significant 
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difference between gradually fluctuating and abruptly 

alternating temperatures for 6 collections (4 species), 

including 2 native species and 2 Lehmann lovegrass accession. 

Under the winter temperature regime, there was a 

significant difference among constant, gradually fluctuating, 

and abruptly alternating temperatures for 7 species, 

including 5 natives. For the spring temperature regime, 

there was a significant difference among the 3 temperature 

treatments for 5 species, of which 3 were natives. 

Abruptly alternating temperatures produced higher 

germination than did gradually fluctuating temperatures under 

summer temperature regimes for 2 species (2 Lehmann 

lovegrasses and 1 native); under winter temperatures for 3 

species (1 Lehmann lovegrass, 1 Cochise lovegrass, and 1 

native); and under spring temperatures for 4 species (2 

Lehmann lovegrasses, 1 Cochise lovegrass, and 2 natives). 

Abruptly alternating temperatures produced lower germination 

than did gradually fluctuating temperatures under the winter 

regime for 3 native species and for no collections under 

summer and spring scenarios. 

Constant temperature produced greater germination than 

gradually fluctuating temperatures for 3 species under summer 

temperatures (2 natives and 2 Lehmann lovegrasses); for 2 

species under winter temperatures (1 Cochise lovegrass and 1 

native); and for 2 species under spring temperatures (1 
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Cochise lovegrass and 1 native). Germination under the 

constant temperature was greater than that for the abruptly-

alternating summer temperature regime for 2 native species; 

under a winter temperature regime for 4 native species and 1 

Cochise loevegrass accession; and under a spring temperature 

regime for 2 native species. 

Constant 25 degrees C resulted in lower germination than 

abruptly alternating temperatures under winter temperatures 

for 1 Lehmann and 1 Cochise lovegrass accession, and under 

spring temperatures for the native lovegrass and 3 Lehmann 

lovegrass accessions. 

Time to Fifty Percent Germination 

Germination under summer temperatures proceeded faster 

at gradually fluctuating than abruptly alternating 

temperatures for 13 collections representing 9 species, and 

faster than under a constant 25 degrees C for 9 collections 

of 6 species (Table 3 and Appendix A). This was true for 

both native species and the Lehmann lovegrass collections. 

For winter temperatures, germination rates were faster under 

gradually fluctuating than abruptly alternating temperatures 

for 4 species (2 natives, 1 Lehmann and 1 Cochise lovegrass). 

All species germinated more rapidly at constant 25 

degrees C than under either abruptly alternating or gradually 

fluctuating winter temperatures, which was expected for warm-

season species. There was no significant difference in rate 
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for 10 collections (6 native species, 2 Lehmann lovegrasses, 

and 1 Cochise accession) between gradually fluctuating and 

abruptly alternating winter temperatures. 

There was also no significant difference in germination 

rate between gradually fluctuating and abruptly alternating 

spring temperatures for 9 accessions representing 4 native 

species and both exotic lovegrasses. Gradually fluctuating 

temperatures resulted in slower germination than abruptly 

alternating spring temperatures for 4 native species and 1 

Lehmann lovegrass accession. 

Abruptly alternating temperatures resulted in more rapid 

germination than a constant 25 degrees C for all 3 Lehmann 

lovegrass accessions and tanglehead under summer temperatures 

but for not for any species under winter or spring 

temperatures. Germination at constant temperature was faster 

than that at abruptly alternating temperatures for 3 native 

species under summer temperatures, for no species under 

winter temperatures, and for 11 collections under spring 

temperatures (7 native species, 2 Lehmann lovegrasses, and 2 

Cochise lovegrasses). 

Time to 50% germination increased slightly under the 

spring temperature regimes. Cane beardgrass took 2.7 days 

under both gradually and abruptly alternating spring 

temperatures; Arizona cottontop took 4.3 and 4.9 days under 

gradually and abruptly alternating temperatures respectively; 
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and Lehmann lovegrass 2814 took 6.0 and 8.1 days, 

respectively. Only the latter was statistically significant. 

Winter temperature regimes greatly increased the time to 

50% germination. For example, cane beardgrass did not 

achieve 5 0% germination under abruptly alternating winter 

temperatures until 17.0 days had passed, and under gradually 

fluctuating temperatures until 12.6 days. Arizona cottontop 

required 26.7 and 17.5 days under abruptly and gradually 

fluctuating winter temperatures respectively for 50% 

germination. For Lehmann lovegrass collection 2814, 27.4 and 

24.2 days were needed for 50% germinastion under abruptly and 

gradually fluctuating temperatures respectively. 
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DISCUSSION 

Total Percent Germination 

Laboratory germination percentages under conditions of 

unlimited moisture were high for most species under a variety 

of temperatures including constant and abruptly fluctuating 

temperatures. These results are consistent with many 

previous studies of warm-season perennial grasses (Wilson 

1931; Little 1937; Bridges 1941; Plumer 1942; Frasier efc al. 

1985; Ellern and Tadmor 1966; Roundy efc al. 1992; Roundy efc 

al. 1993) . 

For many of the warm-season perennial grasses tested, a 

constant 25 degrees C and an abruptly alternating temperature 

regime produced total germination percentages comparable to 

gradually fluctuating summer temperature regimes derived from 

field data. Warm-season grasses are typically planted in the 

southwestern U.S. in the summer prior to the onset of the 

summer rainy season. For such species, standard constant or 

abruptly alternating germination tests seem to be adequate 

for establishing summer seeding rates. However, for 40% of 

the species tested, standard germination tests produced 

higher germination than summer field temperature curves and 

could therefore underestimate optimum summer seeding rates. 

These species were cane beardgrass, Arizona cottontop, 

tanglehead, and 2 Lehmann lovegrass collections. A possible 

explanation for higher percentage germination at constant 25 
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degrees C is the accumulation of more heat units than under 

fluctuating temperatures for species having a heat unit 

germination requirement. The heat unit concept has not been 

widely studied for rangeland species (Jordan and Haferkamp 

1989) . 

In some cases the magnitude of the difference in 

germination among treatments was small, and despite being 

statistically significant, may not be biologically 

significant. For example, under the spring temperature 

regime, the feedlot collection of bush muhly had 36% 

germination under gradually fluctuating temperatures and 57% 

germination under abruptly alternating temperatures. 

Although this 21% difference in germination percentage is 

statistically significant (p < 0.05) it might or might not 

result in detectable differences in field performance. In 

many cases, however, the magnitude of the difference among 

treatments was quite large. For example, tanglehead had 

twice the germination (81%) under abruptly alternating summer 

temperatures compared to gradually fluctuating summer 

temperatures (40%). Lehmann lovegrass collection 9178 had 

75% germination under abruptly alternating spring 

temperatures compared to 47% germination under gradually 

fluctuating spring temperatures, a 28% difference in 

magnitude. Under the winter temperature regime, cane 

beardgrass had 92% germination under gradually fluctuating 
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temperatures and only 56% germination under abruptly 

alternating temperatures, a magnitude difference of 36%. In 

general, a 15-20% difference was necessary to detect 

statistically significant differences between treatments. 

Plains bristlegrass was the only species which did not 

germinate well in the laboratory tests. Toole (1940) 

encountered similar difficulties and was able to improve 

plains bristlegrass germination by prechilling and 

scarification with sulfuric acid to break the hard seed coat. 

Particularly for the Lehmann lovegrass accessions tested 

in this study, abruptly alternating temperatures enhanced 

total percent germination. Roundy and others (1992) also 

found that total percent germination was enhanced by abruptly 

alternating temperatures for Lehmann, Cochise, and plains 

lovegrasses. Tanglehead germination was greater under 

abruptly alternating summer temperatures. Plains lovegrass 

and bush muhly germination was increased by abruptly 

alternating winter and spring temperatures. These results 

suggest that abruptly alternating temperatures may help to 

break dormancy in these species. It is possible that 

laboratory germination tests using abruptly alternating 

temperatures could underestimate the appropriate seeding rate 

for gradually fluctuating seedbed conditions. 

Abruptly alternating winter temperatures reduced 

germination compared to constant and gradually fluctuating 
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winter temperatures for cane beardgrass and Arizona 

cottontop. It is possible that a cool temperature dormancy-

enforcing mechanism is present for these species. 

Total percent germination for many warm-season perennial 

grasses was greater than expected under temperatures typical 

of southwestern winters and springs, because winter 

germination for warm-season grasses is not observed in the 

field. Some, such as cane beardgrass, sideoats grama, 

Arizona cottontop, tanglehead, and green sprangletop, are 

equally or more germinable under winter or spring 

temperatures as under summer temperatures. To a somewhat 

lesser degree the lovegrasses showed the same trend, 

particularly for abruptly alternating temperatures. One 

possible reason for high germination under winter and spring 

temperature regimes is that, although many of these species 

would eventually germinate at low temperatures, it is 

unlikely that surface soil moisture availability during these 

seasons would persist long enough to permit germination for 

many of these species. In addition warm season grasses may 

not germinate in the winter or spring due to the existence of 

dormancy or after-ripening requirements. Seeds produced in 

the fall may delay germination until the following summer 

when the after-ripening requirement has been met. 

Seeds tested were of different ages and had been stored 

at room temperature, so it is possible that for some of the 
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older collections viability was reduced. For example, all 

the Lehmann lovegrass collections were obtained in 1986 and 

1987. Sideoats grama was purchased in 1986. However, all of 

these collections had greater than 80% germination under at 

least one temperature regime, except for Lehmann lovegrass 

collection 9178 (maximum germination was 75%) and Cochise 

lovegrass collection 93 66 (maximum germination was 58%). All 

other collections were obtained between 1990 and 1992. 

Germination Rates 

Like several previous studies (Frasier efc al. 1985; 

Simanton and Jordan 1986; Frasier et al. 1987), germination 

rates were very rapid under conditions of unlimited moisture 

and warm temperatures. There were significant differences in 

germination rate for most species between summer temperatures 

and winter and spring temperatures. The lovegrasses were 

especially sensitive to the influence of cooler temperatures 

on time to 50% germination. A typical native species example 

is cane beardgrass, which germinated in 1.4 days under a 

gradual summer temperature regime, 2.7 days under a gradual 

spring temperature regime, and 12.6 days under a gradual 

winter temperature regime. Lehmann lovegrass accession 2814 

illustrates the lovegrasses with 2.1 days to 50% germination 

under the gradual summer regime, 8.1 days under the gradual 

spring regime, and 24.2 days under the gradual winter regime. 

Bush muhly showed the most extreme response, with the New 
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Mexico collection requiring 3 6.6 days to 50% germination 

under the gradual winter temperature regime. 

The magnitude of the difference in germination rate 

between abruptly alternating and gradually fluctuating 

temperatures under the summer and spring temperature regimes 

was less than 2 days. For example, cane beardgrass reached 

50% germination in 1.4 days under gradually fluctuating 

summer temperatures and in 2.3 days under abruptly 

fluctuating summer temperatures. This period of 

approximately 24 hours was statistically significant, but may 

or may not be biologically significant, depending on soil 

moisture availability. Arizona cottontop required 2.3 days 

to reach 50% germination under abruptly alternating and 3.1 

days under gradually fluctuating summer temperatures, also 

statistically significant. Lehmann lovegrass collection 2814 

reached 50% germination in 3.7 days under abruptly 

alternating and 2.1 days under gradually fluctuating summer 

temperatures. Under constant 25 degrees C Lehmann lovegrass 

collection 2814 needed 5.4 days for 50% germination, longer 

than cane beardgrass (1.7 days) and Arizona cottontop (3.4 

days). 

Sixty percent of the species tested germinated 

significantly more rapidly under gradually fluctuating summer 

temperatures than at a constant 25 degrees C. Eighty percent 

germinated more rapidly at gradually fluctuating than at 



4 6  

abruptly alternating summer temperatures. Standard constant 

or abruptly alternating laboratory germination tests will not 

accurately reflect the behavior of these species in the field 

in terms of germination rate. Laboratory tests using 

gradually fluctuating temperatures may be more useful for 

modelling or predicting seedling establishment in the field. 

Germination rate might also influence the choice of planting 

date depending on expected precipitation patterns. 

Ultimately, a key to understanding field establishment of 

warm-season grasses lies in the interactions between 

germination rates, which are very rapid under summer 

temperatures, and moisture availability. Determining the 

rapidity of germination in relation to actual seedbed 

moisture conditions may be important in modelling seedling 

establishment and predicting the fate of seeds under seedbed 

water dynamics. 



Table 1. Species list for laboratory germination study including seed source and year harvested, 
collected, or germinated by supplier. 

Common Name Scientific Name and Lot # Seed Source and Year 

Cane Beardgrass 
Cane Beardgrass 
Sideoats grama 
Arizona cottontop 
Plains lovegrass 
Lehmann lovegrass 
Lehmann lovegrass 
Lehmann lovegrass 
Cochise lovegrass 
Cochise lovegrass 
Tanglehead 
Green sprangletop 
Bush muhly 

Bush muhly 

Plains bristlegrass 
Plains bristlegrass 

Bothriochloa barbinodis 6820 
Bothriochloa barbinodis 6912 
Bouteloua curtipendula 'Vaughn' 9221 
Digitaria californica 11175 
Eragrostis intermedia EI PM 92 
Eragrostis lehmanniana 2814 
Eragrostis lehmanniana 9178 
Eragrostis lehmanniana 9247 
E. lehmanniana x E. trichophora 6308 
E. lehmanniana x E. trichophora 93 66 
Heteropogon contortus 
Leptochloa dubia 113 669 
Muhlenbergia porteri (Feedlot) 
Muhlenbergia porteri (New Mexico) 
Setaria leucopila 
Setaria macrostachya 11639 

SCS Tuc. Plant Matls. Center; harvested 1990 
SCS Tuc. Plant Matls. Center; harvested 1992 
Native Plants, Inc., Az . ; tested 1986 
Granite Seed Co., Ut.; Az. orig.; tested 1991 
Native Plants, Inc., Az.; collected 1991 
Native Plants, Inc., Az. ,- tested 1987 
Native Plants, Inc., Az.; tested 1986 
Native Plants, Inc., Az.; tested 1987 
Unknown origin 
Native Plants, Inc., Az.; tested 1988 
SCS Tuc. Plant Matls. Center; harvested 1991 
Granite Seed Co., Ut.; Tx. orig.; tested 1992 
Collected Tucson, Az.; 1990 
Collected Coronado Expt. Range, N.M.; 1991 
SCS Tuc. Plant Matls. Center; harvested 1991 
Granite Seed Co., Ut.; Tx. orig.; tested 1992 

Lehmann and Cochise lovegrasses are exotic species; all other grasses are native to southeastern 
Arizona. 



Table 2 . Total percent germination for 15 warm-season grasses under constant, abruptly alternating, and gradually fluctuating 

summer, winter, and spring temperature regimes representative of wet seedbed conditions in a southeastern Arizona 

grassland. 

Species 

SUMMER WINTER SPRING 

Species Constant Gradual Abrupt Constant Gradual Abrupt Constant Gradual Abrupt 

Cane beardgrass 88a*A** 80aB 76aBC 93aA 92aA 56bB 93aA 86abA 69bCD 

Sideoats grama 81aAB 62bDE 48bFG 81aBC 80aB 77 a A 79aB 74aAB 69aCD 

Arizona cottontop 64aBC 51abEF 32bH 64aDE 47b D 23cDE 61aCDE 56aCD 56aDE 

Plains lovegrass 87 a A 89aA 84aAB 87aAB 46bD 62bB 87bAB 86bA 92aA 

Lehmann lovegrass 2814 63aBC 52aEF 70aCDE 62abDEF 51bCD 68aAB 52bE 72abABC 86aAB 

Lehmann lovegrass 9178 48aCD 28bG 58aEF 28aF 21aEF 39aC 34bF 47bDE 75aCD 

Lehmann lovegrass 9247 38aD 10bH 40aGH 17bFG 9bF 66aAB 24b FG 29bEF 80aABC 

Cochise lovegrass 6308 87aA 73aBCD 73aBCD 82aBC 41 cD 63bAB • 75aBC 70aBC 65aCDE 

Cochise lovegrass 9366 57aCD 45aF 43aGH 51aEF 23bE 35abCD 58aDE 26bF 48aE 

Tanglehead 75aAB 40bFG 81aBC 68aD 66aBC 62aB 85aAB 79aAB 77aBC 

Green sprangletop 78aAB 76aBC 69aCDE 70aCD 67aBC 62aB 81 aB 72aABC 69aCD 

Bush muhly (feedlot) 64aBC 66aCD 61aDEF 48aF ObG 1bF 73aBCD 36bEF 57aDE 

Bush muhly (New Mexico) 83aA 77aBC 92aA 84aB 1cG 16bE 92aA 81bAB 73bCD 

Bristlegrass (leucopila) 12aE 11aH 8a! 11abG 15aEF 1bF 12aH 7aG 12aF 

Bristlegrass (macrostachya) 5aE Oal 4al 8aG 15aEF 4aF 12aH 5aG 7a F 

00 

'Germination means among temperature regimes within a season followed by the same lower case letter are not significantly 

different (p > 0.05) by LSD. 

"Germination means among species within a temperature regime followed by the same upper case letter are not significantly 

different (p > 0.05) by LSD. 

Constant temperature was 25 degrees C. Summer temperatures were 20-40; winter 1-16; spring 10-30 degrees C. 

Abruptly alternating temperature regimes remained at the cooler temperature for 16 hrs. and at the warmer temperature for 8 hrs. 



Table 3. Germination rate (days to 50% germination) tor 15 warm-season grasses under constant, abruptly alternating, 

and gradually fluctuating summer, winter, and spring temperature regimes representing wet seedbed conditions in 

southeastern Arizona grasslands. 

Species 

SUMMER WINTER SPRING 

Species Constant Gradual Abrupt Constant Gradual Abrupt Constant Gradual Abrupt 

Cane beardgrass 1.7b*B" 1.4bF 2.3aB 1.5bEF 12.6aEFG 17.0aEF 1.6bB 2.7aC 2.7aG 

Sideoats grama 1.8abB 1.4bF 1.9aB 1.5bEF 13.1aEFG 12.8aEF 1.6cB 3.3aBC 2.4bG 

Arizona cottontop 3.4aB 2.3bC 3.1aB 2.2cDE 17.5bDEF 26.7aCD 2.8bB 4.9aBC 4.3aEF 

Plains lovegrass 3.4aB 2.3bC 3.2aB 2.9bCD 19.0aCDE 19.8aDE 3.0cB 6.3aBC 5.7bCDE 

Lehmann lovegrass 2814 5.4aB 2.1cCDE 3.7bB 3.8cB 24.2bBCD 27.4aBCD 4.3cB 8.1 aBC 6.0bCD 

Lehmann lovegrass 9178 6.0aB 3.2cB 4.2bB 4.1bB 29.0aB 30.9aABC 4.0bB 8.4aBC 7.4aB 

Lehmann lovegrass 9247 7.0aB 2.2cCDE 3.9bB 1.7bEF 26.2aB 32.3aABC 4.3bB 8.3aBC 6.5abBC 

Cochise lovegrass 6308 2.6aB 1.7bDEF 2.7aB 1.7bEF 12.9aEFG 12.9aEF 2.2bB 5.1aBC 5.0aDE 

Cochise lovegrass 9366 2.7aB 1.7bDEF 2.6aB 1.8cEF 11.4bFG 15.3aEF 2.0bB 5.1aBC 4.7aDEF 

Tanglehead 2.2aB 1.6bEF 1.6bB 1.6bEF 10.4aG 9.8aF 1.6cB 2.5aC 2.3bG 

Green sprangletop 2.7bB 3.1bB 3.8aB 2.1 cEF 12.5bEFG 14.0aEF 2.6bB 5.6aBC 5.8aCD 

Bush muhly (feedlot) 2.7abB 2.3bCD 3.2aB 1.6bEF 42.0aA 33.9aABC 1.7bB 6.7aBC 3.4bFG 

Bush muhly (New Mexico) 1.8bB 1.7bEF 2.3aB 1.5cEF 36.6aA 19.4bDE 1.1cB 4.7aBC 2.7bG 

Bristlegrass (leucopila) 6.3aB 3.6bB 5.0abB 3.4bBC 24.9aBC 37.1 aA 6.1aB 9.6aB 10.0aA 

Bristlegrass (macrostachya) 16.6abA 42.0aA 14.0bB 6.0bA 26.9aB 36.4aAB 15.1aA 17.6aA 10.9aA 

"Germination means among temperature regimes within a season followed by the same lower case letter are not significantly' 

different (p > 0.05) by LSD. 

"Germination means among species within a temperature regime followed by the same upper case letter are not significantly 

different (p > 0.05) by LSD. 

Constant temperature was 25 degrees C. Summer temperatures were 20-40; winter 1-16; spring 10-30 degrees C. 

Abruptly alternating temperature regimes remained at the cooler temperature for 16 hrs. and at the warmer temperature for 8 hrs. 
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Figure 1. Gradually fluctuating summer, winter, and spring temperature regimes 
representative of wet seedbed conditions in southeastern Arizona 
grasslands used to test germination of 15 warm-season grasses. oi 
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FIELD ESTABLISHMENT OF PERENNIAL GRASSES IN EXISTING 

STANDS OF LEHMANN LOVEGRASS (Eragrostis lehmanniana 

NEES) FOLLOWING BURN, HERBICIDE APPLICATION, AND MOW 

TREATMENTS 

JUSTIFICATION AND PURPOSE 

Interest in seeding native species for a variety of 

revegetation purposes is increasing as management goals 

change to encompass ecosystem restoration and enhancement of 

biodiversity (Hodder 1978; Young et al. 1981; Roundy and 

Biedenbender in press) . Native species are required for 

revegetation of surface mine spoils by the Surface Mining 

Control and Reclamation Act of 1977 except for special 

circumstances (Chambers and Brown 1983). Native species 

provide more suitable natural habitat for some wildlife and 

greater plant and animal community biodiversity (Bock et al. 

1986; Medina 1988). 

In southeastern Arizona there is concern regarding the 

continuing spread of African Lehmann lovegrass (Eragrostis 

lehmanniana Nees.), the decrease of native perennial grasses, 

and the resultant loss of natural habitat and biodiversity 

(Cable 1971; Bock et al. 1986; Anable 1991; McClaran and 

Anable 1992). Lehmann lovegrass was introduced in the 1930's 

for revegetation of degraded rangelands and is still seeded 

for livestock forage and for soil protection on disturbed 
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sites such as mine spoils and highway construction rights-of-

way. 

Germination and establishment requirements of many native 

perennial grass species are unknown, as well as their 

competitive relationships with Lehmann lovegrass. After many 

researchers achieved poor results with native seeding trials 

in the late 1800's and early 1900's, and in view of the 

dramatic success of Lehmann lovegrass and other exotics, 

research on native warm-season grasses virtually ceased 

(McKell 1976; Young et al. 1981; Cox et al. 1982; Bengson 

1988) . Renewed interest in seeding natives makes basic 

research into their germination and establishment 

requirements essential. Research can also provide critical 

knowledge regarding the competitive relationships between 

native species and Lehmann lovegrass, as well as test 

treatments which could enhance their establishment in 

existing Lehmann lovegrass stands. 

The purpose of this study was to determine the effects 

of Lehmann lovegrass stand manipulations on establishment of 

Lehmann lovegrass and 7 native grasses. Treatments which 

kill mature Lehmann lovegrass, such as burning and herbicide 

application, might decrease interference with native 

seedlings. Leaving the dead Lehmann lovegrass canopy 

standing or mowing it might increase the time of available 

water for native grass establishment by reducing soil 
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evaporation. The seedbed light and temperature environment 

might also be altered by burning or mowing the Lehmann 

lovegrass canopy and could affect Lehmann lovegrass or native 

seedling emergence and establishment. 
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LITERATURE REVIEW 

Brief History of Range Degradation 

The settlement of the American West, spurred by the 

subjugation of indigent peoples, the gold rush, and the 

completion of the transcontinental railroad in the mid-

1800 's, was accompanied by an enormous increase in cattle 

grazing. Unlike the grasslands of the Great Plains, native 

grasses in the Great Basin and the southwestern United States 

were not adapted to grazing by large herbivores. As the 

grass component of these rangelands succumbed to overgrazing 

and droughts around the turn of the century, grasslands 

became dominated by grazing-tolerant shrubs and exotic 

annuals (Young efc al. 1979; Cox efc al. 1982). 

By the early 1900's, the peak level of livestock grazing 

in the West had ended and concern for its degraded status was 

emerging. In 1934 the Taylor Grazing Act was passed to 

control grazing on public lands and President Franklin D. 

Roosevelt issued an executive order withdrawing 173 million 

acres of public land from open range. Research began on 

grazing management systems and methods, equipment, and plant 

materials for range rehabilitation (Young et al. 1979; Cox efc 

al. 1982). 

Lehmann Lovearass Characteristics 

The search for adapted grasses to revegetate degraded 

semi-arid rangelands led to the introduction of Lehmann 
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lovegrass into the U.S. in 1932. Lehmann lovegrass is a 

perennial warm-season bunchgrass native to southern Africa. 

It was first obtained and planted in the U.S. by F.J. Crider 

at the Boyce-Thompson Arboretum at Superior, Arizona. An 

accession was released as 'A-68' after screening and 

selection for rapid maturation and abundant seed production 

by the Soil Conservation Service in Tucson, Arizona (Cox and 

Ruyle 198 6) . Between 1940 and 19 80, Lehmann lovegrass was 

seeded on over 7 0,000 ha in the southwestern U.S. and 

northern Mexico. Presently, it is estimated to cover 200,000 

ha in Arizona alone (Cox et al. 1990) . It has several 

characteristics which are responsible for its widespread use 

for range revegetation and for its spread to unseeded areas. 

Lehmann lovegrass is well-adapted to elevations between 

900 and 1525 m, and 280 to 430 mm of annual precipitation, 

conditions which approximate those of its native habitat, 

although it has been successfully established at lower and 

higher elevations and annual precipitations (Cable 1971; 

Jordan 1981; Cox et al. 1988; Anable et al. 1992). In the 

southwestern United States, Lehmann lovegrass survival 

depends upon summer moisture during its active growing 

season. It persists after seeding where summer rainfall is 

about 100 mm (Cox et al. 1987) and has been observed to 

spread with less than 90 mm of summer rain (Anable efc al. 

1992). It has been also been observed to increase after 
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drought (Robinett 1992). Although mature plants of both 

native grasses and Lehmann lovegrass are killed by prolonged 

drought, Lehmann lovegrass responds with higher rates of 

seedling establishment from soil seed banks when moisture 

returns. Also, Lehmann lovegrass seeds require a longer 

moisture period for germination than some native grasses and 

usually do not emerge without consistent rainfall, resulting 

in better seedling establishment and persistence (Cox 1984; 

Frasier et al. 1984; Livingston 1993; Abbott in press). It 

possesses high heat tolerance and germinates over a wide 

range of temperatures (Cox 1984; Martin and Cox 1984). Lower 

temperature tolerances for establishment are from -9 degrees 

C (Jordan 1981) to -4 degrees C (Cox et al. 1988). 

Its persistence and spread are also dependent on soil 

texture. It is most common on loamy sands or sandy loams 

(Jordan 1981; Cox et al. 1987) and is limited by silt loam, 

loam, and clay loam soils due to difficulty in emerging, 

although it is adapted to calcareous soils (Thornberg 1981). 

Due to its tiny seeds, which are wind and water dispersed, it 

can be broadcast seeded and covered by the action of wind and 

raindrop impact (Jordan 1971; Winkel efc al . 1991). Lehmann 

lovegrass has the ability to set seed within the first 

growing season, and can produce 2 seed crops a year. It 

produces large numbers of seeds per plant and maintains large 

soil seed banks (Sumrall 1990). 
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Although mature Lehmann lovegrass plants can be killed 

by fire, seedling recruitment increases following burning 

(Ruyle efc al . 1988) . The ability to re-establish quickly 

after fire and drought and to withstand high grazing 

intensities can be attributed to its germination enhancement 

by red light and by fluctuating seedbed temperatures which 

may help break seedcoat dormancy. Both of these conditions 

are enhanced after canopy removal (Sumrall et al. 1991; 

Roundy et al. 1992) . 

Native grasses are more palatable to cattle during the 

summer, but Lehmann lovegrass produces high herbage yields 

which carry over from one year to the next and can provide 

emergency forage (Thorngerg 1981; Cox efc al. 1990; Robinett 

1992). It also produces some high-protein green herbage 

during the winter and early spring when most native grasses 

are dormant. It is tolerant of heavy grazing and can even 

invade mesquite stands (Cable 1971; Voight and Oaks 1985). 

The fact that natives are preferentially grazed during the 

summer growing season is a factor contributing to their 

decline and Lehmann lovegrass1 increase (Kincaid efc al. 1959; 

Cox efc al. 1990; Robinett 1992). 

Problems with the Spread of Lehmann Lovegrass 

Because of its adaptability to environmental conditions 

in the southwestern United States, its prolific rate of 

reproduction, seedbank persistence, and ease of dispersal, 
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Lehmann lovegrass has the potential to spread beyond the 

boundaries of seeded stands (Kincaid et al. 1959; Cable 1971; 

Voigt and Oaks 1985; Anable et al. 1992). Lehmann lovegrass 

establishes readily in areas meeting its requirements, and 

can increase to dense, almost pure stands in only 5 to 15 

years (Cable 1971). It is estimated that it can spread at 

rates up to 175 m per year (McClaran and Anable 1992). On 

the Santa Rita Experimental Range in southeastern Arizona, 

Lehmann lovegrass was measured on 75 widely spaced non-seeded 

permanent plots. From 1954 to 1989, Lehmann lovegrass spread 

to occur on more than 85% of the plots and represent greater 

than 40% of perennial grass plants (Anable et al. 1992). 

Despite its value for erosion control and forage 

production, concern has existed for some time regarding the 

effect of Lehmann invasion on native ecosystems. Not only 

may Lehmann lovegrass prevent the return of native perennial 

grasses to Lehmann seeded sites, but some studies suggest it 

can invade and displace native stands. On the Santa Rita 

Experimental Range, transects measured between 1954 and 1968 

indicate that an increase in Lehmann lovegrass was 

accompanied by the decline of native perennial, grasses (Cable 

1971). From small seeded plots in 1950, 1951, and 1953, 

Lehmann lovegrass increased to 65% of the total perennial 

grass production by 1968. Native perennial grass production 

varied with precipitation throughout the same period, but 
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dropped sharply in 1968 despite better-than-average rainfall. 

Cable (1971) felt that this drop represented the effects of 

Lehmarm lovegrass competition on the native grasses. In that 

study, the dominance of Lehmann lovegrass increased and then 

decreased with elevation, from 21% of perennial grass 

production at 960 m to 95% at 1130 m and 88% at 1250 m. At 

the latter 2 sites, Digitaria californica (Arizona 

cottontop), Aristida spp. (three-awns), and Bouteloua spp. 

(gramas) represented most of the perennial grass losses. 

Because of the ability of Lehmann lovegrass to sequester 

limited moisture and because native grasses are 

preferentially grazed, Lehmann lovegrass may replace rather 

than supplement native grass species when it invades an area 

(Kincaid et al. 1959). Where native stands are sparse, the 

invasion may be more rapid than when a vigorous native stand 

exists. When mesquite is controlled and Lehmann lovegrass is 

also seeded, Lehmann lovegrass may prevent native grasses 

from reaching their full potential. Although Lehmann 

lovegrass productivity increases when mesquite is controlled, 

it is much less affected by mesquite than native perennial 

grasses. According to Kincaid efc al. (1959), mesquite 

densities as high as 62 trees per ha do not significantly 

reduce Lehmann lovegrass establishment or prevent its spread, 

whereas native grasses are adversely affected by even a few 

mesquite trees per ha. 
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A study of productivity of native grasses and Lehmann 

lovegrass when mesquite was controlled on a Santa Rita 

Experimental Range pasture showed similar results (Cable 

1971). Aerial applications of herbicide were'made in 1954 

and 1955, and Lehmann lovegrass was broadcast seeded in 1954. 

In 1955 total perennial grass production was 1024 kg per ha, 

with 12% being Lehmann lovegrass. In 13 years, native grass 

production decreased an average of 70 kg per ha for every 112 

kg per ha increase in Lehmann lovegrass production. In 1967 

Lehmann lovegrass produced 1096 kg per ha and natives 

produced only 146 kg per ha, less than prior to the mesquite 

control and Lehmann lovegrass seeding. Arizona cottontop and 

Setaria leucopila (plains bristlegrass) sustained most of the 

loss in production. 

It has also been observed that in dense stands of 

Lehmann lovegrass on the Santa Rita Experimental Range, 

Arizona cottontop and other native grasses are found growing 

under mesquite canopies while Lehmann lovegrass occupies the 

interspaces (Livingston 1992; Van Deren 1993). Van Deren 

(1993) found no influence of Lehmann lovegrass density or 

time of lovegrass existence on the density of Arizona 

cottontop or Rothrock grama. This suggests that Lehmann 

lovegrass may coexist with native grasses rather than 

displace them, perhaps filling an unoccupied niche or 

possibly displacing native forbs. 
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Another study on the Santa Rita Experimental Range 

examined the relationship between Lehmann lovegrass invasion 

and livestock grazing (McClaran and Anable 1992). Plant 

composition and density were measured along a grazing 

intensity gradient, where animal use increased with proximity 

to a water source, with grazing exclosures providing the 

ungrazed treatment. The results showed that Lehmann 

lovegrass density was not affected by grazing intensity and 

that Lehmann lovegrass spread even in the absence of grazing. 

Native grass density, on the other hand, was reduced by 

higher levels of grazing. This study concluded that, 

contrary to traditional invasion theory regarding 

colonization by exotic species, disturbance is not required 

for the spread of Lehmann lovegrass. 

Biological diversity can be reduced when native 

vegetation is replaced by exotics. Not only native plants 

but the animals they support can be diminished. In a study 

conducted in southeastern Arizona, comparisons were made 

between the flora and fauna of an area where Lehmann 

lovegrass and Eragrostis curvula (Boer lovegrass) had been 

seeded and a nearby native grassland (Bock et al. 1986) . 

Populations of grasshoppers (the most abundant insect group), 

rodents, and birds were measured, as well as plant cover and 

composition. Twenty-six censused native plant and animal 

species were more abundant on the native grassland, whereas 
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only 3 were more abundant on the Lehmann dominated site (1 

grasshopper, 1 rodent, and 1 bird). Native perennial 

grasses, primarily Boutelous gracilis (blue grama), 

Eragrostis intermedia (plains lovegrass), Lycurus phleoides 

(wolftail) and three-awns, were reduced by nearly 60% on 

sites s'eeded with lovegrasses. Native herb and shrub 

canopies, densities, and species richness were also 

significantly reduced. 

Because Lehmann lovegrass produces more aboveground 

biomass than native grasses, the potential exists for 

altering the fire regime of ecosystems which it dominates. 

In dry summers, Lehmann lovegrass can produce almost 4 times 

more biomass than native grasses (Cox et al. 1990). Dead 

standing biomass and litter become highly flammable during 

the dry months. Fire frequency may have increased along 

roadsides in southern Arizona where Lehmann lovegrass has 

spread (Anable 1990). Since Lehmann lovegrass establishment 

is enhanced by fire (Ruyle et al. 1988; Sumrall efc al. 1991), 

a cycle is initiated which further increases fire frequency 

(Anable et al. 1992). 

The advisability of seeding Lehmann lovegrass on 

degraded ranges in the southwestern United States depends in 

part on management goals (Cable 1971; Ruyle et al. 1988). 

Some ranges may be so degraded that conditions are no longer 

capable of supporting native species, and Lehmann lovegrass 
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can provide essential erosion control (Bock 1986; Bengson 

1988; Roundy and Call 1988) . When forage production is the 

primary goal, the high productivity of Lehmann lovegrass 

makes it an appealing choice. On the other hand, much of the 

Lehmann lovegrass seeding has been done on public lands which 

are mandated to be managed for multiple uses, including 

biodiversity and ecosystem preservation. Even if cattle 

grazing is the main use, replacing.native grasses with 

Lehmann lovegrass may not be desirable, because increased 

forage quantity is balanced by decreased quality (Kincaid et 

al. 1959; Cable 1971; Thornberg 1981). In any case, seeding 

Lehmann lovegrass must be done with the knowledge and the 

expectation that in areas of primary adaptation it will 

spread to unseeded areas and have an impact on native 

communities (Kincaid et al . 1959; Cable 1971; Bock 1986; 

Anable et al. 1992). 

Experts vary in their predictions of the ultimate extent 

of Lehmann lovegrass distribution. It has disappeared from 

some areas in Arizona and other parts of the southwestern 

United States where it was originally established (Cox et al. 

1986). In southeastern Arizona, it has successfully 

persisted and spread, but whether it has reached the limits 

of its adaptation is disputed. Further spread of Lehmann 

lovegrass may be curtailed by shallow soils, dense shrub 

stands, low precipitation, and sub-optimal temperatures. If 
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this is the case, future population increases will occur 

through greater stand densities or the removal of shrub 

competition (Cox et al . 1986). However, if its ecological 

amplitudes are as broad and its competitiveness as keen as 

other researchers believe (Cable 1971; Anable et al. 1992; 

McClaran and Anable 1992), it will continue to spread. 

In either case, thousands of hectares dominated by 

Lehmann lovegrass already exist on which native grasses have 

been suppressed or replaced. One question is whether to 

accept this situation and manage within its constraints, or 

attempt to alter it. Ecosystem restoration is often the 

objective of wildlife sanctuaries, nature preserves, and 

wilderness recreation areas. Restoration ecology refers to 

returning a disturbed area to its pristine condition, 

replicating original pre-disturbance conditions in which 

diversity of native flora and fauna are the goals (Box 1978; 

Hodder 1978; Burton et al. 1988). It is not known if Lehmann 

lovegrass-invaded ecosystems can be restored to native plant 

compositions, or how realistic restoration would be in terms 

of initial investment and perpetual maintenance. 

However, there are strategies available to managers 

wishing to encourage native grasses. It is possible to 

manage grazing to favor native species. This can be done by 

fencing native pastures which have been invaded by lovegrass 

to separate them from pure Lehmann lovegrass stands. Native 
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pastures can then be rested in the spring and summer during 

their growing season and grazed in the fall and winter when 

native grasses are inactive. Lehmann lovegrass stands can be 

grazed during the spring and summer when its nutrition and 

palatability are greatest (Cox efc al. 1990; Robinett 1992). 

It is important to avoid high grazing intensities which may 

reduce or open the canopy enough to create enhanced seedbed 

light conditions conducive to Lehmann lovegrass germination. 

Another recommendation to control the invasion of 

Lehmann lovegrass is to discontinue seeding it. As more 

areas are planted, more loci for seed dissemination are 

created, hastening its spread. This grass is still planted 

by private companies and government agencies, despite the 

controversy over its use (Anable efc al. 1992). At the same 

time, plant breeding efforts to select for competitive traits 

in native grass accessions could make them attractive 

alternatives to Lehmann lovegrass. 

Native Perennial Grasses and Reveaetation 

There are several problems associated with using native 

perennial grasses to revegetate degraded rangelands which 

have contributed to the extensive use of Lehmann lovegrass 

and other exotics. The seeds of native species often have 

awns or other structures which make harvesting, processing, 

and planting difficult. In addition, harvesting is 

complicated by indeterminate flowering, common for many 
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native plants. Native species frequently have dormancy 

requirements which delay germination, an undesirable trait 

when a good stand is needed quickly for erosion control or 

weed prevention (Young et al. 1981; Roundy and Call 1988). 

Because of these problems, commercial growers have not 

supplied seeds of native species, making it necessary for 

those wishing to use native species to collect seed from wild 

stands, a labor-intensive, expensive, and uncertain 

undertaking (McKell and Van Epps 1981; Shaw 1981). The tide 

has been turning in favor of native species, however, as 

equipment has become available to cope with seed appendages 

and interest and demand for native species has increased 

(Hodder 1978; Young et al. 1981). 

Role of Fire in Grassland Restoration 

Fire can be a valuable management tool in restoring and 

maintaining ecosystems in which it has played an historic and 

natural role. In such ecosystems, fire is not a catastrophic 

or retrogressive successional event, but rather an integral 

part of the system to which species have adapted (Daubenmire 

1968; Wright and Bailey 1982; McPherson in press). Grassland 

ecosystems are typified by frequent fire regimes in which 

fire serves to consume dry fuel, increase forage production, 

palatability, and accessibility, control shrubs, and increase 

wildlife habitat diversity (Wright and Bailey 1982). In the 

desert grasslands of southeastern Arizona prior to large-
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scale Anglo settlement in the late 1800's, fire was a 

frequent and wide-spread ecosystem component (Bahre 1985; 

Humphrey 1953, 1958). Lightning strikes and native peoples 

provided common ignition sources, and fuel was available 

during prolonged summer dry periods preceding summer 

monsoons, resulting in a probable fire frequency of less than 

10 years (Griffiths 1910; Wright and Bailey 1982; McPherson 

in press). Frequent fire favors perennial grasses over 

shrubs by preventing woody plant regeneration and reducing 

shrub use of moisture, nutrients, and light (Wright and 

Bailey 1982; Bahre 1991) . Although individual grass plants 

may be killed or damaged by fire, recovery for most species 

is rapid as long as grazing pressure is not heavy and 

precipitation is adequate (Reynolds and Bohning 1956; 

Daubenmire 1968; Wright and Bailey 1982). However, the 

severe overutilization of the range by domestic livestock 

occurring around the turn of the century reduced fine 

herbaceous fuels (Toumey 1891; Griffiths 1904; Thornber 1911; 

Wilson 1931; Haskett 193 5). With inadequate fuel to carry 

fires, woody shrubs such as mesquite and burroweed 

(Haplopappus tenuisectus) invaded former grasslands (Bahre 

1991; Humphrey 1953, 1958; Parker 1939; Reynolds and Bohning 

1956). In addition, overgrazing reduced grass interference 

with woody seedlings (Wright and Bailey 1982) . Severe 

droughts coinciding with the period of overgrazing and fire 



6 8  

suppression dealt a further blow to perennial grasses (Bahre 

1991; Cooke and Reeves 1976; Griffiths 1904; Haskett 1935 ; 

Hastings and Turner 1965). 

According to Wright (1980) desert grassland species 

which tolerate burning and recover within 1 to 4 years 

include alkali sacaton (Sporobolis airoides) , Arizona 

cottontop, tanglehead (Heteropogon contortus) , tobosa 

(Hilaria mutica), and galleta (Hilaria Jamesii) . Those which 

are favored by fire and recover within a year include annual 

Aristida spp., Rothrock grama (Bouteloua rothrockii) , and 

Lehmann lovegrass. Species which are intolerant of fire are 

bush muhly (Muhlenbergia porteri) and black grama (Bouteloua 

eriopoda). Bush muhly plants are generally killed by fire 

and seedlings reestablish from surviving seed stored in the 

soil (Ahlenslager 1988) . Sideoats grama (Bouteloua 

curtipendula) has a wide ecological amplitude, but the bunch 

grass form found in the Southwest is reported to grow 

vigorously after fire (Tirmenstein 1987). All of these 

responses are strongly dependent on precipitation. 

Reynolds and Bohning (1956) conducted June burns on the 

Santa Rita Experimental Range and found marked reductions in 

perennial grass density which persisted until the end of the 

second to fourth growing season after the fire. Initially 

Arizona cottontop and Rothrock grama were most severely 

reduced, whereas Santa Rita three-awn (Aristida glabrata) 
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increased. Most species experienced retarded recovery the 

first season after burning due to lower than average 

precipitation and experienced accelerated recovery 2 years 

later in response to higher than average precipitation. The 

exception was black grama, whose density remained severely 

reduced 4 years after burning. 

Martin (1983) also studied the response of perennial 

grasses to burning on the Santa Rita Experimental Range. He 

burned in November, 1975 when herbaceous fuel was greatest 

but perennial grasses were dormant and therefore less likely 

to be damaged than in a spring or summer fire. Total grass 

densities were about the same on burn and control plots from 

1975 to 1979. Fire decreased perennial grass density during 

the first year, but fluctuations in ensuing years were 

attributed to changes in precipitation. The results of this 

study were confounded by the effects of grazing on the burned 

areas, to which livestock, deer, and jackrabbits were 

strongly attracted even 5 years after the burn. Martin 

(1983) concluded that the effects of a fall burn on both 

woody species such as mesquite and burroweed and on perennial 

grasses were short-lived, with 2 exceptions. Black grama was 

severely reduced by fire and could not recover due to grazing 

pressure. Lehmann lovegrass density was not reduced by 

burning and had increased sharply within 3 years after the 

burn. 
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Cable (1967) reported on a 1952 to 1965 study on the 

Santa Rita Experimental Range in which plots burned once or 

twice (3 years after the initial burn) were compared to 

unburned plots. The first fire killed a few small mesquites, 

most of the burroweed, and some cacti, at the same time 

reducing perennial grass basal cover for 1 or 2 seasons. The 

second fire had little effect, partly because there was less 

fuel remaining and partly due to higher precipitation after 

the fire. Burroweed re-established quickly with adequate 

moisture. Burning had no lasting positive or negative effect 

on perennial grass cover, although there was an enduring 

negative secondary effect from the concentration of herbivory 

by cattle and rabbits on burned areas. Annual grass 

production increased in years of high precipitation. 

Lehmann lovegrass has the potential to alter fire 

regimes in southeastern Arizona by producing much more above-

ground biomass, and hence fine fuel, than native grasses. 

Cox efc al. (1990) examined biomass production of Lehmann 

lovegrass on the Santa Rita Experimental Range for 4 years. 

They sampled in spring and summer, finding that growth was 

greatest in the summer regardless of winter precipitation 

because low winter temperatures damaged Lehmann lovegrass 

tillers. When summer precipitation was below, equal to, or 

above average, Lehmann lovegrass production was 960, 1430, 

and 1924 kg per ha respectively. They compared their results 
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to those of Cable (1975) who measured native grass biomass 

production under similar moisture and soil conditions and 

reported 270, 430, and 725 kg per ha for below-average, 

average, or above-average precipitation years. In dry 

summers, Lehmann lovegrass produces 4 times more forage than 

native grasses. 

Humphrey and Everson (1951) conducted a July burn on a 

range north of Tucson, Arizona in 1949 where shrubs and cacti 

shared a vigorous seeded stand of Lehmann lovegrass. Data 

collected a year after the burn showed highly significant 

reductions in burroweed, snakeweed (Gutierrezia sarothrae) , 

prickly pear and cholla cacti (Opuntia spp.), and Lehmann 

lovegrass on burned plots. However, surviving Lehmann 

lovegrass plants were vigorous and reproducing prolifically 

by nodal propagation and seed. 

Cable (1965) investigated the effects of an accidental 

June, 1963 fire on the Santa Rita Experimental Range on 

mesquite, Lehmann lovegrass, and black grama. Three times as 

many mequite trees growing in a Lehmann lovegrass understory 

were killed as in a black grama understory, and half as many 

mesquites on the Lehmann lovegrass area resprouted as on the 

black grama area. This difference can be attributed to the 

greater amount of herbaceous fuel and hence higher fire 

intensity provided by the Lehmann lovegrass (5040 kg per ha, 

air dry) compared to black grama (2475 kg per ha). By the 
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end of the summer, Lehmann lovegrass seedling density on the 

lovegrass burned plots was over 6 times that of the original 

stand. Nearly as many lovegrass seedlings also had become 

established on the burned black grama stand, where there were 

no black grama seedlings. Only 10% of black grama plants 

resprouted. 

Ruyle et al. (1988) assessed the effects of November, 

1984 and February, June, and July, 1985 fires on the 

germinability of Lehmann lovegrass soil seed reserves on the 

Santa Rita Experimental Range. They found that burning 

increased germinability in bioassay samples, possibly by 

breaking dormancy with a heat treatment. Their study also 

confirmed that an afterripening requirement exists for 

Lehmann lovegrass, so time after seed set interacted with the 

effects of fire, resulting in a greater bioassay response for 

the summer than the fall and early spring treatments. Field 

seedling densities measured for the November burn following 

the 1985 rainy season were significantly higher on burned 

than unburned plots (320 seedlings per square m compared to 

0.8 seedlings per square m). 

Sumrall et al. (1991), also working on the Santa Rita 

Experimental Range, determined the effects of burning, 

clipping, and herbicide treatment on Lehmann lovegrass 

seedling establishment. They found that seedling response 

was high for both burned and clipped plots (76 plants per 
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square m a year after treatment compared to 5 0 plants per 

square m on untreated plots), indicating that increased 

incidence of light to the seedbed and fluctuating seedbed 

temperatures due to canopy removal may have enhanced 

germination and seedling emergence. There was no Lehmann 

lovegrass recruitment where the mature canopy was treated 

with herbicide and left intact. 

Roundy et al. (1992) undertook germination studies Of 

Lehmann lovegrass to explain its enhanced seedling emergence 

after fire. They discovered that germination of Lehmann 

lovegrass seeds is enhanced by red light, which stimulates 

biologically active phytochrome. Red light becomes available 

to the seedbed when the canopy is opened by burning, mowing, 

or grazing, whereas far-red light predominates under canopy 

shade. 

Bock and Bock (1992) compared the effect on species 

composition of a July fire which burned native grass stands 

and nearby exotic lovegrass stands (Lehmann lovegrass and 

Eragrostis curvula var. conferta) on the Appleton-Whittell 

Research Ranch in southeastern Arizona. Both native grass 

and lovegrass cover declined for 2 growing seasons, then 

recovered to pre-burn levels, each persisting in their 

respective stands. 

In areas where native grasses have declined, land 

managers are interested in prescribed burning as a tool for 



7 4  

restoring and maintaining native grasslands. However, fire 

may not restore native grasslands where Lehmann lovegrass has 

invaded and established a soil seedbank, or where native 

grasses die and a nearby Lehmann lovegrass seed source is 

present. Under such circumstances, fire may lead to an 

increase in Lehmann lovegrass at the expense of native 

grasses (Ruyle et al. 1988; Sumrall et al. 1991). More 

information is needed on the responses of native grasses to 

fire, particularly in association with Lehmann lovegrass. 

Role of Litter in Plant Reproduction 

In mesic climates, litter or mulch can have a negative 

effect on germination and seedling establishment by creating 

excessively moist conditions which harbor plant pathogens 

(Fowler 1986) . However, in arid and semi-arid climates, 

protection of the soil surface by litter can enhance seedling 

survival by ameliorating high soil temperatures and retaining 

essential soil moisture. Cassaday and Glendening (1940) 

identified the single most limiting factor to range reseeding 

as the rapid drying of the soil surface layer. Working in 

southeastern Arizona, they were able to successfully reseed 

small areas with intensive water-conserving techniques such 

as contour furrows, check dams, the application of mulch, and 

the retention of annual weeds to serve as litter. 

Bridges (193 6) conducted seeding trials on the Jornado 

del Muerto plain in New Mexico where average annual 
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precipitation was only 236 mm. He tested 121 species of 

grasses, 29 species of shrubs, and 23 species of forbs using 

various seedbed preparations with and without barley straw 

mulch. Mulching produced a marked increase in germination 

and survival for most species. One problem was competition 

from barley seedlings, and Bridges commented "Perhaps a 

cheaper and more desirable mulch could be obtained by mowing 

the old, dry grass on tobosa flats." 

On the Santa Rita Experimental Range, Glendening (1942) 

experimented with 10 native grasses planted under mulches of 

barley straw, chopped burroweed stems, and open-mesh cotton 

gauze fabric. All treatments greatly increased emergence, 

over that on bare soil, ranging from a 400% increase with 

cultivation alone to a more than 2000% increase under open-

mesh gauze fabric. Glendening felt that the improvement in 

moisture content and emergence under mulch was due to 

interception of runoff, lowered temperatures, and reduced 

evaporation rate. Although soil moisture was highest under 

straw, seedling emergence was greatest under the fabric, 

which may have been due to protection from bird and rodent 

seed herbibory. Glendening observed that in nature on good 

condition ranges seedling emergence occurs at or near the 

soil surface under litter, which is removed by overgrazing. 

Evans and Young (197 0) studied the establishment of 

exotic annual weeds in rangeland communities under litter 5, 
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7, and 10-cm deep. Medusahead (Taeniatherum asperum) and 

downy brome (Bromus tectorum) establishment was 47 and 4 

times greater respectively under litter than on bare ground. 

There was little difference in response between litter 

depths. Broadleaf weeds tumble mustard (Sisymbrium 

altissimum) and Russian thistle (Salsola kali) established 

about the same under litter and on bare ground. Field 

bindweed (Convolvulus arvenis) was drastically curtailed by 

litter. Microenvironmental parameters were also compared 

under the litter and on bare ground. Litter cover moderated 

both maximum and minimum diurnal seedbed temperatures. 

Radiation under litter was measured at 230 to 7000 ft-c 

versus 10,000 ft-c on bare soil. Shading of the soil surface 

by litter may affect species having a light requirement for 

germination. 

In a greenhouse study by Fowler (1986), native Texas 

grasses Aristida longiseta, Stipa leucotricha, and Bouteloua 

rigidiseta germinated, survived and grew better under litter 

or near rocks. Fowler concluded that a safe site for these 

species was a microsite which prevented desiccation by 

shading or retaining soil moisture. However, too much litter 

was unfavorable. In this experiment, the light litter 

category was 100 g per 90 square cm quadrat, resulting in 

visible ground beneath scattered pieces of litter. The heavy 

litter category had 200 g of litter per 90 square cm less 
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than 1-cm deep with the ground not visible in some areas. 

Seeds were sown by dropping them from above after the litter 

was in place. In the heavy litter class, seeds required time 

to make their way through the litter to the soil surface, and 

some seeds germinated in the litter and subsequently died. 

Once seeds germinated under the litter, however, survival was 

similar for both litter classes. 

A subsequent study by Fowler (1988) showed unexpectedly 

that the presence of litter adversely affected the seedling 

growth and survival of these species. Fowler suggested that 

the litter may have harbored pathogens, whereas the soil in 

the previous greenhouse study had been sterilized. The 

proximity of a surface rock, on the other hand, enhanced 

survival, possibly due to shading and reduction in 

evaporation. 

Litter was also shown to inhibit seedling emergence in a 

study by Glendening and Pase (1964) in which soil and 

manzanita (Arctostaphylos pringlei) litter were collected and 

transferred to greenhouse flats. More grass and herb 

seedlings emerged after complete litter removal than under 

litter, partial litter removal, or following burning of the 

litter. In this case, it was possible that the litter 

contained an allelopathic substance which inhibited seedling 

emergence. 
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Another case of possible allelopathic litter was 

reported by Jameson (1966) studying the effects of pinyon-

juniper on blue grama (Bouteloua gracilis). He found that 

blue grama basal area and production were suppressed, not by 

tree canopy cover, but by the presense of litter under 

canopies. 

Livingston (1992) conducted a study on the Santa Rita 

Experimental Range in which emergence of Arizona cottontop 

and exotic yellow bluestem (Bothriochloa ischaemum) was 

similar for mulch (1 to 4 cm), gravel (0.64 cm), and furrow 

(1 to 2 cm) treatments, but survival was higher for the mulch 

treatment. The litter consisted of clipped Lehmann 

lovegrass. Soil moisture at 4 to 6 cm was higher under the 

litter than gravel or bare ground, and soil temperatures were 

lower at 1 to 3 cm under the mulch. In addition, emergence 

of Lehmann lovegrass from the seedbank was lower under mulch, 

which may have reduced the effects of interference on the 

seeded species. 

Role of Interference in Regeneration 

Seedling emergence and establishment can be impeded by 

interference from nearby mature plants of the same or 

different species. Interference can take the form of reduced 

light due to canopy interception or reduced availability of 

water and nutrients. At the same time, adjacent mature 

plants can protect seedlings from herbivory, excessive solar 
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radiation, and wind. The benefits of litter for soil 

moisture, temperature, and nutrients are more likely to exist 

under the canopies of existing plants (Fowler 1986; Noble 

1989) . In arid and semi-arid climates particularly, the 

microsite may be ameliorated in terms of temperature and 

moisture near or under other vegetation. It' is important in 

selecting species for revegetation to know their seedling 

light and moisture requirements and their relationships with 

other plants in the community. 

Fowler (1986) reviewed the role of competition and 

interference in plant communities in arid and semi-arid 

regions. There are numerous studies documenting the negative 

effects of interspecific and intraspecific competition for 

water in dry climates. In particular, trees and shrubs 

interfer with grass seedling survival and production, 

although dense stands of grass can suppress woody seedlings 

as well. Studies in southeastern Arizona focus on the 

problem of mesquite and burroweed suppression of perennial 

grass production (Humphrey 1958; Kincaid et al. 1959). 

On the other hand, many studies describe the positive 

effects of nurse plant facilitation on seedling establishment 

in harsh circumstances. In some instances, there are trade

offs between interference and facilitation. For example, 

Nobel (1989) found that Agave deserti and Ferocactus 

acanthodes depend on Hilaria ridida for seedling survival in 
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the Sonoran Desert. Although the grass nurse plant 

substantially lowered water availability to the succulent 

seedlings, soil temperatures were reduced under its canopy by 

over 10 degrees C, whereas temperatures lethal to seedlings 

existed in the open. 

In Texas Fowler (1988) studied seedling survival of 

Aristida longiseta and Bouteloua rigidiseta in relation to 

their proximity to other juvenile plants of the same or 

different species. Seedling survival was higher within 2 cm 

of juvenile neighbors, implying that aggregation in favorable 

microsites outweighed the effects of other juveniles. 

Neighboring adult plants had mixed positive and negative 

effects. 

Yeaton et al. (1977) studied competition and spacing in 

Arizona upland communities and inferred that differences in 

root morphology and season of growth between species made it 

possible for them to co-exist. They hypothesized that the 

resource which most controlled plant spacing was water, but 

that competition for water was reduced by vertical root 

differential allowing species to utilize different soil 

depths. Bimodal seasonal precipitation patterns in the 

Sonoran Desert make soil moisture available at shallow depths 

during the summer monsoons and at greater depths during 

winter rains. 
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Jameson (1966) found that although blue grama is 

sensitive to heavy shade, the presence of pinyon-juniper 

canopies did not reduce grass growth. In fact, there was a 

positive regression coefficient for tree cover and blue grama 

production. He attributed reflected light under canopies 

with satisfying grass irradiance needs and the ameliorated 

microclimate under canopies with increased grass production. 

As discussed earlier, however, there was a negative effect of 

pinyon-juniper litter on blue grama. 

Tiedemann et al. (1971) examined the shade tolerance of 

Arizona cottontop, plains bristlegrass, bush muhly, and black 

grama. The first 3 species were observed growing frequently 

under mesquite canopies on the Santa Rita Experimental Range, 

and having greater production and cover than in the open, 

whereas black grama was more abundant in the tree canopy 

interspaces. Plants were grown under shadecloth providing 

increasing degrees of shade from 20 to 80%. All species grew 

and flowered best under full sun or 20% shade, but Arizona 

cottontop, bush muhly, and plains bristlegrass showed 

morphological and physiological adaptations when grown under 

shade. Adaptations such as increased leaf length, internode 

elongation, and higher moisture content caused the authors to 

classify these species as facultative skiophytes (plants 

which are heliophytes but are able to adapt to shade). Black 

grama was considered to a an obligate heliophyte. 



8 2  

In California oak woodlands (Frost and McDougald 1989) 

grass production was 15-100% greater under scattered tree 

canopies than in interspaces during drought years. The 

effect was attributed to more favorable soil physical and 

chemical properties and moderated soil temperatures. 

Van Deren (1993) examined the relationship between 

mesquite canopy cover and the distribution patterns of 

Lehmann lovegrass, Arizona cottontop, and Rothrock grama on 

the Santa Rita Experimental Range. Arizona cottontop had 

significantly greater density under mesquite canopies than in 

the open. Rothrock grama was significantly more dense in the 

canopy interspaces. 
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METHODS AND MATERIALS 

Description of the Research Site 

The 20,235 ha Santa Rita Experimental Range is located 

40 km southeast of Tucson, Arizona (31 degrees 41 minutes N. 

lat., 100 degrees 37 minutes W. long.) (Cox et al. 1990). It 

was established in 1903 by the Bureau of Plant Industry to 

study range management and livestock production. Its focus 

has since broadened to include research on wildlife habitat 

and semi-desert ecology (Martin and Reynolds 1973). 

Ownership was transferred to the state of Arizona in 1988 and 

it is administered by the University of Arizona. 

The Santa Rita Experimental Range occupies a broad 

bajada at the base of the Santa Rita Mountains dissected by 

many shallow dry washes. Elevation ranges from 880 to 1370 

m. The soils are formed from Pleistocene alluvial deposits, 

with about half classified as Aridisols, a quarter as 

Mollisols, one-fifth as Entisols, and the rest as gravelly 

alluvium or rock. The area experiences a bimodal 

precipitation pattern with about 60% occurring as rainfall 

between July and September and 40% as rain or snow between 

October and April. Average annual rainfall for the lower 

elevations is 250 mm, increasing to almost 500 mm at the 

higher elevations (Martin and Reynolds 1973). 

The perennial vegetation is typical of semi-desert 

scrubland including mesquite, acacia (Acacia greggii and A. 
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angustissima), burroweed, mimosa (Mimosa biuncifera and M. 

dysocarpa), false mesquite (Calliandra eriophylla), ocotillo 

(Fouquieria splendens), cholla cactus (Opuntia fulgida, 0. 

spinosior) and prickly pear cactus (Opuntia engelmannii). 

Perennial grasses at lower and middle elevations include 

Santa Rita three-awn, Rothrock grama, and bush muhly. At 

higher elevations, other gramas predominate: black grama, 

side oats grama, slender grama (B. filiformis), sprucetop 

grama {B. chondrosioides), and hairy grama (B. hirsuta) . 

Arizona cottontop and spidergrass (Aristida ternipes) are 

common throughout the range. Annuals flourish after adequate 

winter or summer rains and include legumes, crucifers, and 

borages as well as needle grama (B. aristidoides) and six-

weeks three-awn (A. adscensionis) (Martin and Reynolds 1973). 

When the Santa Rita Experimental Range was established, 

it was in degraded condition due to overgrazing and 

subsequently underwent a major increase in the shrub 

component of the vegetation. It was rested until 1912 and 

grazed year round from 1912 to 1957, after which various 

grazing rotations were applied. Artificial seeding with 

native and introduced grasses also began in 1903 and has 

continued intermittently (Martin and Reynolds 1973). 

The research plots for this study are located in 

Sections 5 and 8 of Township 19S, Range 15E of the Gila and 

Salt River Base and Meridian. The site is within the 
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University of Arizona grazing cell, formerly designated 

pasture 21. The elevation is 1075 m and the slope is 2 to 

5%. The soil is a Comoro sandy loam (thermic Typic 

Torrifluvent), has a moderately acid pH of 6.2 to 6.9, and 

varies in depth from 0.2 to 2.5 m (Hendricks 1985). Average 

annual precipitation is 450 mm, although it has varied from 

175 to 700 mm over the last 80 years (Green and Martin 1967; 

Sellers and Hill 1974; NOAA 1982). Average summer daytime 

temperatures are 3 0 degrees C, but daytime maximums often 

exceed 3 8 degrees C in June. Average winter nighttime 

temperatures are 5 degrees C, and nighttime minimums fall 

below 0 degrees C in January and February (Cox et al. 1990). 

The research plots are covered by a dense stand of Lehmann 

lovegrass with a few mesquites, a scattering of burroweed, 

and a seasonal understory of shade-tolerant ephemeral herbs. 

Experimental Design 

The experiment consisted of a split-split-split plot 

design in which years (1992 and 1993) were the main plots; 

canopy manipulations (burn, control, mow, and dead standing) 

were the subplots; sowing dates (June and early August) were 

the sub-subplots; and species (7 native perennial grasses) 

were the sub-sub-subplots. There were 3 randomized complete 

blocks. Two rows 10-m long of 7 native grasses and Lehmann 

lovegrass were seeded for each sowing date and canopy 

treatment in each year. The native grasses were plains 



8 6  

bristlegrass (Setaria leucopila in 1992 and S. macrostachya 

in 1993), bush muhly, plains lovegrass (Eragrostis 

intermedia) , sideoats grama, cane beardgrass (Bothroichloa 

barbinodis), green sprangletop (Leptochloa dubia), and 

Arizona cottontop. These grasses occur on the Santa Rita 

Experimental Range. Bush muhly was collected from wild 

stands at the Jornada Experimental Range in New Mexico, and 

cane beardgrass and plains bristlegrass (S. leucopila) were 

donated by the Soil Conservation Service Plant Materials 

Center in Tucson, Arizona. The remaining species were 

purchased from commercial seed suppliers (Table 1) . All 

seeds were planted with a no-till drill belonging to the 

Plant Materials Center and operated by their staff. The 

grasses were seeded at a rate of 1 pure live seed per cm. 

There were 4 Lehmann lovegrass canopy manipulations. 

Manipulating the Lehmann lovegrass stand was expected to 

affect the seedbed environment by altering light, 

temperature, evapotranspiration, and moisture relations, 

which in turn could affect the emergence and survival of 

Lehmann lovegrass and native grass seedlings. The treatments 

were: 

1. Control - The native grasses and Lehmann lovegrass 

were seeded into a live stand of Lehmann lovegrass. 

2. Dead Standing - The Lehmann lovegrass stand was 

sprayed with the contact herbicide isopropylamine salt of 
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glyphosate in late spring, then grasses were seeded into the 

intact dead canopy. This treatment removed or reduced 

interference for moisture and nutrients from mature Lehmann 

lovegrass plants, but the shade provided by the canopy 

remained, presumably affecting seedbed light, temperature, 

and evaporative demand. 

3 . Burn - The Lehmann lovegrass stand was burned in 

late spring and survivors were treated with glyphosate to 

insure effective control. This treatment freed seedlings 

from interference from mature Lehmann plants while removing 

the effects of the canopy and litter on seedbed light, 

temperature, and evaporative demand. 

4. Mow - The Lehmann lovegrass stand was treated with 

glyphosate in late spring and the canopy was mowed to provide 

a mulch. Grasses were seeded into the mulch. With little or 

no moisture interference from adult Lehmann lovegrass plants, 

the effects of litter on emerging native and Lehmann 

lovegrass seedlings could be determined and compared with the 

effects of canopy shade. It was expected that lower light 

levels under the mulch might decrease Lehmann lovegrass 

germination, and enhanced moisture could favor the emergence 

of seeded native grasses. 

Measurement of Environmental Variables 

Environmental variables were recorded with Campbell 

Scientific, Inc., CR-10 microloggers and multiplexers. The 
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microloggers recorded all sensors each minute, storing total 

rainfall values and 60-minute averages of all other 

variables. Air temperature was measured with a thermister 

and relative humidity with a Phys-chemical Research Corp. 

humidity sensor. A Licor LI200S silicon pyranometer measured 

total radiation and a Micromet net radiometer measured net 

radiation. The windspeed recording instrument was a Met-one 

anemometer, and precipitation was weighed in a tipping bucket 

raingage. 

Soil temperatures at a depth of 1 cm were measured with 

3 thermocouple probes connected in parallel for each 

treatment on each block. Soil water potential was measured 

at depths of 1 to 3 cm, 6 to 8 cm, and 12 to 14 cm with 

gypsum blocks for each treatment on each block. 

Measurement and Analysis of Results 

Germination of Lehmann lovegrass and other species from 

the soil seed bank and seeded native grasses was determined 

by counting seedling densities in 0.10 square m quadrats. 

Five quadrats were sampled for each seeded row for a total of 

30 samples per seeded species for all 3 blocks. Density data 

were collected after initial emergence and at the end of the 

summer growing season. Data were also gathered for the 1992 

seeding at the end of the 1993 growing season to assess 

establishment and persistence. For the June and August 1992 

plantings, the height of the native seedling closest to the 
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middle of each quadrat was also measured at the end of the 

growing season. 

Existing vegetation was quantified to determine the 

effects of the treatments on-annual and perennial forbs and 

grasses and trees, shrubs, and cacti. Cover for all species 

was determined with a 10-pin frame. The first hit was 

recorded for the June 1992 planting and all hits were 

recorded for the August 1992 and June and August 1993 

plantings. Three frames for the 1992 planting and 4 frames 

for the 1993 planting were sampled along 3 transects on each 

treatment plot for a total of 27 and 36 samples per treatment 

for 1992 and 1993 respectively. Cover data were collected 

immediately after seeding and at the end of the growing 

season. The depth of the mulch layer on mowed treatments was 

also recorded. 

The Shapiro-Wilk W-statistic was used to determine if 

the data were normally distributed. Since the data did not 

meet the analysis of variance requirement for normal 

distribution, the data were transformed prior to analysis by 

ranking (Conover and Iman 1981). Then an experiment-wise 

hierarchical analysis of variance was used to test for 

effects due to year, canopy treatment, sowing date, species, 

and interactions at all levels (Appendix B Tables 3-5). 

Means of ranked data were separated at the appropriate level 

of interaction by the least significant difference method. 
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Statements of statistical significance always refer to alpha 

levels of p < 0.05. 
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RESULTS 

Statistical Analysis 

There were significant year by canopy treatment by 

sowing date by sown species interactions for native grass 

density (Appendix B Tables 3 and 6) . Interactions were 

significant for Lehmann lovegrass seedling density at the 

levels of canopy treatment and year by sowing date (Appendix 

B Tables 4 and 7) . Mature Lehmann lovegrass density had 

significant year by canopy treatment interactions (Appendix B 

Tables 5 and 8) . Least significant difference was used to 

separate sown species and Lehmann lovegrass seedling means at 

the level of interest, which was species by canopy treatment 

interactions (Tables 8, 9, 12, and 13) . Mature Lehmann 

lovegrass means were reported for each year and canopy 

treatment (Table 14). 

Environmental Variables 1992 

Rainfall patterns for the summer of 1992 were atypical 

(Figure 2). Rainfall was well-distributed in July but not in 

August. As a result, seedlings emerged in July after the 

June seeding, but very few emerged after the August seeding. 

The precipitation peak shown in August represents Hurricane 

Lester. Total precipitation from 1 July through 31 August 

was 210 mm in 1992. 
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Soil water tension in 1992 showed little difference 

between the 4 treatments at 1 to 3 cm just below where seeds 

were sown, although the burn treatment dried out somewhat 

more rapidly than the other treatments (Figure 3). At 6 to 8 

and 12 to 14 cm (Figures 4 and 5), mow and dead standing 

treatments retained moisture somewhat longer than the burn 

and control treatments. June-planted seeds received initial 

rains on 9 July, 3 weeks after sowing. Soil water tension at 

1 to 3 cm remained low for approximately 7 days, then 

increased for 7 days before it rained again on 22 July. Soil 

water tension at 6 to 8 and 12 to 14 cm depths remained low, 

especially on the mow and standing dead treatments. August-

planted seeds were sown into a moist seedbed created by rains 

on 2 9 July and 4 August. However, the seedbed dried out 

within 3 to 5 days and remained dry until 23 August, except 

for a short wet period associated with limited rainfall on 18 

August (Figures 2 and 3). Only a few seedlings emerged from 

the August seeding. 

Soil temperatures in dry and wet seedbeds at a depth of 

1 cm are represented by data collected on 7 July and 27 July 

1992, respectively (Figures 6 and 7). Maximum temperatures 

for all treatments were higher in dry soil than in wet soil, 

with an approximate range across treatments of 50 to 60 

degrees C in early afternoon in dry soil compared to 35 to 40 

degrees C in wet soil. Trends among treatments were similar 
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for wet and dry soils, with the burn treatment becoming 

hottest during the day and coolest at night. The control 

treatment remained coolest during the day in both wet and dry 

soil. Dead standing and mow treatments were intermediate 

between the burn and control treatments. 

Environmental Variables 1993 

Total precipitation from 1 July through 31 August 1993 

was 158 mm, slightly less than in 1992 . However, 

precipitation patterns in 1993 (Figure 8) were more typical 

than 1992 with several short-duration precipitation events 

occurring in June and July followed by larger storms in 

August and early September. These storms produced soil 

moisture availability for extended periods. Seeds sown on 1 

June received rain on 1 July, then experienced 8 dry days 

followed by 8 more rainy days, then 2 dry weeks. Few 

seedlings established from the June planting, and many 

seedlings which emerged died quickly. Seeds sown on 3 August 

experienced 7 wet days, 4 dry days, then frequent and 

consistent precipitation through the month of August. Many 

seedlings established from the August planting. 

Soil water tension, like that in 1992, showed little 

difference between treatments at the 1 to 3 cm depth (Figure 

9), except that again the burn treatment dried out faster 

than the other treatments. June-planted seeds experienced 

alternating wet and dry conditions in early July and a long 
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dry period from mid-July to early August. August-planted 

seeds also saw alternating wet and dry conditions, but the 

length of the periods between rains was shorter. 

Cover 1992 and 1993 

In 1992 and 1993 (Tables 4 and 5) percent bare ground 

was significantly greater (p < 0.05) on the burn treatment 

for both June and August planting dates censused after 

planting and at the end of the summer growing season. Litter 

cover was significantly greater on the mow treatment for 1992 

and 1993 June planting dates censused after planting, but the 

difference did not persist at the end of the summer. In 1992 

the effect did not even persist until the August seeding 

date. Only burn treatments had significantly less litter 

than mow treatments by the end of the growing season. Dead 

standing cover was significantly greater on herbicide 

treatments than on burn or mow treatments but not greater 

than on control treatments for June and August seedings for 

both years censused after planting. This effect also did not 

persist at the end of the season census. In fact, dead 

standing cover was greatest on the control treatment in 1993 

at the end of the summer. These data confirm field 

observations of senescence in Lehmann lovegrass stands on 

these plots. 

Annual and biennial forbs and grasses were most common 

on control plots throughout 1992, and also on control plots 
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after planting in 1993, but by the end of the summer in 1993 

annual forbs were equally common on all treatments (Tables 4 

and 5) . The most abundant annual/biennial forbs (Table 6) 

were cudweed (Gnaphallium leucocephalum, G. wrightii) , 

camphorweed (Heterotheca subaxillaris) , and carpetweed 

(Mollugo verticillata). Perennial forbs were favored by the 

burn treatment at the end of the summer in 1992, and equally 

abundant across treatments in 1993. Perennial grasses, 

dominated overwhelmingly by Lehmann lovegrass, were highest 

on the June-planted control treatment after planting but had 

recovered on all except the burn treatment by the end of the 

summer in both 1992 and 1993. For the August planting in 

both years, Lehmann lovegrass had already started to recover 

from the herbicide and mow treatments by the time plots were 

seeded. For trees, shrubs, and cacti there were no 

differences in cover among treatments, planting dates, or 

years. 

Mulch depth on mow treatments was significantly greater 

for the post-plant census than the end-of-season census for 

June seedings in both 1992 and 1993 (Table 7) . For the 

August 1992 planting, there was no difference between mulch 

depth after planting and at the end of the summer, but for 

1993 the depth was greater after planting than at the end of 

the season. 
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Seedling Responses 1992 

The treatment by species interaction was statistically-

significant for 1992 June-planted seedling density measured 

at the end of the first growing season (Table 8) . Five 

native species established, with plains lovegrass and bush 

muhly failing to establish. For cane beardgrass, plains 

bristlegrass, and Arizona cottontop, the mow treatment 

resulted in higher seedling densities than burn and control 

treatments (12.5, 7.1, and 4.2 seedlings per m of row, 

respectively). The dead standing treatment also had greater 

seedling density than the burn and control treatments for 

Arizona cottontop (3.6 seedling per m of row). Green 

sprangletop was slightly higher on burn treatments (3.5 

seedlings per me of row). Lehmann lovegrass seedling density 

from sown seeds and from the residual seedbank was highest 

when the canopy was removed by burning (6.8 seedlings per m 

of row). Seedling establishment for all species was limited 

in the control treatment where seeds were sown into live 

stands of Lehmann lovegrass, even though soil water tension 

at 1 to 3 cm differed little from the other treatments 

(Figure 2). 

There were no significant differences in sown species 

responses to canopy manipulations for the 1992 August 

planting date (Table 9). Seedling density measured at the 

end of the first growing season was extremely low for all 
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treatments, with no establishment for plains lovegrass and no 

or fewer than 1 seedlings per m of row for most of the other 

native grasses. Lehmann lovegrass seedlings, however, 

established on the burn treatment significantly better than 

on the other treatments. Lehmann lovegrass established at 

higher densities than the native grasses (4.8 seedlings per m 

of row on the burn treatment), but at lower densities than in 

the June planting (6.8 seedlings per m of row). 

Native grass seedling height was also measured at the 

end of the first growing season on June-sown plots in 1992 

(Table 10). Overall, tallest seedlings were found in the mow 

treatments, but there was no statistical difference between 

mow and dead standing treatments. There was also no 

significant difference between dead standing, burn, and 

control treatments. 

The June 1992 planting was censused at the end of the 

1993 summer growing season to assess seedling persistence 

(Table 11). Cane beardgrass, the seeded species having the 

best establishment in 1992, persisted at a rate of 7 plants 

per m of row in 1993 on the mow treatment, which was also the 

treatment favoring its initial establishment. Arizona 

cottontop and plains bristlegrass showed the same trend at 

4.4 and 2.2 plants per m of row persisting on the mow 

treatment. 
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Species Responses 1993 

For the June planting in 1993 censused at the end of the 

growing season (Table 12), there were no significant 

treatment differences for cane beardgrass, sideoats grama, 

Arizona cottontop, and plains lovegrass. Green sprangletop 

and plains bristlegrass had significantly greater 

establishment in the burn treatment. Seedlings established 

at a rate of fewer than 3 seedlings per m of row. 

Overall seedling establishment for the August 1993 

planting was 10 times the magnitude of the June planting 

(Table 13) . Again, there was no significant treatment 

difference for cane beardgrass (9.0, 15.5, and 9.3 seedlings 

per m of row on burn, mow, and dead standing treatments 

respectively) and plains lovegrass (fewer than 2 seedlings 

per m of row for all treatments) . The burn treatment 

produced significantly more sideoats grama, Arizona 

cottontop, and green sprangletop seedlings than the other 

treatments (15.2, 11.1, and 28.7 seedlings per m of row, 

respectively). The control treatment showed the lowest 

seedling establishment, but it was only significantly less 

than the mowed and dead standing treatments for Arizona 

cottontop. However, seedlings in the control treatment were 

only a few cm tall and very etiolated. Typical seedlings 

which established in mow and burn treatments were 5 to 15 cm 

tall and many were beginning to tiller. 
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Lehmann lovegrass seedlings established in significantly-

greater numbers from the burn treatment than in mow, dead 

standing, and control treatments (Tables 12 and 13). Burn 

treatment density was 8.8 and 5.2 seedlings per m of row for 

June and August sowing dates, respectively. 

Mature Lehmann Lovearass Responses 

In 1992 mature Lehmann lovegrass density on the mow and 

dead standing treatments (1.6 plants per m of row) was 

significantly lower than on the control treatment (3.3 plants 

per m of row), but burn treatment density (2.3 plants per m 

of row) was not significantly different than in the control 

plots (Table 14). Two herbicide applications were made in 

1992 and reduced mature Lehmann lovegrass density by more 

than half compared to control plots. 

In 1993 mature Lehmann lovegrass plants were 

significantly reduced by the burn treatment, but its density 

in the mow and dead standing treatments was not significantly 

different than the control treatment. There was substantial 

recovery of Lehmann lovegrass at the end of the growing 

season on mow and dead standing treatment plots. This 

indicates that the herbicide application was not effective in 

killing mature Lehmann lovegrass. Only one herbicide 

application was made in 1993 because there was no second 

window of opportunity during which the plants were actively 

growing. Herbicides such as glyphosate are translocated from 
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the leaves throughout the plant and must be applied during 

active growth of the target species. In early spring Lehmann 

lovegrass is dormant unless late winter or early spring rains 

stimulate it to grow. 

Forb Responses 

An analysis of variance on unranked total forb density 

by canopy treatment was done for the June and August 1993 

planting dates. Forbs were most numerous in the control 

treatment, followed by the burn treatment, and lowest in the 

dead standing and mow treatments. Certain forb species were 

associated with the burn treament: fleabane daisy (Erigeron 

divergens), purple nightshade (Solanum eleagnifolium) , 

carpetweed (Mollugo verticillata), Arizona poppy 

(Kallstroemia grandiflora), sida (Sida spp.), and old-witch 

grass (Panicum capillare). All these species are summer 

annuals. Two biennial species were associated with the 

standing dead and control treatments: telegraph-plant 

(Heterotheca subaxillaris) and cudweed (Gnaphallium 

Wrightii), as well as an annual cudweed (G. leucocephallum) 

(USDA SCS 1982). In the mow treatment, both annual and 

perennial forb species were present, with more annuals 

observed where litter was shallow or disturbed to reveal bare 

ground. 
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DISCUSSION 

Relationship Between Laboratory Germination and Field 

Establishment 

Field establishment in this study based on a sowing rate 

of 100 seeds per m of row was greatly underestimated by 

laboratory germination results under the gradually 

fluctuating summer temperature regime. This was expected 

because moisture was not a limiting factor in the laboratory 

germination tests. For example, cane beardgrass had 80% 

total germination under gradually fluctuating summer 

temperatures in the laboratory, but its maximum field 

establishment was only 12.5 seedlings per m of row (per 100 

sown seeds) in the 1993 mow treatment. Arizona cottontop had 

51% laboratory germination and a maximum field establishment 

of 11.1 seedlings per m of row in 1993 burn plots. Plains 

lovegrass germination in the laboratory was 89%, but its best 

establishment in the field was less than 2 seedlings per m of 

row in the 1993 burn treatment. 

What was not expected were the relative differences 

among species in the predictive ability of the laboratory 

germination tests for field performance. For cane 

beardgrass, sideoats grama, Arizona cottontop, and green 

sprangletop, there was a ratio between laboratory germination 

under gradually fluctuating summer temperatures and field 

establishment of between 3 to 1 and 6 to 1. For plains 
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lovegrass and bush muhly, however, the ratios were 49 to 1 

and 128 to 1, respectively. For these 2 species, high 

laboratory germination was a poor predictor of field 

responses. Low laboratory germination was also a poor 

predictor for plains bristlegrass, which did not germinate in 

the laboratory but established in 1993 burn plots with almost 

3 seedlings per m of row. 

Native Grass Species Responses 

Requirements of different species of native warm-season 

perennial grasses for light and moisture and their 

interactions with other species have not been widely studied. 

This study showed variability among native grass species in 

responses to altered seedbed light, moisture, temperature, 

and interference from other vegetation. There were 

significant sown species by canopy treatment interactions. 

In 1992 cane beardgrass had the highest seedling 

establishment, and it established best under the mow 

treatment in both 1992 and 1993. In 1993 green sprangletop 

had the highest establishment, and it performed best under 

the burn treatment in both 1992 and 1993. In 1992 the mow 

treatment produced the best overall native seedling 

establishment; in 1993 the burn treatment provided the best 

overall establishment. The control treatment showed the 

lowest establishment overall for seedlings of all species in 

both years. 
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These differences can be attributed in part to the 

different summer rainfall patterns seen in the 2 years the 

study was conducted. Early summer rainfall in 1992 

stimulated germination of June-planted seeds, whose survival 

then seemed to be enhanced by the moisture-retaining 

qualities of mulch on the mow plots during the following dry 

period. 

Consistent late summer precipitation in 1993 permitted 

seedlings to survive on the burn treatment despite low 

litter, and their growth may have been enhanced by the high 

light and low interference environment that burning provided 

by removing the Lehmann lovegrass canopy. It is also 

possible that lower mature Lehmann lovegrass densities in the 

1992 mow and dead standing treatments compared to 1993 

contributed to the success of native seedlings on 1992 versus 

1993 mow and dead standing plots. 

Precipitation patterns and amounts are the most 

important variables in seedling establishment in natural or 

artificial revegetation in arid and semi-arid climates. 

However, precipitation is highly variable and unpredictable 

from year to year, creating great uncertainty for the success 

of seeding projects in any given year regardless of planting 

date. More predictive ability is needed regarding 

precipitation patterns in desert grasslands to choose seeding 

dates and seedbed treatments for revegetation. 
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Many studies show that litter is critical or helpful for 

seedling establishment in semi-arid environments (Bridges 

193 6; Cassaday and Glendening 1940; Glendening 1942; Evans 

and Young 1970; Fowler 1986; Livingston 1992). This study 

indicated, however, that litter is only one variable in 

establishment success and may interact with precipitation 

patterns and amounts and interference from other plants. 

Lehmann Lovearass Responses 

This study supports the findings of previous works which 

show that Lehmann lovegrass seedling establishment is 

enhanced following burning (Wright 1980; Humphrey and Everson 

1951; Cable 1965; Ruyle et al. .1988; Sumrall et al. 1991; 

Roundy et al. 1992). Lehmann lovegrass seedling emergence 

was suppressed by the mow and dead standing treatments and 

enhanced by the burn treatment in 1992 and 1993. Treatments 

which reduced Lehmann lovegrass seedling density in 1992, 

such as spraying with herbicide and then mowing or leaving 

the dead canopy intact, did improve establishment of some 

native grasses. In 1993, the burn treatment which most 

favored native seedling establishment also favored Lehmann 

lovegrass seedlings, but may have most effectively reduced 

adult Lehmann lovegrass interference for native seedlings. 

Because Lehmann lovegrass has such tremendous seedling 

establishment potential from the seedbank, controlling or 

replacing Lehmann lovegrass may require a 2-step treament 
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plan. The first step would be a treatment such as burning to 

force the expression of the seedbank. The second step would 

be a follow-up treatment, such as an herbicide application, 

to kill the juveniles and surviving adults resulting from the 

first step. Seeding of desired species could then proceed. 



Table 4. Percent canopy cover for 1992 June and August plantings censused post-planting (first hit recorded) and at the end 

of the summer growing season (all hits recorded) in relation to various Lehmann lovegrass canopy manipulations. 

JUNE PLANTING CANOPY COVER (%) 

POST-PLANT CENSUS END-OF-SEASON CENSUS 

PARAMETER BURN CONTROL MOW DEAD STD BURN CONTROL MOW DEAD STD 

Bare ground 33.0a (1) 1.5b 3.3b 2.5b 21.2a 3.5b 2.2b 0.6b 

Litter 44.3b 29.4b 86.7a 43.0b 18.3b 29.3ab 43.7a 37.0a 

Gravel 11.9a 1.5b 3.7ab 0.7b 5.2a 1.7b 1.3b 0.5b 

Dead standing 7.4b 40.1a 5.9b 48.3a Oa 2.0a 0.4a 3.7a 

Annual forbs 1.5b 8.5a 0b Ob 9.0b 25.9a 13.1b 5.9b 

Perennial forbs 0.4b 1.1a 0.4b 0.4b 23.4a 6.0b 6.3b 8.2b 

Perennial grasses 1.5bc 17.0a 0c 5.1b 22.9b 31.0ab 31.8ab 44.1a 

Trees, shrub, cacti 0a 0.7a 0a Oa Oa 0.7a 1.1a Oa 

AUGUST PLANTING CANOPY COVER (%) 

POST-PLANT CENSUS END-OF-SEASON CENSUS 

PARAMETER BURN CONTROL MOW DEAD STD BURN CONTROL MOW DEAD STD 

Bare ground 30.2a 1.9b 3.3b 0.7b 23.9a 4.9b 6.9b 1.2c 

Litter 12.6b 17.9ab 52.6a 15.9ab 14.3a 31.7a 41.3a 34.2a 

Gravel 4.5a 0b Ob Ob 7.7a 1.1b 1.5b Ob 

Dead standing 1.1bc 9.9ab Oc 15.2a 0.2b 1.1 ab Ob 3.7a 

Annual forbs 11.1a 13.3a 1.9a 3.3a 7.9b 24.4a 4.5b 7.4b 

Perennial forbs 19.2a 5.1a 5.2a 4.8a 24.8a 3.7b 6.9b 10.5b 

Perennial grasses 21.2b 50.3a 37.0ab 60.0a 21.0b 31.9ab 38.8ab 42.1a 

Trees, shrub, cacti 0a 1.5a Oa Oa Oa 1.2a Oa 0.9a 

(l)Treatment means within a census followed by the same letter are not significantly different (p > 0.05) by LSD; 

arcsine square root transformations were performed on the data. o 
CD 



Table 5. Percent canopy cover 1993 June and August plantings censused post-planting and at the end of the summer 

growing season in relation to various Lehmann lovegrass canopy manipulations (all hits recorded). 

JUNE PLANTING CANOPY COVER (%) 

POST-PLANT CENSUS END-OF-SEASON CENSUS 

PARAMETER BURN CONTROL MOW DEAD STD BURN CONTROL MOW DEAD STD 

Bare ground 20.2a (1) 3.4b 2.0b 5.7b 34.2a 3.9b 4.1b 2.6b 

Litter 62.1b 27.9c 79.8a 34.4c 24.6b 44.1a 50.3a 47.6a 

Gravel 0.8a 1.8a 0.3a 0.4a 1.4a 0.3b Ob Ob 

Dead standing 15.6ab 31.4ab 5.0b 43.6a 0b 16.6a 0.1b 4.1b 

Annual forbs 1.0b 12.2a 1.2b 2.2b 11.7a 9.1a 7.5a 5.2a 

Perennial forbs 0a 0.1a 0.4a 0a 5.9a 1.7ab 3.1ab 0.4b 

Perennial grasses 0b 22.3a 8.8ab 11.4ab 22.2a 21.9a 35.0a 38.9a 

Trees, shrub, cacti 0.3a 0.9a 2.4a 0.3a 0a 2.5a Oa 1.1a 

AUGUST PLANTING CANOPY COVER (%) 

POST-PLANT CENSUS END-OF-SEASON CENSUS 

PARAMETER BURN CONTROL MOW DEAD STD BURN CONTROL MOW DEAD STD 

Bare ground 33.4a 2.0b 1.8b 2.7b 26.3a 1.9b 3.4b 3.0b 

Litter 36.2b 33.2b 70.0a 39.8b 28.1b 47.8a 48.5a 43.8ab 

Gravel 15.3a 0.5b 2.6b 1.5b 1.8a 0.2b Ob Ob 

Dead standing 7.3b 42.5a 1.8b 40.2a Ob 11.5a 0.2b 8.1a 

Annual forbs 0.8c 7.3a 3.3bc 3.4b 10.8a 11.8a 12.3a 7.3a 

Perennial forbs 1.5a 1.4a 0a 0.7a 4.7a 4.4a 0.3a 1.3a 

Perennial grasses 5.6b 13.0a 20.6a 11.4a 27.8ab 20.3b 35.3ab 36.1a 

Trees, shrub, cacti 0a 0a 0a 0.4a 0.5a 0a Oa 0.3a 

(l)Treatment means within a census followed by the same letter are not significantly different (p > 0.05) by LSD; 

arcsine square root transformations were performed on the data. 
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Table 6. Species list for vegetation on research plots on the 
Santa Rita Experimental Range for summer 1992 and 
1993 . 

ANNUAL/BIENNIAL FORBS & 
GRASSES 

Amaranthus spp. 
Euphorbia hyssopifolia 
Gnaphallium leucocephalum 
Gnaphallium wrightii 
Heterotheca subaxills.ris 
Kallstroemia grandiflora 
Lupinus spp. 
Mollugo verticillata 
Oenothera spp. 
Panicum capillare 
Proboscidea parvil flora 
Salsola kali 

PERENNIAL FORBS 

Ambrosia confertifolia 
Boerhaavia coccinea 
Cassia covesii 
Cucurbita foetidissima 
Datura meteloides 
Erigeron divergens 
Evolvulus arizonica 
Lotus oroboides 
Sida abutifolia 
Sida spinosa var. 

angustifolia 
Solanum elagnifolium 

PERENNIAL GRASSES 

Aristida ternipes 
Bothriochloa barbinodis 
Digitaria californica 
Bouteloua eriopoda 
Eragrostis lehmanniana 
Eragrostis chloromelas 
Panicum antidotale 
Setaria leucopila 

TREES, SHRUBS & 
CACTI 

Eriogonum wrightii 
Haplopappus tenuisectus 
Opuntia spp. 
Prosopis juliflora var. 

velutina 



Table 7. Mulch depth (cm) for June and August 1992 and 1993 plantings censused post-planting and at the end of the summer 

growing season following manipulation of mature Lehmann lovegrass canopies by mowing. 

MULCH DEPTH (CM) 

POST-PLANT CENSUS END-OF-SEASON CENSUS 

1992 June Planting 2.2a (1) 1.5b 

1992 August Planting 2.6a 1.5a 

1993 June Planting 3.0a 1.9b 

1993 August Planting 2.6a 2.1a 

(l)Treatment means for each planting date followed by the same letter are not significantly different (p > 0.05) by LSD. 



Table 8. June 1992 sown native grass and Lehmann lovegrass seedling density at the end of the summer growing season in 

relation to various Lehmann lovegrass canopy manipulations. 

BURN MOW DEAD STD CONTROL 

SEEDLINGS PER METER OF ROW 

Cane beardgrass 3.3c (1) 12.5a 6.7b 0.1d 

Sideoats grama 1.3a 0.7a 0.5a Oa 

Arizona cottontop 0.7ab 4.2a 3.6a Ob 

Plains lovegrass 0a 1.4a 0.5a Oa 

Green sprangletop 3.5a 1.8a 2.3a Ob 

Bush muhly 1.1a 0a 0a Oa 

Plains bristlegrass 2.5a 7.1a 5.5a Ob 

Lehmann lovegrass 6.8a 1.6b 1.3b Ob 

(l)Treatment means for each species followed by the same letter are not significantly different (p > 0.05) by LSD. 



Table 9. August 1992 sown native grass and Lehmann lovegrass seedling density at the end of the summer growing season 

relation to various Lehmann lovegrass canopy manipulations. 

BURN MOW DEAD STD CONTROL 

SEEDLINGS PER METER OF ROW 

Cane beardgrass 0a 3.2a 0.2a 0.3a 

Sideoats grama 0a 0.6a 0.8a Oa 

Arizona cottontop 0a - 0.4a 0.3a Oa 

Plains lovegrass 0a Oa Oa Oa 

Green sprangletop 0a 1.2a 1.3a 0.1a 

Bush muhly 0a 0.1a Oa Oa 

Plains bristlegrass 1.3a 1.0a 0.4a 0.2a 

Lehmann lovegrass 4.8a 2.2b 2.2b 2.2ab 

(l)Treatment means for each species followed by the same letter are not significantly different (p > 0.05) by LSD. 



Table 10. June 1992 sown native grass seedling height (cm) at the end of the summer growing season in relation to various 

Lehmann lovegrass canopy manipulations. 

BURN MOW DEAD STD CONTROL 

SEEDLING HEIGHT (CM) 

Cane beardgrass 10.2bc(1) 36.6a 18.3b 0.2c 

Sideoats grama 1.8a 2.5a 2.5a 0a 

Arizona cottontop 1.9b 27.1a 17.3ab Ob 

Plains lovegrass 2.9a Ob 0b 0.5b 

Green sprangletop 8.1a 10.2a 14.2a Oa 

Bush muhly 0a 0.4a 0a Oa 

Plains bristlegrass 3.2b 13.8a 14.4a Ob 

(1) Treatment means for each species followed by the same letter are not significantly different (p > 0.05) by LSD. 



Table 11. June 1992 sown native grass density at the end of the 1993 summer growing season in relation to various 

Lehmann lovegrass canopy manipulations. 

BURN MOW DEAD STD CONTROL 

SEEDLINGS PER METER OF ROW 

Cane beardgrass 1.8b 7.0a 3.6ab 0.2b 

Sideoats grama 0a 0.2a 0.2a Oa 

Arizona cottontop Ob 4.4a 2.0ab Ob 

Plains lovegrass 0a Oa 0.2a Oa 

Green sprangletop 1.0a 0.8a 1.0a 0.2a 

Bush muhly 0a Oa Oa Oa 

Plains bristlegrass 0a 2.2a 0.4a Oa 

(l)Treatment means for each species followed by the same letter are not significantly different (p > 0.05) by LSD. 



Table 12. June 1993 sown native grass and Lehmann lovegrass seedling density at the end of the summer growing season 

in relation to various Lehmann lovegrass canopy manipulations. 

BURN MOW DEAD STD CONTROL 

SEEDLINGS PER METER OF ROW 

Cane beardgrass 0.7a (1) 0.1a 0.1a Oa 

Sideoats grama 0.8a 0a 0.1a Oa 

Arizona cottontop 0.3a 0.1a 0.1a Oa 

Plains lovegrass 0a 0.1a 0a Oa 

Green sprangletop 2.9a 0.5b 0.9b Ob 

Bush muhly 0a 0a Oa 0.2a 

Plains bristlegrass 2.7a 0.1b Ob Ob 

Juvenile Lehmann lovegrass 8.8a 1.6b 1.5b 0.1b 

(l)Treatment means for each species followed by the same letter are not significantly different (p < 0.05) by LSD. 



Table 13. August 1993 sown native grass and Lehmann lovegrass seedling density at the end of the summer growing season 

in relation to various Lehmann lovegrass canopy manipulations. 

BURN MOW DEAD STD CONTROL 

SEEDLINGS PER METER OF ROW 

Cane beardgrass 9.0a (1) 12.5a 9.3ab 4.5b 

Sideoats grama 15.2a 3.8b 0.0b 1.5b 

Arizona cottontop 11.1a 6.5a 4.0a 0b 

Plains lovegrass 1.8a 1.7a 0.7a 0a 

Green sprangletop 28.7a 10.9ab 11.3b 3.0c 

Bush muhly 0.4a 0.5a 0.6a 0.1a 

Plains bristlegrass 2.4a 1.9ab 0.7ab 0.1b 

Juvenile Lehmann lovegrass 5.2a 1.4b 0.9b 0b 

(l)Treatment means for each species followed by the same letter are not significantly different (p > 0.05) by LSD. 



Table 14. Mature Lehmann lovegrass density for 1992 and 1993 at the end of the summer growing season in 

relation to various Lehmann lovegrass canopy manipulations. 

BURN MOW DEAD STD CONTROL 

PLANTS PER METER OF ROW 

Lehmann lovegrass 1992 2.3ab 1.6b 1.6b 3.3a 

Lehmann lovegrass 1993 1.1b 2.9a 3.4a 3.9a 

(l)Treatment means for each species followed by the same letter are not significantly different (p > 0.05) by LSD. 
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Figure 2. Precipitation from July through. August 1992 on research plots on the 
Santa Rita Experimental Range. 
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Figure 3. Soil water tension 6 July through 4 September 1992 at a depth of 1-3 cm 
in relation to various Lehmann lovegrass canopy manipulations. 
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Figure 5. Soil water tension 28 June through 26 September 1992 at a depth of 12 14 
cm in relation to various Lehmann lovegrass canopy manipulations. po 
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APPENDIX A Germination Summary Tables 

Table 1. Summary of total percent germination differences for 15 warm-season grasses compared across different temperature 

regimes and seasons; significant difference at p < 0.05. 

Germination Differences * 1 1 1 2 2 2 3 3 3 4 4 4 5 5 5 6 6 6 7 7 7 

Seasons: SP=spring; W=winter; SU=summer ** SP W SU SP w SU SP w SU SP w SU SP w SU SP w SU SP W SL 

Bothriochloa barbinodis 6820 X X X X X X X X X 

Bouteloua curtipendula 'Vaughn' 9221 X X X X 

Digitaria californica 11175 X X X X X X X 

Eragrostis intermedia El PM 92 X X X X X X X 

Eragrostis lehmanniana 2814 X X X X X X 

Eragrostis lehmanniana 9178 X X X X X X X X X X 

Eragrostis lehmanniana 9247 X X X X X X X X X X X 

E. lehmanniana x E. trichophora 6308 X X X X X X X 

E. lehmanniana x E. trichophora 9366 X X X X X X X X 

Heteropogon contortus X X X X X X 

Leptochloa dubia 113669 X X 

Muhlenbergia porteri (Feedlot) X X X X X X X X 

Muhlenbergia porteri (New Mexico) X X X X X X X X X 

Setaria leucopila X X X X 

Setaria macrostachya 11639 

ro 
•̂ 4 

*1 - Difference in germination among constant, gradually fluctuating, and abruptly alternating temperatures. 

2 - Difference in germination between gradually fluctuating and abruptly alternating temperatures. 

3 - Germination for abruptly alternating greater than that for gradually fluctuating temperatures. 

4 - Germination for abruptly alternating less than that for gradually fluctuating temperatures. 

5 - Germination for constant 25 degrees C greater than that for abruptly alternating temperatures. 

6 - Germination for constant 25 degrees C less than that for abruptly alternating temperatures. 

7 - Germination for constant 25 degrees C grreter than that for gradually fluctuating temperatures. 

"Spring temperatures were 10-30 degrees C. Winter temperatures were 1-16 degrees C. Summer temperatures 

were 20-40 degrees C. 



Table 2. Summary of germination rate differences (days to 50% germination) for 15 warm-season grasses compared across 

different temperature regimes and seasons; significant difference at p < 0.05. 

Germination Differences * 111222333444555666 

Seasons: SP=spring; W=winter; SU=summer ** SP W SU SP W SU SP W SU SP W SU SP W SU SP W SU 

Bothriochloa barbinodis 6820 X X X X x : 

Bouteloua curtipendula 'Vaughn' 9221 X X X X X 

Digitaria californica 11175 X X X X X X 

Eragrostis intermedia El PM 92 X X X X X X 

Eragrostis lehmanniana 2814 X X X X X X X 

Eragrostis lehmanniana 9178 X X X X X X X 

Eragrostis lehmanniana 9247 X X X X X X 

E. lehmanniana x E. trichophora 6308 X X X X X X 

E. lehmanniana x E. trichophora 9366 X X X X X X 

Heteropogon contortus X X X X X X X 

Leptochloa dubia 113669 X X X X x : 

Muhlenbergia porteri (Feedlot) X X X X 

Muhlenbergia porteri (New Mexico) X X X X x : 

Setaria leucopila X X X X X 

Setaria macrostachya 11639 X X X X 

"1 - Germination under gradually fluctuating faster than that under abruptly alternating temperatures. 

2 - Germination under gradually fluctuating temperatures faster than that under constant 25 degrees C. 

3 - Germination under abruptly alternating faster than that under gradually fluctuating temperatures. 

4 - Germination under abruptly alternating temperatures faster than that under constant 25 degrees C. 

5 - No difference in germination between gradually fluctuating and abruptly alternating temperatures. 

6 - Germination under constant 25 degrees C faster than that under abruptly alternating temperatures. 

"Spring temperatures were 10-30 degrees C. Winter temperatures were 1-16 degrees C. Summer temperatures 

were 20-40 degrees C. 



APPENDIX B Analysis of Variance Tables 

Table 1. Analysis of variance for total percent germination of 15 collections of warm-season perennial grasses for 

summer, spring, and winter seasons and for 3 temperature regimes (gradually fluctuating, abruptly alternating, 

and constant 25 degrees C). 

Source df MS F Value Probability Ranked Data Probability 

Species 14 9691.746 193.93 0 0 

Season (S) 2 4647.572 93 0 0 

Temperature (T) 2 3579.017 71.62 0 0 

Block (B) 3 9.766 0.2 0.899 0.855 

Species x S 28 693.102 13.87 0 0 

Species x T 28 650.529 13.02 0 0 

S x T  4 564.377 11.29 0 0 

Species x S x T 56 258.611 5.17 0 0 



Table 2. Analysis of variance for germination rate of 15 collections of warm-season perennial grasses for 

summer, spring, and winter seasons and for 3 temperature regimes (gradually fluctuating, abruptly alternating, 

and constant 25 degrees C). 

Source df MS F Value Probability Ranked Data Probability 

Species 14 658.27 38.64 0 0 

Season (S) 2 7070.644 415.01 0 0 

Temperature (T) 2 3220.643 189.903 0 0 

Block (B) 3 34.791 2.04 0.107 0.803 

Species x S 28 145.062 8.51 0 0 

Species x T 28 72.698 4.27 0 0 

S x T  4 2363.144 138.7 0 0 

Species x S x T 56 74.888 4.4 0 0 



Table 3. Hierarchical analysis of variance for sown native grass density in a split-split-split plot experiment where years 

(1992 and 1993) are the main plots; canopy treatments (burn, control, mow, dead standing) are the subplots; 

sowing dates (June and August) are the sub-subplots; and species (7 native perennial grasses) are the sub-sub-subplots. 

Source df MS F Value Probability Ranked Data Probability 

Block (B) 2 16.083 

Year (Y) 1 473.25 22.22 0.042 0.049 

Error a 2 21.302 

Canopy Treatment (C) 3 311.265 19.13 0 0 

Y x C  3  2 1 2 . 2 9 5  1 3 . 0 5  0  0 . 0 0 2  

Error b 12 16.272 

Sowing Date (D) 1 519.357 26.69 0 0.009 

Y x D  1  2 1 4 5 . 6 0 3  1 1 0 . 2 7  0  0  

C x D  3  1 0 2 . 1 9 7  5 . 2 5  0 . 0 1  0 . 4 6 9 "  

Y x C x D  3  1 9 4 . 3 0 3  9 . 9 9  0  0  

Error c 16 19.458 

Species (S) 6 308.632 25.13 0 0 

Y x S  6  1 5 7 . 4 3 4  1 2 . 8 2  0  0  

C x S  1 8  6 5 . 1 5 8  5 . 3 1  0  0  

D x S  6  1 4 0 . 9 4 2  1 1 . 4 8  0  0  

Y x C x S  1 8  3 5 . 1 3 8  2 . 8 6  0  0 . 0 1 4  

Y x D x S  6  2 1 6 . 2 5 3  1 7 . 6 1  0  0  

C x D x S  1 8  2 1 . 9 6 1  1 . 7 9  0 . 0 2 9  0 . 1 5 8  

Y x C x D x S  1 8  5 1 . 0 0 4  4 . 1 5  0  0 . 0 0 1  

Error d 192 12.28 



Table 4. Hierarchical analysis of variance for Lehmann lovegrass seedling density in a split-split-split plot experiment where years 

(1992 and 1993) are the main plots; canopy treatments (burn, control, mow, dead standing) are the subplots; sowing dates 

(June and August) are the sub-subplots; and species (7 native perennial grasses) are the sub-sub-subplots. 

Source df MS F Value Probability Ranked Data Probability 

Block (B) 2 385.115 

Year (Y) 1 9.115 0.02 0.9 0.434 

Error a 2 139.434 

Canopy Treatment (C) 3 1436.946 10.31 0.001 0 

Y x C  3  4 7 . 6 2  0 . 3 4  0 . 7 9 5  0 . 0 7 4  

Error b 12 139.434 

Sowing Date (D) 1 25.9 0.6 0.45 0.136 

Y x D  1  1 2 3 . 0 5  2 . 8 4  0 . 1 1 1  0 . 0 0 6  

C x D  3  1 5 2 . 7 6 8  3 . 5 3  0 . 0 3 9  0 . 1 4 7  

Y x C x D  3  4 . 9 4 5  0 . 1 1  0 . 9 5  0 . 7 1 6  

Error c 16 43.261 

Species (S) 6 7.122 1.49 0.184 0.133 

Y x S  6  4 . 9 2 5  1 . 0 3  0 . 4 0 8  0 . 5 9 3  

C x S  1 8  1 0 . 9 8 5  2 . 2 9  0 . 0 0 2  0 . 2 2 2  

D x S  6  3 . 1 9 5  0 . 6 7  0 . 6 7 6  0 . 4 7 6  

Y x C x S  1 8  6 . 2 4 3  1 . 3  0 . 1 8 8  0 . 6 5 8  

Y x D x S  6  5 . 2 9 3  1 . 1 1  0 . 3 6  0 . 6 8 4  

C x D x S  1 8  3 . 8 1 9  0 . 8  0 . 7 0 1  0 . 4 6 2  

Y x C x D x S  1 8  7 . 1 0 8  1 . 4 8  0 . 0 9 8  0 . 9 9 5  

Error d 192 4.788 



Table 5. Hierarchical analysis of variance for mature Lehmann lovegrass density in a split-split-split plot experiment where years 

(1992 and 1993) are the main plots; canopy treatments (burn, control, mow, dead standing) are the subplots; sowing dates 

(June and August) are the sub-subplots; and species (7 native perennial grasses) are the sub-sub-subplots. 

Source df MS F Value Probability Ranked Data Probability 

Block (B) 2 

Year (Y) 1 86.465 98.58 0.01 0.005 

Error a 2 0.877 

Canopy Treatment (C) 3 135.097 9.33 0.001 0 

Y X C 3 87.041 6.01 0.009 0.006 

Error b 12 14.486 

Sowing Date (D) 1 6.257 0.49 0.494 0.466 

Y x D  1  3 . 1 5 7  0 . 2 5  0 . 6 2 6  0 . 6 4 1  

C x D  3  3 . 1 5 3  0 . 2 5  0 . 8 6 2  0 . 7 6 2  

Y x C x D  3  9 . 2 6 9  0 . 7 2  0 . 5 5 2  0 . 5 7 1  

Error c 16 12.806 

Species (S) 6 0.795 0.61 0.723 0.72 

Y X S 6 0.84 0.64 0.696 0.678 

CxS 18 1.371 1.05 0.408 0.352 

D x S 6 0.428 0.33 0.921 0.941 

YxCxS 18 0.161 0.89 0.593 0.435 

YxDxS 6 1.605 1.23 0.293 0.269 

CxDxS 18 0.997 0.76 0.742 0.815 

YxCxDxS 18 0.313 0.24 0.999 0.999 

Error d 192 1.308 



Table 6. Analysis of variance of native seedling density for June and August 1992 and 1993 

sown seeds censused at the end of the respective growing seasons; values 

represent the probability of a greater F value. 

Source June 1992 Aug. 1992 June 1993 Aug. 1993 

Block (B) 0.146 0.617 0.428 0.239 

Treatment (T) 0.000 0.448 0.014 0.004 

Species (S) 0.000 0.002 0.000 0.000 
Error (T x S) 0.000 0.000 0.000 0.000 

Table 7. Analysis of variance of juvenile Lehmann lovegrass density censused on plots sown 

with native grasses in June and August 1992 and 1993; values represent the 

probability of a greater F value. 

Source June 1992 Aug. 1992 June 1993 Aug. 1993 

Block (B) 0.262 0.002 0.118 0.347 

Treatment (T) 0.103 0.027 0.022 0.077 

Species (S) 0.332 0.013 0.535 0.676 

Error (T x S) 0.736 0.019 0.000 0.856 

Table 8. Analysis of variance of mature Lehmann lovegrass density censused on plots sown 

with native grasses in June and August 1992 and 1993; values represent the 

probability of a greater F value. 

Source June 1992 Aug. 1992 June 1993 Aug. 1993 

Block (B) 0.768 0.637 0.871 0.936 

Treatment (T) 0.011 0.357 0.131 0.038 

Species (S) 0.189 0.759 0.245 0.377 

Error (T x S) 0.626 0.309 0.417 0.116 



Table 9. Analysis of variance of native seedling height on plots sown with native grasses 

in June and August 1992 censused at the end of the 1992 and 1993 summer growing 

seasons; values represent the probability of a greater F value. 

Censused Fall 1992 Censused Fall 1993 

Sowing Date 32294 32355 32294 

Source 

Block (B) 0.144 0.389 0.558 

Treatment (T) 0.012 0.273 0.065 

Species (S) 0 0 0 

Error (T x S) 0 0.003 0 
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