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THE GROWTH AND DEVELOPMENT OF HETEROPOGON CONTORTUS 

Paul Edward Novelly-s P",b ., 
University of Arizona, 1986 

Director: Dr. Phil R. Ogden 

Studies were conducted on Heteropogon contortus at 

three natural stands and a common nursery in southeast 

Ar i zona and under controlled cond i tions. The object i ve was 

to examine~. contortus growth and development and relate it 

to concurrently measured environmental variables, especially 

soil temperature. It was hypothesi z9d that response to such 

environmental variables would be sufficiently consistent to 

serve as an indicator of range site characteristics. 

Response to temperature of local accessions was examined 

under controlled conditions to confirm field observations 

and determine the possibility of ecotypic differences. 

Common nursery studies examined phenotypic response of local 

accessions plus others from outside the region, to examine 

ecotypic response. 

M a j 0 r con c 1 u s ion s w ere t hat H • '££!!!.£E.!.£~ 

distribution pattern varies among sites of different 

temp~rature and/or moisture regime. Sites where ~. contortus 

is prominant have definite characteristics, associated with 

warm microsites at high elevations (southern aspects, 



increasing slope) and mesic microsites at low elevations 

(the borders of washes, roadsides or microdepressions). 

Growth was entirely associated with the current 

year, with no carry-over of vegetative tillers from previous 

years. Growth began in spring, but was soon restricted by 

depleted soil moisture. Major growth, flowering and seedling 

establishment occurred during summer rains. Growth ceased 

with the first frost. Seedling survival appeared temperature 

dependent at high elevations, extreme temperatures perhaps 

responsible for age structure differences among sites. 

Overall growth and development and microsite requirements 

appear sufficiently consistent for H. contortus presence and 

growth pattern to indicate range site characteristics, 

especially temperature. 

The response to temperature of ~. contortus is 

typical of C4 species, the temperature threshold for leaf 

elongation being approximately 15 C. However, carry-over 

effects of cold nights together with warm days may reduce 

elongation. There is little ecotypic difference in response 

to temperature among local accessions. However, non-local 

material differs in cold tolerance (both more and less 

tolerant) and flowering date from local accessions. Some 

accessions may be more valuable for early-season growth 

than local accessions if H. contortus establishment is 

considered. 



CHAPTER 1 

INTRODUCTION 

Microtopographic distribution within a specific 

area and the geographic range of a given species provide an 

insight as to the factors that limit its distribution. 

Species presence may also indicate relative abilities to 

survive "extremes" in these parameters outside the ranges 

generally encountered. This information defines a species' 

ecological niche, i.e. those physically and biologically 

important dimensions delimiting the "space" within which it 

may occur. Once defined, examination of gradients from the 

niche center to the boundaries identifies critical factors 

for the species' survival. The presence of the species of 

interest in a given location should, in turn, reflect the 

level of these factors, and so permit characterization of 

prevailing, or recently past, conditions. 

Temperature and soil moisture are generally the 

most important factors controlling plant growth and range 

site productivity in arid and semi-arid areas, and in 

defining the species comprising the vegetative community. 

Therefore, within a limited area, a given species' presence 

indicates the range of values of one or both of these 

I 
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variables, or perhaps of a related variable such as soil 

texture or topography. 

One aspect of such an approach to site 

characterization is an understanding of the response of a 

given species to the environmental factors most important in 

defining its presence, growth rhythm, and development in any 

location. Although numerous studies have outlined the plant 

species common in anyone area, and many have related 

species groups to a certain environment (e.g. C3 and C4 

plants), fewer explain how species presence relates to a 

given environmental factor such as temperature. Knowledge of 

interrelationships between the environment and plant species 

in situations where one species survives while another 

perishes, or the adaption of one species for a wide or 

narrow range of a certain climatic variable, could lead to 

understanding how environment influences species 

composition. 

Studies conducted at the University of Arizona 

have attempted to identify species or species groups to 

define range site characteristics, using gradient analysis 

techniques (Whittaker, 1978). Among species identified as 

potentially useful, Heteropogon contortus (L.) Beauv. ex 

Roem. & Schult. is considered a sensitive indicator of 

temperature (P.R. Ogden, conversation, 1984). It generally 

occurs on sandy soils in the southern and southwestern 

United States. Smith et al (1975), recorded H. contortus in 
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specific locations among 25 Desert Grassland sites studied 

in detail. It appeared associated with slopes with a 

southern aspect receiving high solar radiation levels, 

supporting the hypothesis of a strong temperature effect in 

determining its distribution. Consequently, by monitoring 

the growth and development of ~. contortus at various sites 

in southeastern Arizona, it may be possible to use its 

presence or absence as a means of partially defining some 

aspects of certain range sites, especially with response to 

temperature. 

The objectives of this study, therefore, were: 

1. Characterize soil temperature, frost incidence, soil 

moisture, soil texture and aspect at three locations in 

southern Arizona where stands of Heteropogon contortus 

occur. 

2. Describe H. contortus communities at the above sites. 

3. Document morphological development of~. contortus and 

relate it to the environmental variables at the 

sites chosen in Objective 1. 

4. Determine genotypic and phenotypic variation within 

accessions of H. contortus from the three sites and 

elsewhere, relating ecotypic 

variables and plant response. 

variation to site 



4 

5. Determine temperature effects on germination, growth 

and survival of H. contortus accessions. 

6. Define the specific site characteristics such as soil 

temperatures and the occurrence and severity of frost 

which are indicated by the presence of H. contortus. 



CHAPTER 2 

REVIEW OF LITERATURE 

Plants and Environmental Parameters 

The physical environment is a selective agent on 

plant form and function (Solbrig and Orians, 1977). No 

single plant species is adapted to more than a fraction of 

the possible combinations of environmental variables. For 

example, environmental modification through irrigation and 

fer til i z a t i CI n c a use d a com p 1 e t e c han g e ina ran g e 

community's ability to withstand adverse conditions (Klages 

and Ryerson, 1965). Therefore, greater understanding of 

community response (both morphological and physiological) to 

spatial and temporal environmental changes is required. 

Studies by Turresson (1922, 1930), Olmstead (1944) 

and Lawrence (1945) considerably increased available 

knowledge of relationships between plant species and 

environment. However, few studies defined specific types of 

ecotypic differentiation associated with a particular 

species, despite an outline for such studies being presented 

in 1952 by Steven and Rock. West (1968) claimed a lack of 

autecological knowledge on many important western range 

species was impeding range management progress. Since then, 

several studies have been completed {Black, 1971; Western 

5 
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Regional Technical Committee, 1972}, but considerable 

information is still lacking. Cattelino et al (1979, p. 49) 

wrote "very little has been reported in the literature 

regarding how understory plants persist through disturbance 

or about the conditions necessary for their establishment." 

Noticeable differences in species composition, 

both herbaceous and shrubby, occur over short distances due 

to changes in soil moisture, soil texture and temperature 

(Solbrig et aI, 1977; Solbrig and Orians, 1977). This causes 

a marked compositional mosiac on a microenvironmental scale 

(Wein and West, 1971; Cattelino et aI, 1979). Also, at any 

time, the density of a given species varies between similar 

communities, and within one community, the number of 

component species and their age structure vary (Harper, 

1977). Such spatial pattern within a community is genetally 

a function of the levels of seed germination, seedling 

establishment and tiller mortality (Watkinson, 1978). 

Numerous studies (Sharitz and McCormick, 1973; Sarukhan, 

1974; Baskin and Baskin, 1977; Watkinson, 1978) suggest the 

probability of death is highest in seed or in juvenile 

phases of the life cycle. Death is caused by numerous biotic 

and abiotic factors varying spatially and temporally 

(Harper, 1977). 

Therefore, adaption of a plant to a given site is 

a function of conditions at a given time and the concurrent 

plant age (development stage). Therefore, when relating 
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environmental conditions to plant growth, one must consider 

individual growth stages. This not only confirms the 

existence of different environmental optima among stages, 

but also determines if one, perhaps less tolerant, stage, 

may be the one limiting the population. 

Equally important is definition of habitat 

associated races or ecotypes (Turesson, 1922; Clausen, Keck 

and Hiesey, 1940, 1948; Clausen and Hiesey, 1958). 

Environmental responses are often considerably different 

among ecotypes, confounding extrapolation of conclusions. 

C3 and C4 species 

Among classifications to distinguish between 

plants along env i ronmental grad ients, d i vi sion into C3, C4 

and Crassulacean Acid Metabolism photosynthetic pathways is 

common. Differences between C3 and C4 types are based on C4 

species being able to concentrate C02 and maximize Calvin 

cycle photosynthesis (Black, 1971; Downton, 1975). 

Therefore, all else being equal, C4 species should have a 

competitive advantage over C3 species. In addition, C4 

species have greater nitrogen use efficiency than C3 

species, and better tolerate low fertility soils (Brown, 

1978). 

The advantages of C4 over C3 species are greatest 

at high light intensity, high leaf temperatures and reduced 

stomatal conductances, Le., where limited by low 
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intercellular C02 concentrations (Black, 1971). Such 

conditions generally occur in tropical and arid areas, and 

it is there that C4 species concentrate (Eh1eringer, 1978). 

At low temperatures, the C4 pathway may be disadvantageous, 

quantum yields of C4 species being below those of C3 species 

(Eh1eringer and Bj orkman, 1977). Therefore, examination of 

environmental conditions should permit prediction of either 

C3 or C4 species' presence. 

Heteropogon contortus 

A C4 species, ~. contortus makes virtually all 

growth after the onset of summer rains, unless warm spring 

temperatures coincide with adequate soil moisture. since 

mean air and soil temperatures in southern Arizona are low 

for C4 species from fall to spring, ~. contortus appears to 

be on the extreme of its environmental range. This is 

apparent from its concentration in warmer sites (Smith et 

aI, 1975). An examination of the environmental response of 

C4 species, and comparisons with C3 species, would permit a 

better understanding of the factors important in its 

distribution. 

!!£!.~!!.i£~.!. ___ 2.~~£!.i£!.i£!!. . A f u 1 1 bot ani cal 

description exists for Australian (Tothill and Hacker, 1973) 

and United States accessions (Gould, 1968). Bogdan (1977) 

also provides a description. Heteropogon contortus is a 

tufted perennial bunch grass of the tribe Andropogoneae. 
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Culms are erect or kneed at the base and often branch, 

particularly at flowering. Leaves develop basally and on 

the culm. The inflorescence is a simple raceme of spikelet 

pairs, arranged in two rows. Lower pairs are similar, 

awnless and male or neuter. The remaining pairs consist of 

bisexual, awned, inner, sessile spikelets, overlapped by 

male or neuter, pedicellate spikelets. At maturity only 

awned spikelets are fertile. Pedicellate spikelets fall 

separately or are persistent. 

Normal chromosome number is 2n = l~ (Gould, 1968), 

although H. contorus is polyploid (Tothill and Hacker, 

1976), and 2n = 2~, 4~, 5~, 6~ and 8~, and aneuploid races 

(2n = 39; 2n = 69) are recorded. H. contortus is an obligate 

apomict (Emery and Brown, 1957). Although considered 

perennial, annual types exist (Tothill and Hacker, 1976). 

Distribution and environmental response. 

Heteropogon is distributed throughout the tropics and warmer 

temperate areas (Gould, 1968), achieving its greatest 

specific diversity in the Indian sub-continent, with seven 

species (Bor, 196~). It has spread to the Americas, Africa 

and Australasia. Tothill (1966) described various geographic 

types, some differing morphologically. That ~ contortus is 

polyploid perhaps contributed to its widespread adaptation, 

polyploidy often increasing the potential for adaptive 

change (Tothill and Hacker, 1976). 
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~ contortus may occur in open grasslands, but more 

often is part of the herbaceous cover of woodland and brush. 

It is rarely cultivated, apparently because of difficulties 

with seed production (Bogdan, 1977). 

Flowering in tropical accessions typically occurs 

during the short days of late summer, at the end of the 

generally unimodal wet season. Higher latitude accessions 

are quantitative short day, flowering in all photoperiods, 

with moderate concentration under short days (Tothill and 

Knox, 1968). This has been related to differences in 

seasonal moisture distribution and avoidance of low 

temperatures in late fall by high latitude accessions. 

The proportion of male and bisexual spikelets is 

environmentally controlled, perhaps reflecting 

environmental modification of sexuality in some ancestral 

species (Tothill and Knox, 1968). Photoperiod also 

apparently affects seed fertility. Flowering at longer 

photoperiods (mid-latitude accessions) decreases the number 

of fertile spikelets, reducing fertile seed production 

(Tothill and Knox, 1968), and perhaps affecting 

distribution. 

Seed of H. contortus exhibits a dual inhibitory 

system to germination (Tothill, 1977). Naked caryopses less 

than 4 months old exhibit dormancy akin to epicotyl 

dormancy, readily overcome by gibberelic acid, and also 

partly reduced by repeated wetting and drying. Intact seed 4 
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to 12 months old exhibits dormancy, but naked caryopses do 

not. However, th is dorma ncy on ly occur sin labor a tory 

germinated seed and not in soil. Dormancy declines with age, 

with maximum germination at 12 months old. Seed remains 

viable for up to four years if adequately stored. Maximum 

germination was recorded at constant 30 C (Tothill, 1977), 

with little increase at 35 C. Constant 25 C reduced 

germination, as did alternating temperatures if one 

temperature was below 30 C. 

Environmental Parameters in Semi-arid and Arid Ecosystems 

General 

Semi-arid areas have been defined as those 

receiving between 300 and 500 mm rainfall annually, arid 

areas those receiving below 300 mm annually (Noy-Meir, 

1 9 7 3; N i r, 1 9 7 4 ). Am 0 n g en vir 0 n men tal fa c tor s ' de t e r min i n g 

plant occurrence in such areas, soil moisture is generally 

most important. However, other factors such as low night and 

high daytime temperatures, and their interactions with 

soils, slope and aspect, must also be considered (Hilliard 

and West, 1970; Berry and Bjorkman, 1980). As one major 

objective of this study was to characterize the temperature 

response of !!.. contortus and relate this to site ---------
characteristics, this section of the review will concentrate 

on temperature. 
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Soil and air temperature 

Temperatures, especially night tempertures, are 

often too low for active growth of many plants, where, as 

with H. ££~i£~i~~ in Arizona, plants approach their 

ecological limits. Such low temperatures have been called 

"chilling temperatures," defined as "any temperature that is 

cool enough to produce injury but not cool enough to freeze 

the plant" (Levitt, 198@, p. 23). They range from @ to 15 

C, the magnitude of the injury increasing as temperature 

falls. 

High temperatures are equally important. Although 

air temperatures normally remain wi thin acceptable ranges 

except in extreme cases, they may not fully reflect actual 

plant temperature (Nobel, 1978). Plants absorb up to 88% of 

incident solar radiation, raising their temperature above 

air temperature (Raschke, 196@), although transpiration may 

keep temperatures below air temperature (Smith, 1978). 

Wilted leaves generally have temperatures above air 

temperature. However, soi 1 temperatures at or immed iately 

below the soil surface more closely represent plant tissue 

temperature than temperatures at points over 15 cm above the 

soil surface (Stubbendieck and Burzlaff, 197@). 

Soils warm faster and cool more slowly than air 

(Daubenmire, 1974). Soil temperatures above optimum for 

growth may occur frequently when solar radiation levels are 

high, especially when surface soil is dry. Maximum growth 
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temperatures range from 40 C to nearer 60 C (Ludlow and 

Wilson, 1971a; Bjorkman, Badger and Armond, 1980). Soil 

surface temperatures above these are common, especially 

near noon in summer (Oke, 1978). 

Effects of temperature on photosynthesis 

Recent reviews (Berry and Bjorkman, 1980; 

Bjorkman, Badger and Armond, 1980; Levitt, 1980; Graham and 

Patterson, 1982) have examined temperature effects on 

photosynthesis. Temperature optima differ between C3 and C4 

species, C4 species generally responding to (and in fact 

requiring) higher temperatures (Cooper and Tainton, 1968; 

Ludlow and Wilson, 1971a, 1971b, 1972; Bjorkman, Badger and 

Armond, 1980). As temperatures change, individual 

photosynthetic reactions are affected according to their 

individual optima, one or more steps perhaps limiting at a 

given temperature. 

Temperature effects on photosynthesis are also 

associated with development of the photosynthetic apparatus 

(Berry and Bjorkman, 1980). Chlorophyll synthesis and 

chloroplast integrity may be impaired by enzyme breakdown, 

and since saturation light intensity falls with temperature, 

photoinhibition may occur at chilling temperatures 

(Hilliard and West, 1970; Chatterton et aI, 1972; Lush and 

Evans, 1974; West, 1970). However, this may not occur in all 
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cases (Forde, Whitehead and Rowley, 1975; Pearson, Bishop 

and Vesk, 1977). 

Extreme temperatures, both high and low, also 

cause phase transition and breakdown of cell wall lipid 

structure and protein denaturation. This results in cell 

wall breakdown and solute leakage, and inactivation of 

enzymes and nucleic acids (Lyons, 1973; Berry and Bjorkman, 

1980; Levitt, 1980; Graham and Patterson, 1982). 

Effects of temperature on respiration 

The response of respiration to temperature 

generally parallels that of photosynthesis (Berry and 

Raison, 1981)until high temperatures. In C3 species, 

photorespiration increases with temperature, decreasing 

net C02 fixation (Pearson and Hunt, 1972), partly explaining 

lower net photosynthesis in C3 compared to C4 species; C4 

species do not photorespire. 

Dark respiration increases logarithmically with 

temperature in both C3 and C4 species (Ludlow and Wilson, 

1971a). Dark respiration may increase faster than 

photosynthesis above a threshold temperature (Ludlow and 

Wilson, 1971b), suggesting steady decrease in net carbon 

gain with increasing temperature. In contrast, reduced 

respiration at low temperature, theoretically increasing net 

carbon gain,decreases ATP formation, and hence synthesis 

reactions requi red for rna i ntenance of structural i ntegr i ty 
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in the photosynthetic apparatus (Graham and Patterson, 

1982). 

Effects of temperature on growth and development 

Stem, leaf and shoot growth, tillering, leaf 

differentationand expansion, and intercellular and stomatal 

resistances may have different temperature optima both 

within and between species (Ivory and Whiteman, 1978a, 

1978b). Such differences occur because photosynthesis, plant 

morphology and development vary in their response patterns, 

but do not act in isolation from one another. 

Germination. Both germination rate and total 

germination percentage vary with temperature, optima being 

species dependent (McDonough, 1977). Total germination may 

decline but rate increase with increasing temperature. 

However, rate eventually declines, germination at 

supraoptima1 temperatures reduced by enzyme inactivation 

and induction of secondary dormancy (Bewley and Black, 

1982). Diurnal temperature alteration promotes germination 

in many species (McDonough, 1977). Explanations include 

synchronization of diverse but interdependent pregerminative 

processes, achievement of respiratory balance by 

accumulation of synthesis products at one temperature and 

their utilization at another, and promotive effects on the 

embryo (Stokes, 1965; Quin1ivian, 1966; McDonough, 1977; 

Bewley and Black, 1982). However, this effect is by no means 
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universal, as recorded with g. contortus (Tothill, 1977). 

Temperature alteration may widened the range for 

germination, temperatures outside the range countered by 

those wi thin (Koller, 1972). 

Tillering. Temperature optima for tillering are 

lowe~ in C3 than C4 species, especially where night 

temperatures are low (Langer, 1972; Ivory and Whiteman, 

197 8 a) • The e f f e c t 0 f t em per a t u rei ncr e a s e on till e r i n g i s 

disputed, wi th increased, decreased and constant tiller i ng 

recorded (Mitchell and Lucanas, 1960; Ketellapper, 1960; 

Ryle, 1964; Jozwik, 1970; Robson, 1974; Ivory and Whiteman, 

1978a) • 

Leaf growth. Temperature effects on leaf growth 

are typical of overall growth. In C4 species, growth is 

dominated by changes in leaf length, with only minimal 

changes in width (Mitchell, 1956; Younger, 1961). Cold 

temperature reduces leaf differentation less than leaf 

expansion (Ivory and Whiteman, 1978a). In C3 species, leaf 

size remains relatively stable from 10 to 25 C, reductions 

in shoot growth resulting from lower leaf appearance rates 

(Mitchell, 1956; Cooper and Tainton, 1968; Robson, 1972; 

Davies and Thomas, 1983). However, such effects are 

inconsistent, temperature response varying with leaf age 

(Taylor, Cooper and Treharne, 1968). 

Root growth. Temperature effects on root growth 

are variable (Grobbelaar, 1963; Davidson and Milthorpe, 
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1965; Walker, 1969; Ivory and Whiteman, 1978a; Berry and 

Raison, 1981). For C3 species, root growth has increased 

relative to shoot growth above optimum growth temperatures 

(Troughton, 1961), although not consistently either within 

or among species (Eagles, 1967; TOw, 1967; Davidson, 1969a; 

Ro bson, 1972). The temper ature ef fect on root gr ow th in C4 

species generally mirrors that for aboveground growth 

(Davidson, 1969b; Walker, 1969; Ivory and Whiteman, 1978a; 

Berry and Raison, 1981), although exceptions exist. Root 

growth in C4 Cynodon dactylon continued after winter shoot 

dormancy at soil temperatures below 10 C (DiPaola, Beard 

and Brawand, 1982). Root growth in Panicum ~axi~~~ var. 

trichoglume had a lower optimum temperature than aboveground 

growth (Okada, 1984), suggesting root growth in C4 species 

may be less tolerant of high temperatures than aboveground 

growth. 

Decreased root growth at high temperatures is 

apparently a response to reduced carbohydrate availablity 

from either increased shoot growth or increased respiration 

(Troughton, 1957). Root growth could be restricted by 

temperatures common in surface and near-surface soi Is for 

considerable periods during summer. 

Flower i ng. Low temper a t ur e reduces 0 r de 1 ays 

flowering in many tropical species (Evans, 1969; Berry and 

Raison, 1981). High temperatures, apparently not restricting 

flowering ~~, may cause flower death and abortion 
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(Pasternak and Wilson, 1969; Heslop-Harrison, 1972). In 

Pennisetum typhoides, the rate of spikelet production and 

the duration of the early reproductive phase is responsive 

to soil temperature. As temperature increased from 22 to 

31 C, grain weight and grain number fell, although grain 

number was lowest at 19 C (Ong, 1983). 

Koller, Kige1 and Keren (1968) recorded an 

interaction between temperature and light on flowering in 

Oryzopsis mi1iacea. By day 68, 100% of plants flowered at 26 

C under continuous light. Under only 16 hour light periods 

at 26 C, 100% flowering was not recorded until after 98 

days. 

Physical effects of extreme temperatures 

The physical manifestation of temperature extremes 

varies between plants and plant parts. It can be direct; or 

symptomatic of disruption of a vital process (Levitt, 

1980). 

Chilling directly causes protoplasmic death and 

cell content infiltration of intercellular spaces, and 

internal and external tissue discoloration. More prolonged 

and less immediate chilling causes a soft wilted appearance. 

Indirect effects occur from solute leakage, "starvation" 

from inhibited translocation, reduction in protoplasmic 

streaming or accumulation of secondary metabolites and 

toxins (Hilliard and West, 1970; Lyons, 1973; Crawford and 
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Huxter, 1977; Levitt, 1980). A major indirect manifestation 

is "physiological drought", caused by inability to absorb 

sufficient water to satisfy transpirational demand 

(Kaufmann, 1975). Oxygen stress due to chilling has also 

been recorded (Pollock, 1969). 

Intracellular freezing is rare, cells normally 

containing no ice neuclei to cause mechanical stress, cell 

rupture and dehydration (Sutcliffe, 1977; Pollock et ~, 

1979; Levitt, 1980). Extracellular freezing, withdraws cell 

water, and may increase the cell's osmotic concentration to 

a high level, causing dehydration (Levitt, 1980). 

Direct effects of high temperature on plants are 

complex, and include protein denaturation, cell injury, and 

subsequent necrosis from solute leakage caused by increased 

membrane permeability (Sutcliffe, 1977; Bjorkman, Badger and 

Armond, 1980). Reduced translocation and reserve depletion 

may cause indirect injury. High temperature injury through 

physiological drought is common (Krans and Johnson, 1974). 

However, drought may increase resistance to high 

temperatures (Julander, 1945). 

Ecotype variation in temperature response and acclimation 

Ecotypes of a given species sometimes vary in 

their temperature response, despite similar photosynthetic 

pathways and other common characteristics. Although overall 

temperature response patterns between plants may be similar, 
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adaption to the thermal environment often exists, indicating 

a single original gene pool tending toward either 

speciation or ecotype development as particular environments 

promote specific responses. 

Most studies demonstrating such variability 

(Mooney, wright and strain, 1964; Tranquillini, 1964; Duncan 

and Hesketh, 1968; Watsche, Schmidt and Blaser, 197(3; Tyler, 

Borrill and Chorlton, 1978) generally compare only two 

populations, often confounding an elevation (theoretically 

temperature induced) response with major edaphic and 

geographically induced differences. However, accessions of 

some species from different altitudes over short distances 

have shown marked variation in temperature response, 

including Hermann and Lavender (1968) with Douglas fir 

(Pseudotsuga menziesii); Fryer and Ledig (1972) with balsam 

fir (Abies balsimea) and Slatyer (1977), Slatyer and Ferrar 

(1977a, 1977b) and Slatyer and Morrow (1977) with 

Eucalyptus pauciflora). 

both 

1979) 

1976) 

Such ecotypic response has been determined to be 

genetic (McAdam and Hayes, 1978; Emerson and Minor, 

and non-genetic (Strain, Higginbotham and Mulroy, 

in nature. With Encelia californica and Polygonum 

bistortoides ecotypes, acclimation to major differences in 

temperature has occurred in as little as twenty-four hours, 

with all variation among ecotypes disappearing (Mooney and 

Shropshire, 1967). A single night's exposure to 3(3 C 
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following growth at 20 C increased photosynthetic rates of 

several C4 grasses to levels equal to those of plants grown 

continuously at 30 C (Ludlow and wilson, 1971b). 

Consequently, acclimation to different temperature regim"es 

may suggest ecotypic differences where none actually exist. 

Adaptions can be correlated with changes in 

structural components (lipids, proteins), and with 

alterations in the sensitivity of photosynthetic and 

respiratory reactions. Tolerance to freezing temperatures 

increases during development in many C3 winter-grown species 

(Pollock et al, 1979), permitting alteration in growth 

patterns before, during and after winter. However, bud and 

seed dormancy often occurs in winter intolerant species 

(Wareing and Saunders, 1971), rather than adaption to 

continue growth at low temperatures ~ se. 

Long term exposure to above or below optimum 

temperatures has induced a reversible shift in the 

temperature optimum for photosynthesis in the direction of 

the imposed temperature (Semikhatova, 1960; Downton and 

Slatyer, 1972; Pearson and Hunt, 1972; Berry and Bjorkman, 

1980). However, this acclimation response has not always 

been recorded (Wilson and Cooper, 1969; Treharne and Eagles, 

1970), the capacity for acclimation and hence the 

possibility of a genetic basis to ecotypic difference 

varying among species. Some desert species changed 

temperature optima while maintaining maximum photosynthetic 
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rates at pre-acclimation levels; others exhibited reduced 

maximum photosynthetic rates, despite increase or decrease 

in temperature optima in response to temperature changes 

(Berry and Bjorkman, 1980). An interaction between 

conditioning temperature and leaf age has been reported 

(Alberda, 1969; Woledge and Jewiss,1969). Acclimation of 

respiration to higher or lower temperatures also occurs 

through preconditioning, modifying net carbon gain and 

overall plant temperature response (Berry and Raison, 

1981). 

Therefore, the degree of plasticity possessed by a 

species appears of adaptive significance, especially where 

temperatures may be the dominant environmental factor during 

all or part of the growing season. The need for such 

plasticity would be greatest where species approach their 

ecological boundaries, where climatic indices outside 

normally accepted ranges are common rather than extreme 

cases. A C4 species in the mid-latitudes, or at an elevation 

where chilling temperatures are common, is an obvious 

example. 

Effect of soil moisture on plant growth 

All aspects of plant metabolism are affected by 

moisture stress (Lange et al, 1982). Stomatal closure in 

response to stress reduces gaseous exchange and 

photosynthesis, especially in C3 species. However, stomatal 
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closure is not immediate on development of water stress 

(Hsiao and Acevedo, 1974), threshold values for closure, and 

hence adaption to arid environments, varying among species 

(Hsiao, 1973). 

The effects of plant moisture stress are dependent 

on timing, duration and severity. Hsiao and Acevedo (1974) 

showed that the entire plant can be affected by stress. 

However,whereas post-stress growth often compensates to 

lessen overall yield reduction, certain stages such as 

flowering are particularly susceptible (Gates, 1968; 

Ritchie, 1974; Sionit and Kramer, 1977; Fisher and 

Campbell, 1977). 

Leaf area development falls rapidly with water 

stress. Leaf growth is affected earlier than photosynthesis, 

as leaf enlargement via cell expansion (a tugor requiring 

process) is reduced by leaf water potentials less negative 

than those reducing photosynthesis (Boyer, 1970; H.siao, 

19'73). 

Both dark and light respiration generally decline 

as water potential falls, even with only moderate stress 

(Boyer, 1971; Hsiao, 1973). However, this response may only 

be qualitative (Pheloung and Barlow, 1981), the initial 

decrease a function of reduced demand as elongation is 

inhibited, with a continued decline in respiration more 

associated with decreased cell volume. 
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Soil water potential affects root growth less than 

top growth, except in very dry or high bulk density soil 

(Taylor and Gardner, 1963). Maize and tomato roots have 

grown at soil moisture potentials of less than -40 bars, 

roots responding rapidly after rewetting (Portas and 

Taylorr 1976). The number of roots per tiller decreased in 

Lolium perenne with an increase in soil moisture levels 

(Troughton, 1961), whereas root growth in Bouteloua 

curtipendula in southeastern Arizona was a maximum during 

periods of adequate soil moisture and temperatures (Garcia, 

1976). However, increase in root growth at high soil 

moisture is often less than in shoots, leading to increased 

shoot/root ratios (Troughton, 1957; Davidson, 1969b). 

Effect of soil moisture on germination 

The relationship between germination and soil 

moisture tension is more complex than that between 

germination and temperature. Seed size, mucilage cover, seed 

surface and seed-to-soil contact all interact to hasten or 

reduce germination. However, an optimal substrate moisture 

tension exists for each species, with reduced germination 

at tensions above or below this (Thompson, 1981). Optimum 

tension for germination rate appears greater than that for 

germination percentage (Koller, 1972). This is a stress 

effect, acting via too rapid water uptake, reduced oxygen 

availability and increased microbial competition for water. 
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Dehydration following germination initiation may 

be fatal, depending on germination stage (Mayer and 

Poljakoff-Mayber, 1975). However, a sequence of 

hydration/dehydration cycles has improved germination in 

some species (Maynard and Gates, 1963; Keller and Black, 

1968). However, characteristics of the wetting and drying 

sequence are important, results depending on factors such 

as total hydration time, the presence of seed coat 

inhibitors or a tough seed coat, the number and duration of 

the cycle or drying temperature. 

Effect of soil moisture on flowering 

Production of floral primordia following floral 

initiation is sensitive to water stress (Begg" and Turner, 

1976; Fischer and Turner, 1978). However, early water stress 

appears to have only a limited effect, seed number and yield 

being relatively insensitive to stress during the first half 

of the flowering period. Stress interferes with 

microsporogenesis, pollination and fertility, and can induce 

abortion of young seeds or abscission of young fruits 

(Evans, 1969). 

Soil moisture and plant production relationships 

Much research relating forage production to soil 

moisture is based on precipitation, rather than soil 

moisture ~~. Cable (1971; 1975; 1980) examined Arizona 

cottontop (Digitaria californica) in detail and perennial 
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grasses in general. He related shoot growth to spring and 

summer moisture, with a dormant period in late spring due 

to depletion of cool season moisture prior to summer rains. 

This stressed the importance of the bimodal precipitation 

pattern in southern Arizona. Perennial grass production 

correlated better with current August precipitation than 

with any other month, and current August and previous year 

June-September precipitation (and their interaction) gave 

the highest correlation with perennial grass production 

(Cable, 1975). 

Ogden and Smith (1978) indicated that, for 

perennial grasses in southern Arizona, specific growth 

stages could be identified with specific months, based on 

anticipated precipitation (and hence soil moisture) regimes. 

The most questionable phase was seed germination which was 

as dependent on soil temperature as precipitation. 

The conclusions of Cable (1975) and Ogden and 

Smith (1978) confirmed data collected elsewhere (Smoliak, 

1957; Blaisdell, 1958; Dahl, 1963; Noy-Mier, 1973; Evenari 

et aI, 1976) with forage production correlated to either 

current or current plus previous year's precipitation, 

within and between year precipitation variation accounting 

for a large proportion of the variation in herbage yield. 

Therefore, production-soil moisture relationships must 

consider carry-over effects between seasons and years, and 

not only precipitation during the actual growing period. 
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The major periods of soil moisture availability in 

southeastern Arizona are associated with the summer and 

winter rainfall patterns (see Chapter 3). There is little 

carryover of cool season soil moisture (February-April) to 

summer except in exceptional years, due to depletion by 

spring-growing species (Cable, 1980). The efficiency of 

precipitation in recharging soil moisture reserves varies 

between seasons, the more intense summer storms producing 

high run-off. Although winter precipitation infiltrates more 

than summer precipitation, little moisture percolates 

below rooting depth (Cable, 1980). 

Influence of soil characteristics on plant distribution 

Edaphic factors affect species distribution via 

moisture holding capacity and availability, textural 

effects, temperature and chemical factors. In 1896, Whitney 

discussed the effect of different soil texture on crop 

distribution, relating this to soil moisture supply. 

Anderson (1956) recorded marked changes in species 

composition with soil changes in eastern Oregon, vegetation 

differences evident between phases of one soil on a range 

site. Differences in soil taxonomic units have been 

related to differences in vegetation composition and 

production within areas of homogeneous climate (Hugie, 

Passey and Williams, 1964; Aandahl and Heerwagen, 1964). 

Flora on stony soils near Denver, Co. was more mesic and 
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diverse due to higher infiltration and lower moisture 

tensions compared to that developed on soil of shale origin 

(Branson, Miller and McQueen, 1965). 

In southern Ar i zona, annual grasses produce best 

on coarser soils, some perennial species producing better on 

fine textured soils. However, production of perennial 

grasses appeared less affected by texture than was that of 

annuals (Cable and Martin, 1975). 

Differences in plant distribution can occur over 

short distances, related to differences in texture and 

moisture holding capacity of the subsoil (Cable, 1980). 

~£l£~£E£~£~ ££~l£~l£~ concentrated on areas of finer 

subsoils at depth, Digitaria californica on a coarser 

subso i 1. Ti sda Ie and Br ambl e-Br odha 1 (1983) recorded a 

strong relationship between vegetation types and 13 

individual soil and site factors in the Pacific Northwest 

bunchgrass region. Yet, edaphic requirements vary as 

climate varies, suggesting interaction with other factors, 

especially precipitation. Hilaria ~~esii concentrates on 

coarser, well drained soils on the Colorado plateau but on 

finer textured soils in the grasslands of the Great Plains 

(Western Regional Technical Committee, 1972). 

Therefore, as with other determinants of plant 

distribution, no single factor is likely to explain growth 

response and distribution of a species in response to soil. 

Whether a plant flourishes or not depends on the critical 
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balance of all contributing edaphic factors plus their 

interaction with precipitation and temperature. 

Vegetation induced soil characteristics 

Vegetation may modify site conditions and so 

promote patterning through overstory modification of soil 

physical and chemical properties and the microenvironment 

for understory species (Barth and Klemmedson, 1978; 

Whittaker, Gilbert and Connell, 1979; Shmida and Whittaker, 

1981; Yavitt and Smith, 1983). Understory species have 

evidenced a pattern of distribution associated with more 

favorable microsites. 

Interaction of slope and aspect with environmental 
parameters 

Slope and aspect affect vegetation composition and 

production by modifying climatic and edaphic variables. 

Although primary emphasis has been on north versus south 

slope contrasts (Cantlon, 1953), variation from direct north 

and south is also important (Hall, 1902; Johnson, 1924; 

Hartmann, Eimern and Jahn, 1959; Ayyad and Dix, 1964). 

Soil, air and plant temperatures are generally 

higher on southern than northern slopes in the northern 

hemisphere (Parker, 1952). Soil temperatures were near 46 C 

at 1400 hours on a southern exposure, but were only 17 C on 

the northern exposure (Smith et al, 1983). 
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In the southwest United States, Blumer (1908, 

1910, 1911) recorded that the frequency of many species 

decreased faster on northern than southern aspects as 

elevation increased. In eastern washington, northern slopes 

are pine covered, southern aspects support sagebrush 

(Arte!!!,esia tridentata) (Turesson, .1914). Turesson stated 

that a five degree southerly slope in southwestern Idaho had 

the same solar climate as a level area 600 km closer to the 

equator. Similar differences occur in washington and Idaho. 

Plant frequency was higher on northerly than southerly 

aspects, and was composed of more mesic species (Weaver, 

1914), related to lower evaporation on northern than 

southern slopes. Shreve (1915) recorded similar striking 

north-south slope differences in the Santa Catalina 

Mountains of Arizona, the effect increasing with elevation. 

Anderson (1956) recorded a marked effect of soil 

depth and degree of slope on climax composition in eastern 

Oregon. He claimed environmental diff.erences between north 

and south slopes were sufficient to cause major differences 

in soil classification between soils derived from the same 

parent material. 

However, other factors interact to prevent higher 

temperatures on southerly aspects from becoming the general 

case. Shreve (1924) recorded that southerly aspects 

occasionally had higher soil moisture levels and lower 

evaporation than northerly aspects although rarely at higher 
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elevations. Woodbury (1947) found that while vegetation 

types in Utah and northeastern Arizona agreed with the data 

of Shreve (1915), between 900 and 1,200 meters desert shrub 

extended higher on northern and pigmy conifers lower on 

southern slopes. This was explained in terms of soil 

texture, pigmy conifers being better able to occupy rocky, 

coarser soils on southern slopes. 

Southwest or south-southwesterly aspects may be 

drier and warmer than southern aspects, related to 

differences in the sun's inclination during the warmest 

parts of the day (Hall, 1902; Pering, 1959; Ayyad and Dix, 

1964). Geiger (1965) suggested forenoon radiation is more 

often used to dry surfaces and afternoon sun is mostly used 

for soil heating. 

Environmental differences over short distances 

suggest species at or near their ecological range may 

concentrate in microsites where conditions are more 

favorable for growth and development than the general 

rlimate would suggest. This could permit species to extend 

into areas where climatic conditions are, theoretically at 

least, outside the general range considered most suitable. 



CHAPTER 3 

DESCRIPTION OF STUDY SITES 

General 

Field studies were conducted in natural 

Heteropogon contortus stands at three sites in southeastern 

Arizona and in a common nursery (Figure 1). Two natural 

sites were on the Santa Rita Experimental Range (SRER) of 

the Rocky Mountain Forest and Range Experiment Station, 

approximately 60 km south of Tucson. The third natural site 

was in Molino Basin on the Coronado National Forest.in the 

Santa Catalina Mountains, approximately 25 km northeast of 

Tucson. The common garden site was at the University of 

Arizona Campbell Avenue Farm, Tucson. 

Precipitation 

Precipitation distribution in southeastern Arizona 

is described by Sellers and Hill (1974). Distribution is 

similar at all sites, with a wet summer and winter and a dry 

spring and fall. The dry spring and fall may be as, if not 

more, important than the winter and summer, because of their 

droughty conditions. Approximately 60% of annual 

precipitation falls in summer (Cable, 1980), normally 

beginning in July, ending by mid-September. Summer rains 

result from intensive and extremely localized convective 

32 
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Site 4 

• Tucson 

SRER 
Sites 1 and 2 

Figure 1. General location of study sites within Arizona. 
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thunderstorms (Sellers and Hill, 1974). Winter rainfall 

(December to February) generally results from frontal and 

orographic lifting of air masses and is normally less 

intense, of longer duration, anc:l wider extent than summer 

storms. Snowfall is common at higher elevations. Although 

summer rainfall is more spatially variable than winter 

rainfall, the latter varies more in timing and amount 

between and within years (McDonald, 1956). Mid-summer 

evaporation may be lower than that in late spring and early 

summer due to afternoon cloud cover, lower temperatures and 

higher relative humidity. 

Santa Rita Experimental Range (SRER) Sites 

The SRER is on a broad, gently-sloping plain cut 

by shallow, dry washes. It is representative of about 35 

million hectares of semi-desert habitat in southern Arizona, 

New Mexico and western Texas. It was established in 1903, 

and good records are available on weather, vegetation and 

management. 

The vegetation of the SRER has been described 

by Martin and Reynolds (1973). Perennial grasses account for 

less than 20% of herbage production at lower elevations, 

compared to 70% at higher elevations, associated with 

increased precipitation with increased elevation. 

Average precipitation on the SRER varies from 25 

cm at the lower westernmost boundary to around 50 cm at the 
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higher eastern end (Martin and Reynolds, 1973). Snow, 

although rare over most of the SRER, is possible at all 

elevations. Daily maximum temperatures during June and July 

reach 35 to 45 C, with summer minimums around 15 C. 

Winter maxima range from 10 to 15 C, with a minimum near 0 

C. Frosts are common in winter. 

Si te 1 

This study site is located in study area 295 

(Sec.ll, T1BS, R15E, of the Gila and Salt River Base and 

Meridian) at 950 m elevation, in an area fenced for studies 

of the International Biological Program (Figure 2). The area 

is described by the U.S. Soil Conservation Service as a 

sandy loam upland 10- to l2-inch precipitation zone range 

site. The site has no evident aspect, being virtually flat. 

Soils of the site were described (U.S. Soil 

Conservation Service, 1970) as Anthony series, with a 1% 

slope. These are well-drained soils formed on moderately 

coarse textured alluvium. The surface is sandy-loam about 10 

cm thick, overlying a stratified sandy loam/gravelly sandy 

loam to 130 cm. The soil is moderately to rapidly permeable. 

The area surrounding Site 1 is dominated by 

mesquite (f~£~£Ei~ i~!if!£~~ var. ~~!~~ig~), with an 

understory of cactus, perennial and annual grasses and half

shrubs, especially burroweed (Haplopappus tenuisectus). Site 
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Figure 2. Location of Sites 1 and 2 onthe Santa 
Rita Experimental Range. 
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1 was cleared of mesquite in 1970, and has since remained 

ungrazed. 

Si t e 2 

This study site is located in Pasture 302 

(Sec.33, T18S, R14E), on a westerly facing bajada of the 

Santa Rita Mountains at 1400 m (Figure 2). The area has a 

slope of 15% with an average aspect of 260 0 (west

southwest). The site is described as a deep sandy loam, 12-

to 16-inch precipitation zone range site. 

The soil is a Comoro (D.F. Post, conversation, 

1985). The Comoro series consists of well-drained soils to 

150 cm or more, formed in recent alluvium weathered from 

mixed rock. Texture changes from sandy loam at about 90 cm 

to gravelly sandy loam. Permeability is rapid to moderately 

rapid and available water capacity moderate (U.S. Soil 

Conservation Service, 1979). 

The site supports semi-desert grassland 

vegetation. The area has not been grazed to any extent over 

the last 15 years, and was ungrazed during this study. 

The Santa Catalina Mountains, Site 3 

These mountains rise rapidly to the summit of a 

fore range of lower mountains cut by deep canyons, beyond 

which mountains rise steeply to near 2000 meters. An 

excellent correlation exists between elevation and rainfall 

for the Santa Catalina Mountains, although the variance of 



mean daily rainfall increases with 

does mean rainfall (Batten and 
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elevation more than 

Green, 1971). The 

vegetation of the area, and in particular that of southern 

aspects, was described by Shreve (1915) and Whittaker and 

Niering (1965). Various vegetation communities exist, 

varying with both slope and aspect. 

Study site 3 is located at Molino Basin (Figure 

3). Molino Basin is situated behind the forerange, 30 km 

from Tucson (NE 1/4, Sec. 32, T 12S, R 15E, approximately 1 

km from the Federal Honor Camp). The study site is at 1600 

m. Slopes vary from 30 to 50% as elevation increases, with 

a median aspect of approximately 190 0 (south southwest). 

Rainfall is estimated at 40 to 50 cm per year, as no records 

are available for the study site. The area is a granitic 

hills, 16- to 2 0-i nch precipi tation zone range si teo 

Soils of the site are either a Moano-Rock outcrop 

complex (30-90% slope) or Moano-Rock outcrop complex (5-30% 

slope) (U.S. Forest Service, 1970). Moano is a loamy mixed 

nonacid mesic lithic toriorthent (C. Cochran, conversation, 

1985). Rock outcrops vary from 40 to 50% of the unit for 

the former complex to 20 to 35% for the latter. Surface soil 

has a sandy loam texture (very cobbly to very gravelly) 

overlying very hard fractured bedrock at 30 to 50 cm. Some 

10 to 20% of the complexes contain soil with a weak B or 

clayey subsoil, with a few alluvium pockets scattered 

through the unit on the 15 to 30% slopes. Cracks occur in 



T12S 

1 
N 

To Oracle 
Junction 

Mt. Lemmon 

I'~ 
I I 

, I 

" r , , 
1..... I ......... , ......, 

". .. , . . ' , 
• • t,.,-"'! I 

\". 

Coronado National Forest 

--1.....-"1_ 

Tucson City Limits 

1--2 km-f 

-"'IIIII--I •• Site 3 

Figure 3. Location of Site 3, Coronado National Forest. 
W 
\.0 



413 

the granite bedrock, often over 5 meters deep, although 

generally from 20 to 50 cm deep, and are filled with clay 

(C. Cochran, conversation, 1985). 

Vegetation on southern aspects consists of a 

mixture of silverleaf oak (Quercus hypoleucoides), manzanita 

(Arctostaphylos pungens), cacti and perennial and annual 

grasses. The area has been ungrazed for many years except 

by wildlife. 

Common Garden Site 

This study site is situated on the North Campbell 

Avenue Farm, 6.5 km north of the University of Arizona, at 

700 m. Mean annual precipitation is around 28 cm and mean 

temperatures range from 10 C in January to 30 C in July. 

The common garden study was located in Field 6, to 

the east of Campbell Ave. The soil in the area (about 50 by 

25 m) is a sandy loam of moderate to rapid permeability 

(D.F. Post, conversation, 1984). The area has been 

previously cUltivated for crops and was irrigated during 

this study. 



CHAPTER 4 

THE DISTRIBUTION OF HETEROPOGON CONTORTUS 
AT THE STUDY SITES 

As an initial step in the study of g. contortus 

g row t han d de vel 0 pm en t , c h a r act e r i z a t ion 0 f the t h r e e 

natural study sites was conducted to document the 

vegetation composition at each site and describe the H. 

contortus community. Differences in g. contortus pattern and 

in the areas dominated by g. contortus (patches) at Sites 1 

and 2 were apparent among sites. Therefore, the H. contortus 

size, patch structure, g. contortus spatial distribution and 

the interrelationship between g. contortus and associated 

species was examined to quantify these differences. 

Initially, soils within g. contortus patches at 

Sites ,1 and 2 were examined, to characterize soils on which 

H. contortus is dominant. Subsequently, based on differences 

in H. contortus pattern between Sites 1 and 2, soils from 

both inside and outside patches were examined to determine 

if H. contortus growth and development could be related to 

specific soil characteristics. No analysis was conducted on 

Site 3 soils, because of their extremely shallow nature and 

lack of any g. contortus patch pattern. 

41 



42 

Materials and Methods 

Site inventory of ~. contortus communities 

Botanical composition was determined at both SRER 

sites. Data were available from studies conducted at Site 1 

until the end of 1984 by the Division of Range Resources, 

un~versity of Arizona. Botanical composition data were 

collected every three months dur i ng the st udy. At each 

sampling, ten parallel transects, 60 m long and 

systematically (5 m intervals) spaced along a base line 

chosen to permit a representative sample of the area, were 

evaluated. Along each transect, 20 (40 x 40 cm) quadrats 

were evaluated for yield using the "comparative yield" 

method (Haydock and Shaw, 1975), and botanical composi tion 

usi ng the "dry-we ight-rank" method (t' Ma nnetj e and Haydock, 

1963). Fall 1984 data were used to characterize this site, 

fall being the period of maximum ~. contortus presence. site 

2 was inventoried in August, 1985 (W.E. Frost, conversation, 

1985). Botanical composition and yield of site 2 were 

determined as at Site 1, but using only four transects, each 

of 50 (40 x 40 cm) quadrats. At Site 3, the study area was 

examined using parallel pace transects approximately 12 to 

15 meters apart in September, 1984. Only a generalized 

botanical inventory was attempted. 
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Heteropogon contortus communities 

At both Sites 1 and 2 in September, 1984, 20 

transects were recorded across randomly selected H. 

contortus patches considered typical of each site. Transect 

length varied with patch dimensions. At 50 cm intervals 

along each transect, point cover was recorded as either one 

of four H. contortus age classes, other species or bare 

ground. 

H.. contortus age classes were: 

I: seedling. 

I I: flowering plant no observable reproductive 

tillers from previous years. 

I I I : flowering plant observable reproductive 

tillers from previous year only. 

IV: flowering plant observable reproductive 

tillers from years prior to previous year. 

When bare ground or other species were recorded, 

the age class of the g. contortus plant nearest that point 

was recorded. There were no multiple counts. Compressed 

circumference was measured at a standard, subjectively 

estimated tension on a fiberglass tape. Circumference of 

every second g. contortus plant rated was measured at either 

5 cm (classes I and II) or 15 cm (classes III and IV) above 

the soil surface. Stand percent of H. contortus and other 

species was calculated as percentage composition by cover. 
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In addition, H. contortus age class percentage composition 

was determined using the "nearest ~. contortus plant" data. 

Patch size and outline varied between patches at 

each site. When patches were examined, the apparent center 

of each was subjectively estimated, and this point used as 

the datum point for subsequent data analysis. The distance 

of any point from the center was converted to a percentage 

of the total distance from patch center to the perimeter. 

This overcame the effect of differences in patch diameter. 

A chi square analysis was conducted on frequency 

distribution of the components in each 113 percentage 

distance class from the patch center for each site. This 

examined the hypothesis that H. contortus age classes and 

other components were pos i t i oned independently of the 

percentage distance from patch center (i.e. that 

distribution was random). Data were analysed using both the 

"total components" (~. contortus age classes plus other 

species and bare ground) providing 45 degrees of freedom for 

analysis (the six components x ten distance classes) and 

using only the nearest ~. ££~!£~!~~ size class data, 

providing 27 degrees of freedom for analysis (four age 

classes x ten distance classes). 

At Site 3, ~. ££~!£~!~~ forms only a minor 

understory component, and only a general characterization of 

the ~. contortus population was attempted. This aimed to 

characterize it in terms specific to that site. Along the 
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pace transects to examine botanical composi tion, the first 

50 ~. ££gi£~i~~ plants encountered were measured for 

compressed circumference at the same heights as at Sites 1 

and 2. 

Soil analysis 

Soil bulk density, moisture retention at 0.1, 0.33 

and 15 bars, total pore space and percent gravel (over 2 mm 

diameter) were determined on soil samples from within ~. 

contortus patches at both SRER sites. Undisturbed samples 

(in situ bulk density maintained) were collected on 20 

September 1984, at depths of 5-10, 10-25, 25-50 and 50-70 

cm. Duplicate samples were taken at each depth except for 

the 5- to l0-cm depth, where only one sample was taken. The 

patch chosen was randomly selected and was typical for the 

site. Determinations were made by the Soil and Water Science 

Department, University of Arizona, using standard procedures 

(D.F. Post, conversation, 1984). 

SubsequentlYr soil particle size distribution was 

determined on soils from inside and outside H. contortus 

patches. Duplicate samples were collected with a bucket 

auger from inside and outside randomly selected ~. contortus 

patches typical of each site, at depths of 5, 10, 25, 50, 75 

and 100 cm on 1 November, 1984. Analysis was conducted 

using the hydrometer method (McKeague, 1978), following 

removal of gravel. Readings were taken at 30-second and 1-, 



46 

3-, 10-, 30-, 90-, 270- and 1130-minute intervals using an 

ASTM No. 152 hydrometer. Data from inside and outside 

patches were compared by t-test for each depth at each site. 

Results and Discussion 

Botanical composition and ~. contortus size 

~. contortus composed approximately 50% of the 

bot ani cal com p 0 sit ion by wei g h tat Sit e 2 and 0 n 1 y 3.4 % a t 

Site 1 (Appendix A). Only trace amounts were recorded at 

Site 3 (see Appendix B for a generalized botanical 

composition of this site). The H. contortus plant size and 

spatial distribution patterns varied markedly among all 

sites, as did the distribution pattern between H. contortus 

and associated species. In addition, the H. contortus 

contribution to botanical composition was surprisingly low 

at Site 1, given its aspect dominance. 

The H. contortus plants were larger at Site 1, 

except for class I, which were largest at Site 3 (Table 1). 

Circumferences at Site 2 approximated those at Site 1 for 

classes I and I I. 

Heteropogon contortus pattern at Sites 1 and 2 

The H. contortus pattern differed between Sites 1 

and 2 (Figures 4 and 5). g. contortus patches at Site 1 were 

smaller and more discrete than at Site 2, mean patch 

"radius" being 247 (+/- 176) cm, and 335 (+/- 214) cm, 
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Table 1. Mean, maximum and minimum circumference (cms), 
and standard deviation, of H contortus at 5 cm 
(Classes I and I I) and 15 cm (Classes I I I and IV) 
above soil surface at the three study sites, 
September, 1984. 

SITE 1 SITE 2 SITE 3 

Age class I 

mean circumference 1.3 1.4 1.7 
maximum 5.0 8.0 4.0 
minimum 1.13 1.0 1.0 
standard 1.1 1.4 1.0 
deviation 

Age class II 

mean circumference 6.9 6.2 4.0 
maximum 15.0 10.0 8.0 
minimum 2.0 2~0 2.0 
standard 3.7 4.4 1.8 
deviation 

Age class III 

mean circumference 22.1 14.8 10.2 
maximum 31.0 26.0 17.0 
minimum 8.0 5.0 6.0 
standard 7.3 5.2 2.7 
deviation 

Age class IV 

mean circumference 44.1 21.8 14.6 
maximum 75.0 34.0 21.0 
minimum 22.0 6.0 8.0 
standard 9.4 7.5 3.9 
deviation 



Figure 4. General illustration of H. contortus 
distribution at Site 1. 

Figure 5. General illustration of H. contortus 
distribution at site 2. 
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respectively. H. contortus comprised over 70% of the 

composition within patches at both sites. However, there was 

almost twice the bare ground within patches at Site 2 

compared to Si te 1 (Table 2). 

Distribution of H. contortus age classes, other 

species and bare ground through the patches varied between 

sites (Table 3 and Figures 4 and 5), as did the 

distribution of H. contortus age classes alone (Table 4). At 

Site 1, distribution of both all components and H. contortus 

age classes alone was significantly (P<0.01) associated with 

percentage distance from the patch center. Distribution was 

apparently random at Site 2, with no significant 

relationship between components and percentage distance from 

patch center (Tables 3 and 4). 

There was more bare ground and other species close 

to the patch center at Site 2 compared to Site I (Table 3). 

Patches at Site 1 were dense, with few other species in the 

center. Bare ground and other species frequency remained 

below a combined total of 20% at Site 1 for over 70% of the 

distance from the patch center to the perimeter. However, 

there appeared to be a sharp boundary between the dense 

center with its tall, mature plants and the more variable 

perimeter, with younger !!. contortus plants and more bare 

ground and other species (Table 4). Frequency of age class 

IV in the 51 - 60% distance range was around half that in 

the 41 to 50% range, with even fewer mature plants near 
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Table 2. The percentage composition by cover and bare 
ground (and standard deviation) within patches of 
H. contortus at sites 1 and 2, for all species and R. contortus age classes alone, September, 1984. 

COMPONENT 

Species composition. 

H. contortus 

Other species 

Bare ground 

H. contortus: Age class 

I 
II 

III 
IV 

PERCENT COMPOSITION 

SITE 1 

75.8 (13.0)* 

24.2 (13.2) 

20.0 (13.1) 

composition. 

16.7 (11. 6) 
26.4 (10.0) 
5.0 ( 5.3) 

51.9 (13.1) 

SITE 2 

71.1 (16.2) 

28.9 (16.2) 

36.4 (15.1) 

14.5 (11.5) 
28.0 (14.3) 
33.2 (12.8) 
24.3 (12.4) 

* Values in parenthesis are standard deviations. 
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Table 3. Frequency distribution of H. contortus age 
classes, "other spec i es" and -bare-ground- over 
each 113% increment of distance from patch center 
to perimeter 

Percentage 
distance 
from patch H. con.tortus AGE CLASSES Other Bare 
center Species Ground 

I II III IV 

Frequency 

Site 1 

13 - 113 13 13 13 39 3 4 
11 - 213 13 1 2 36 1 1 
21 - 313 13 4 1 27 1 6 
31 - 413 1 4 2 19 8 113 
41 - 513 2 2 1 32 3 8 
51 - 613 13 5 2 14 5 7 
61 - 713 13 7 2 13 13 7 
71 - 813 4 9 13 3 13 9 
81 - 913 5 8 1 2 21 11 
91 -11313 7 7 1 13 19 213 

Site 2 

13 - 113 1 3 12 5 8 26 
11 - 213 13 7 7 8 13 13 
21 - 313 5 5 5 113 113 12 
31 - 413 3 12 5 6 11 14 
41 - 513 5 4 8 13 9 14 
51 - 613 3 8 4 6 5 17 
61 - 713 2 2 7 11 12 17 
71 - 813 3 7 7 7 5 18 
81 - 913 2 4 8 4 113 25 
91 -11313 3 7 8 3 9 32 

Site 1. x2 (45 d.£.) = 2213.4 (P = 13.131(13), N = 433 

Site 2. x2 (45 d.£.) = 62.138 (P = 13.561), N = 5136 
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Table 4. Frequency distribution of H. contortus age 
c lasses for each 113% increment of'dTstance from 
patch center to perimeter. 

AGE CLASSES 
Percentage distance 
from patch center. I II III 

Frequency 

SITE 1. 

13 - 113 13 4 1 
11 - 213 13 1 2 
21 - 313 13 6 1 
31 - 413 2 8 3 
41 - 513 6 6 3 
51 - 613 3 113 2 
61 - 713 6 15 3 
71 - 813 11 16 13 
81 - 913 16 21 5 
91 -11313 24 24 3 

SITE 2. 

13 - 113 6 12 23 
11 - 213 4 11 17 
21 - 313 9 11 13 
31 - 413 9 19 11 
41 - 513 113 14 113 
51 - 613 8 14 12 
61 - 713 7 11 21 
71 - 813 5 14 19 
81 - 913 113 14 21 
91 -11313 113 22 21 

Site 1. x2 (27 d.f.) = 191.2 (P = 13.13(313), N=433 

Site 2. X2 = 31.24 (P = 13.265), N=5136 

IV 

41 
38 
32 
313 
34 
19 
18 
11 

5 
3 

15 
14 
13 
12 
213 
11 
12 
113 

7 
8 
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patch boundaries. ~. contortus age class distribution was a 

function of distance from the patch center, suggesting 

patches apparently expand from an area of favorable 

conditions to the boundaries of such conditions and then 

stop. At Site 2, in contrast, bare ground and other 

species were generally over 30% (Table 3). Overall, Si te 2 

patches were much less well defined than at Site 1. In fact, 

it was often rather a subjective decision to define patch 

boundaries, as perimeters were often more defined by reduced 

H. contortus density than by a marked edge as at Site 1. 

Of interest are the greater numbers of age class 

III at Site 2 than Site 1. Class III plants are classified 

because they lack more than one year's reproductive tillers. 

Rainfall is higher at Site 2 than Site 1 (associated with 

closer proximity to the Santa Rita Mountains (Martin and 

Reynolds, 1973» and plant diameter smaller (Table 2). This 

may cause faster plant breakdown, decreasing the number of 

standing dead reproductive tillers compared to Site 1. 

However, even summing the frequency of age classes III and 

IV at Site 2, the distribution pattern evident at Site 1 is 

not repeated at Site 2. 

Differences in the distribution of H. contortus 

age classes from patch center to perimeter between Sites I 

and 2 were confirmed by examining correlation coefficients 

between percent distance from the patch center and ~. 

contortus circumference. The linear correlation was 
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significant at Site 1 (R2 = 0.452 r significant P<0.0l, 211 

d.f.) with a slight improvement in the correlation 

coefficient up to the cubic function. At Site 2, no 

significant correlations between percent distance from patch 

center and plant circumference were recorded for either 

untransformed or transformed (log 10) data. Maximum R2 was 

0.042 (non-significant, 249 d.f.) for the cubic function on 

untransformed data. 

No patch-like distribution of H. contortus was 

evident at Site 3. All plants encountered were either in 

bare, un shaded areas or on the south/southwesterly side of 

rock s or bushe s (Pi gur e 6). None were recorded in area s 

shaded from southerly, southwesterly or southeasterly 

aspects. Seedlings tended to be close to mature plants which 

were isolated, or in groups of two to five plants. However, 

such plants were often one to two meters apart, and this 

should not be confused with the e~ident patch pattern at the 

SRER sites. 

Differences in patch pattern between Sites 1 and 2 

probably explain the low percentage contribution of H. 

contortus to botanical composition at Site I (Appendix A). 

Although H. contortus is an aspect dominant at Site 1, 

sampling on a grid pattern often passes between patches, 

reducing ~. contortus contribution to botanical composition. 

At Site 2, in contrast, the larger, more dispersed patches 

(mean patch diameter nearly 50% above that at Site 1) are 



Figure 6. General illustration of H. contortus 
distribution at Site 3. 
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more often encountered in inventory, despite g. contortus 

being less of an aspect dominant at Site 2 than at Site 1. 

At Site 3, H. contortus distribution appears 

strongly associated with temperature, given the restriction 

of plants to southern exposures. Cable (1980) suggested g. 

contortus at SRER was associated with soils with higher 

water holding capacity at depth. However, southern exposures 

are generally associated with lower soil moisture and higher 

evaporation than northerly exposures (Ayyad and Dix, 1964: 

Geiger, 1965, Oke, 1978), and selection of southern 

exposures by g. contortus to improve moisture relations 

appears untenable. within areas of southern exposure, 

however, there is no evidence to reject a hypothesis that 

micro-areas of deeper soils of fine texture associated with 

cracks in the underlying rock (C. Cochran, conversation, 

1985) are important in determining H. contortus ---------
distribution. 

H. contortus plants are scarce and isolated at 

Site 3, and it is difficult to draw firm conclusions as to 

factors (discounting climate) important in its distribution. 

At elevations 100 to 200 meters below Site 3, particularly 

on a steep (> 50%) slope with a southerly aspect 

approximately 1 km from Site 3, H. contortus numbers 

increased markedly. There, g. ££.!!.!:.£!..£~§. plants were 

concentrated between exposed rocks or at the edge of the 
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asphalt road. However, even with far more plants, there was 

no evidence of the patch pattern evident at SRER. 

Soil analysis 

Bulk density and porosity of soil from within H. 

contortus patches at all depths were similar at both sites, 

although percent gravel was lower at Site 1 than Site 2. 

Moisture content at 0.1, 0.3 and 15 bars were generally 

higher at Si te 1 than Si te 2 (Table 5). 

Soil data for both sites are typical of loamy 

sands in Arizona. Post (1981) described general 

relationships between texture, moisture holding capacity and 

porosity characteristics of Arizona soils, and values in 

Table 5 are typical of those reported for the loamy sand 

texture class. 

There was no significant difference in percent 

gravel in soils collected from inside or outside patches at 

either site, although percent gravel was generally lower 

ins ide t han 0 u t sid epa t c he sat Sit e 1 (T a b 1 e 6). Th ere was 

no obvious trend in percent gravel with depth, except for a 

slight decrease at 100 cm inside patches at Site 1. 

The percent silt or clay was similar inside and 

outside patches at Site 2 (Figures 7 and 8). Percent clay 

increased approximately 3% between 75 and 100 cm within 

patches, a change not evident outside, but this was not 

significant. The major texture change with depth at site 2 



Table 5. Physical characteristics of soils from within H. contortus patches 
at Site 1 and Site 2. -

DEPTH BULKDENSITYCOARSE POROSITY 
(CM) (g/cm3) FRACTION (%) 

GRAVIMETRIC MOISTURE CONTENT 
(g/100g o.d.soi1) 

SITE 1 

0- 5 
5-10 

25-50 
50-60 

SITE 2 

0- 5 
5-10 

25-50 
50-60 

1. 54 
1.6(0.02)* 
1.7(0.03) 
1.7(0.01) 

1.6 
1.6(0.03) 
1.6(0.06) 
1.6 (0.07) 

(% ) 

9.2 
13.6(7.8) 
14.4(0.5) 
12.2(2.6) 

14.8' 
17.2(0.8) 
20.0(4.2) 
16.6(0.5) 

41.9 
39.9 (1.4) 
40.9(1.3) 
37.3 (0.5) 

40.4 
40.7(1.1) 
40.0(2.1) 
38.5(2.7) 

0.1 bars 0.3 bars 

17.1 
13.0(1.1) 
13.5(1.3) 
12.6(1.0) 

13.7 
12.3 (0.4) 
12.0(2.5) 
10.8 (0.3) 

11.8 
9.8 (0.1) 

10.2(1.3) 
9.5(1.7) 

7.6 
7.3(0.3) 
7.9(1.0) 
7.3 (0.2) 

* Numbers in parenthesis are standard deviations 

15 bars 

3.6 
3.8 (0.2) 
4.6(0.3) 
2.8(0.5) 

3.2 
3.5(0.8) 
3.4(0.3) 
3.2(0.3) 

U1 
co 
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Table 6. Thepercentage of particles of over 2 mm (gravel) 
diameter (and their standard deviation) in soils 
from both inside and outside H. contortus patches 
at Sites 1 and 2. 

Depth Inside Outside 
(ems) 

Site 1 

5 213.4 (5.2) 25.6 (5.13) 
113 213.7 (3.13) 24.1 (2.1) 
25 13.9 (3.9) 16.13 (2.5) 
513 15.7 (3.B) 19.9 (3.13) 
75 16.4 (3. 5) 23.7 (1. 7) 

11313 13.5 (9.13) 21.1 (2.9) 

Site 2 

5 25.5 (2.13) 23.7 (5.9) 
113 lB.B (5.2) 17.9 (2.6) 
25 24.B (3.9) 27.B (3.1) 
513 2B.4 (4.7) 24.9 (2.4) 
75 213.5 (2.2) 22.2 (3.9) 

11313 213.7 (1. 3) 17.B (3.2) 
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was an increase in fine particles from 10 cm to 25 cm. This 

was perhaps related to the less dense cover and slight slope 

at this site increasing surface erosion of fine material, as 

well as movement of fine particles to deeper profile depths. 

This trend was consistent for both silt and clay (Figures 7 

and 8) both inside and outside patches. Although perhaps 

significant for plant growth at Site 2, it apparently has 

little influence on H. contortus pattern. 

At Site 1, both silt and clay percentages at 100 

cm were significantly (P(0.05) higher inside than outside ~. 

contortus patches. The percentage clay was almost three 

times higher inside than outside patches at 100 cm. Little 

difference was apparent in soils from inside or outside 

patches at depths less than 50 em. 

Such differences were not evident at Site 2. 

Texture changes with depth were le s than at Site 1, with no 

significant difference between inside and outside patches. 

Percent silt at 100 cm was, in fact, lower inside than 

outside patches. Total silt plus clay was only around 1% 

higher inside than outside patches. 

Changes in percent gravel with depth (Table 6) were 

inconsistent at and between sites. Both Anthony (Site 1) and 

Comoro (Site 2) soils typically increase in percent gravel 

with depth, deeper soils often classified as gravelly sandy 

loams (U.S. Soil Conservation Service, 1979). However, 

neither site evidenced such a change. The surface 5 cm soil 
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outside patches generally had a higher gravel content than 

at 10 cm depth, probably associated with elluviation of fine 

material, and erosion and development of an erosion 

pavement. Values varied at other depths, with little 

evident trend, except for a slight decrease in percent 

gravel between 75 and 100 cm depth at both sites, both 

inside and outside patches. 

Sampling for percent gravel is difficult in these 

soil types. Levine (conversation, 1985) has indicated that 

the soil volume taken and the manner of collection are most 

important in determining percent gravel. Samples of over 

five liters in volume, collected from a pit with a shovel, 

are often required for accurate results. Samples here were 

much smaller, and collected wi th a bucket auger. However, 

as the objective was to examine particles less than 2mm 

diameter, gravel separation was a pretreatment prior to 

particle size determination. 

It is interesting to compare this difference in soil 

texture at depth with the patch characteristics at the two 

sites discussed earlier. At Site 1, ~. contortus patches are 

discrete, with very marked boundaries along the patch 

perimeter. Patch centers are dominated by older ~. contortus 

plants, and the distribution of the H. contortus age classes 

is a function of the distance from the center. It was 

suggested that patches apparently expand outwards from a 

central point. Site 2 patches are less well defined than at 
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Site 1, and H. contortus distribution within patches far 

more heterogeneous. 

Th ere for e , s u c h d iff ere n c e sin pat t ern may be 

explained by differences in soil texture and the moisture 

relations between sites. Cable (1980) suggested that ~. 

contortus patches were associated with higher volumetric 

moisture content and hence more available water, presumably 

associated with an increase in fine particles at depth 

(Marshall and Holmes, 1979). This hypothesis may explain the 

patch pattern at Si te 1, pronourcced patch boundar ies a 

function of changes in soil moisture holding capacity at 

depth. Such a distinct pattern is not evident at Site 2, 

perhaps because soil moisture is less limiting than at Site 

1. Precipitation increases with elevation at the SRER 

(Martin and Reynolds, 1973), and the resulting more 

favorable soil moisture conditions at Site 2 could explain 

the lower degree of patch definition there. 

The high percentage of fine particles at depth 

at Site 1 could be due to either a layer of fine textured 

soil closer to the soil surface, or to samples being taken 

from a microtopographic depression, reducing the depth to a 

uniformly deep layer of finer soil. Although no consistent 

evidence of microtopographic difference between inside and 

outside patches was observed, this aspect was not 

specifically examined. A detailed microtopographic 

examination could provide a more exact picture of whether ~. 
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contortus at Site 1 apparently prefers soils with finer 

subsoil at depth, or whether this is merely the result of 

more favorable germination conditions in depressions, the 

depression reducing the depth to the underlying finer soil. 

The texture differences in soils from both sites 

should also be considered within the context of inherent 

variation in soil depth. Post (conversation, 1985) suggests 

simple spatial variation in depth of the alluvial layer 

overlying the relict soil is sufficient to explain all 

differences. With only duplicate samples and no within site 

repetition, differences could be due to random variability. 

Differences between site 3 and the twoSRER sites do not 

appear to be a function of moisture factors. Observations 

(Chapter 5) suggest the moisture regime at Site 3 is 

insufficiently different from that of Site 2 to warrant the 

marked difference in H. contortus pattern that exists. In 

addition, the differences in plant size recorded between all 

sites, and especially between Sites 1 and 2, suggest that 

the site considered most hostile in terms of soil moisture 

regime and at which plants are restricted to specific areas 

(Site 1), has, in fact, the largest plants. These plants are 

also the least dispersed, suggesting that inter-plant 

competition would be greatest at Site 1, theoretically 

reducing potential plant size. Therefore, it is feasible 

that other factors limit H. contortus growth and 

development on these sites. 



66 

Data show marked difference in the numbers, size 

and distribution pattern of ~. contortus among the three 

sites. The extent of the variation, especially between Sites 

land 2 where H. contortus is prominant, suggests one or 

more factors may modify developmental patterns at each site. 

Soil data suggest that although ~. ££g~£~~~~ pattern 

differences at Sites land 2 may be partially explained by 

differences in soil texture in the profile or associated 

differences in the moisture regime, this explanation is 

incomplete. Therefore, it appears feasible to suggest that 

identification of the factor or factors responsible would 

permit characterization of the environment of these sites 

based on plant response, so providing a greater degree of 

certainty in site description. 



CHAPTER 5 

SOIL TEMPERATURE AND MOISTURE RELATIONS AT THREE SITES 
IN SOUTHEASTERN ARIZONA 

The studies described in this chapter monitored 

soil moisture and temperature changes over time, so that H. 

contortus growth and development could be better understood. 

Materials and Methods 

Seasonal temperature cycle 

At approximately 14-day intervals in 1984, soil 

temperature at Sites 1 and 2 was intermittantly recorded 

during the day at depths of 2, 5, 10, 25 and 50 cm, using 

20 gage (0.8118 mm diameter) copper/constantin thermocouples 

and a Doric digital readout. Duplicate sets of thermocouples 

were installed at each site on 12 February, 1984, in bare 

soil (approximately 10 m2 area; maintained bare throughout 

the sampling period). On March 12,1984, similar duplicate 

sets were installed under the grass canopy. 

On each sampling occasion, soil temperature was 

recorded from the time of arrival at Site 1 (within 1 hour 

of dawn) and continued with alternating measurements at 

Sites 1 and 2 until mid/late afternoon, unless interupted by 

rain. On all sampling occasions, the first reading recorded 

at site 1 was approximately 30 to 40 minutes prior to the 

67 
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first reading at Site 2. Temperature recording using 

thermocouples was not possible at either site on 6 

September, 1984, as equipment was unavailable. So, soil 

temperatures were measured around l400.hours at 2-, 10-, 25-

and 50-cm depths using bimetal, stainless steel dial 

thermometers. 

Diurnal temperature cycle 

On four occasions (12 and 13 March, 29 and 30 

May, 9 and 10 August, 1984 and 31 December, 1984 and 1 

January, 1985) soil temperature at Sites 1 and 2 was 

monitored over a 24-hour period. Monitoring began during the 

day, continued until after dark, resumed at or before dawn 

the following day and continued until the full 24-hour cycle 

was complete. 

For clarity, only four of the depths at which 

temperatures were recorded are presented. The 2-cm depth 

best represents the minimum at each site on each date, as 

soil cooling is greatest at the soil surface. Although 

maximum recorded temperatures also occured at 2-cm depth, 

the 5-cm maximum, rather than the 2-cm maximum, is presented 

because short-term variation in the 2-cm maximum data was 

h i g h , c au sed by i n t e r mit tan t c lou d co v e r. Th is, i n 

association with the different time of day readings were 

taken at different sites, prevents its use as a valid 

characteristic for site comparison, especially since there 
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were no repetitions of sites. Cooling, occurring during the 

night, was unaffected by this problem. Comparison of 

temperature data was intended to reflect basic differences 

between dates and the effect of cover, as well as indicate 

temperature ranges between sites, and the 5-cm depth data 

were far more consistent than the 2-cm depth in this regard. 

Choice of the 25-cm depth maximum and the 50-cm depth 

minimum was necessitated by the diurnal temperature lag with 

depth. Readings were not taken from approximately 7:30 pm to 

6:00 am on any date. Yet, maximums at 50 cm and minimums at 

25 cm apparently occurred during these times, preventing 

comparison of maximums and minimums at equivalent depths. As 

with near surface temperatures, it was felt that the choice 

of different depths was the most descriptive way of 

characterizing minimum and maximum temperatures deeper in 

the soi I profi Ie. 

soil moisture 

Soil moisture was monitored at Sites 1 and 2 using 

Bouyoucous blocks (Bouyoucos, 1954) installed at 5-, 10-, 

25-, 50-, 75- and 100-cm depths and monitored by Wheatstone 

a Bridge. Blocks were installed at three locations per site 

beneath g. contortus plants on 27 November, 1983. Blocks 

were installed approximately 10 cm into the walls of narrow 

(50 to 60 cm wide) trenches dug at the periphery of g. 

contortus patches. Prior to installation, blocks were tested 
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for reading consistency while dry, following 12 hours 

soaking, and following 8 and 12 hours drying after 12 hours 

soaking. 

Resistance readings were calibrated with soil 

moisture potentials for each site's soil using a pressure 

plate apparatus at the Soil Physics Laboratory, Department 

of Soil and water Science, University of Arizona. The method 

was similar to that described by Richards (1965) for 

determination of physical status of soil water. Plastic 

rings (3 cm high by 10 cm diameter) containing soil and 

blocks were used. Pressure (0.1 to 5 atmospheres, the upper 

limit possible with equipment) was applied along the 

desorption curve, resistance readings taken at various 

points. This was repeated three times to develop a standard 

curve. 

The battery-operated Wheatstone Bridge used in the 

field was periodically checked against a 110 volt AC bridge 

to determine battery status and the reliability of readings. 

The checking procedure was basically a duplication of that 

used to check block consistency, and was conducted every 4 

to 5 weeks. 

Duplicate soil samples from 0 to 10, 20 to 25 and 

40 to 50 cm depths were collected at both Sites 1 and 2 on 

each occasion blocks were read. Soil was placed in aluminium 

cans and sealed. Wet and dry (after 48 hours at 

approximately 100 C) weights were recorded and gravimetric 
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moisture content determined. This checked accuracy of block 

readings, and provided additional soil moisture data. 

At Site 3, the shallow soil prevented the same 

temperature and soil moisture measuring procedures as used 

at Sites 1 and 2. At Site 3, soil temperature was recorded 

at 2-cm depth in both bare soil and under H. contortus 

plants using bimetal, stainless steel dial thermometers. 

Temperature was recorded on arrival at the site and during 

the stay at the site. Soil moisture was determined 

gravimetrically. 

Soil moisture data were analysed in a similar 

manner to temperature data. Resistances were converted to 

soil moisture potential using the calibration curves, and 

the mean of the three replicates of each depth and their 

standard deviations determined. The mean and standard 

deviation of gravimetric moisture contents were determined 

from the two replicates on each date for each site. 

Precipitation 

No precipitation data are available from the 

sites. Monthly precipitation from storage gages at Station 

165 SRER (1 km from Site 1) and Ruelas Ranch (1400 m 

elevation and 1.2 km from Site 2) were available to provide 

an indication of precipitation at Sites 1 and 2, 

respectively. No precipitation data are available from site 

3, and the heterogeneous nature of the terrain in the region 
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makes extrapolation of rainfall data from other sites 

difficult. 

Results and Discussion 

Soil temperature 

Annual cycle. Bare soil temperatures recorded at 

all depths were generally lower at Site 2 than Site I 

(Figures 9 to 12). Under grass, the reverse was generally 

recorded, especially until July. Minimum bare soil 

temperatures recorded at 2-cm depth at Site 3 were generally 

higher than the 2- to 5-cm mean" minimum recorded at Sites I 

and 2 (Figures 13 and 14). This may be associated with a 

later time of day of first recording at Site 3. Minimum 

temperatures under grass. were similar to those at Sites 1 

and 2. Maximum recorded temperatures at 2 cm at Site 3 were 

generally similar to or slightly below the 2- to 5-cm mean 

temperature recorded at Sites 1 and 2 early in the year, 

subsequently often being higher. However, temperatures at 2-

cm depth at Site 3 rarely reached maximum levels recorded at 

2 cm at Site 2, and were well below 2-cm maximums recorded 

at Site 1. The sharp fall in recorded temperature in late 

April at Site 3 (Figures 13 and 14) was caused by a 

snowstorm. Snow began falling the evening prior to 

recording, and remained on the ground until late afternoon. 

Maximum recorded soil temperatures in 1984 were 

59.9 C at Site 1 and 51.9 C at Site 2, at 2 cm depth on 29 



-u -
Q.) 
c... 
::::I 

o&J 
rtJ 
c... 
Q.) 

Co 
E 
Q.) 

o&J 

r-t ..... 
o 
U) 

EOI 

so 

40 

30 

~ 

to 

o I 

Figure 9. 

" ., , \ 

I ''e' \ 
\ 

\., ., 
\,' '..... .. .. -. ...... 

.. 
I ' .. 

I A .. 

.. -.! 

.. IUni1U1 

• Madllli 

Mar Apr May Jne Jly Aug Sep Oct Nov Dec 
MONTHS 

Maximum and minimum recorded soil temperatures (mean of 
2- and 5-cm depths) in bare soil at Sites 1 and 2, 1984. 

..,J 

w 



§ 
Ql 
C
~ 
~ 
co 
C
Ql 
C. e 
Ql 
~ 

...... ..... 
o 
Ul 

m~----------------·------------------------------------~ 

50 

40 

30 

20 

10 

" I ' I .... 

e- 4 

Site t 

-- - Site 2 

~ .... 

A MinioulII 

.. MaxiOUI 

o -'-----"'-.--'--'--- ' I 
Mar Apr May Jne Jly Aug Sep Oct Nov Dec 

MONTHS 

Figure 10. Maximum and minimum recorded soil temperatures (mean of 2- and 
5-cm depths) under H. contortus canopy, Sites 1 and 2, 1984. 

-..J 
~ 



cr 
»~ 
I - I ~ 

20~ QJ 

I '-
:::J 

I ~. 
C'tJ ; 
'- I QJ 
Cl. 

1°1 
E 
QJ 
~ 

r-t 

l 
• .-4 

0 
en 

o Mar 

Figure 11. 

Site i 

---- Site 2 

A Ninll1l1l 

• MaXilU1 

--'--- ------~ ..... ------~--.... --~----........ ~ .... --~ , , 
Apr May Jne Jly Aug Sep Oct Nov Dec 

MONTHS 

Maximum and minimum recorded soil temperatures at 
50-cm depth in bare soil, Sites 1 and 2, 1984. 

--.J 
U1 



c .---------------------------------------~ 
Site t 

--- Site 2 

30 

-u - 20 
Q) 

~/ ~ l!.. 
::l 

.&-J 
ro 6-.&_6 
~ 
Cl 
a. 
E to 
Q) 

.&-J .. MinilUl 

...... ..... 
.. NaXilU1 0 

rJ) 

0-- ---'--

Mar Apr May Jne Jly Aug Sep Oct Nov Dec 
MONTHS 

Figure 12. Maximum and minimum recorded soil temperatures at 50-cm 
depth under ~. contortus canopy, Sites 1 and 2,1984. 

-.J 
0\ 



-u -
C1J 
'-::;:, .., 
ctJ 
'-
C1J 
C. 
E 
C1J .., 
r-t 
-rot 
0 
en 

~l 

• 

2D 

• I 

• Nlnlo 
D Maxlu 

Mar Apr May Jne Jly Aug Sep Oct Nov Dec 
MONTHS 

Figure 13. Maximum and minimum soil temperatures in bare 
soil at 2-cm depth, Site 3, 1984. 

-..J 
-..J 



-u -
Ol 
C-
::J 
"'-' m 
C-
Ol 

-l 
• 

.. NlNID 
D MAXDUI 

C. 
E 
Ol 
"'-' 
....... 
. -CJ 
Ul 

2D 

I I ' , 
Jne Jly Aug Sep Oct Nov Dec Mar Apr May 

MONTHS 

Figure 14. Maximum and minimum recorded soil temperatures at 
2-cm depth under H. contortus canopy, Site 3, 1984. 

-.J 
0) 



79 

May, and 51 C at Site 3 on 23 May. Daytime maximums at 2 cm 

generally exceeded 50 C from mid-May to early July at both 

Sites 1 and 2, and were near 40 to 45 C at Site 3. Moist 

soil and cloud cover subsequently reduced potential 

maximums. Lowest recorded soil temperature was 2.1 C at 2 cm 

depth on bare soil at Site 2 on 31 December, although lower 

temperatures were recorded at Site 2 associated with other 

experiments (Chapter 8). The lowest temperature recorded at 

Site 1 was 2.9 C, also on 31 December, but it was recorded 

near dawn some 40 minutes before the reading at Site 2. The 

minimum temperatures recorded at 50 cm depth were 9.3 C at 

Site 2 and 9.8 C at Site 1, both on 31 December. The lowest 

recorded minimum at Site 3 was 4.5 C under grass on 12 

December. 

Diurnal temperature cycle. At Sites 1 and 2, 

recorded temperatures were highest in May, except at 25 cm 

(highest in August) (Table 7). Lowest temperatures were 

recorded in December for all depths at both sites. Grass 

cover had the greatest effect on near-surface temperatures, 

decreasing maximums and increasing minimums. Temperatures at 

depth were lower under grass, although only marginally so at 

both sites in December and at Site 2 in March. These trends 

were generally reflected in the data in Figures 9 to 12 over 

the entire sampling period. 

The magnitude of the diurnal temperature variation 

changed over the year, being generally greater at Site 1 
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Table 7. Minimum (2 cm and 50 cm depths) and maximum (5 cm 
and 25 cm depths) soil temperature for the 
spring, summer, fall and winter 24- hour 
monitorings at Sites 1 and 2r 1984. 

SITE 1 SITE 2 --- ---

Bare Cover Bare Cover 

2 cm minimum: 

March 5.1 7.9 8.2 10.1 
May 25.4 25.0 26.6 26.6 
August 21. 7 20.6 22.5 21.1 
December 2.9 6.7 2.7 6.4 

50 cm minimum: 

March 15.5 11. 8 13.9 13.7 
May 27.7 24.3 27.4 26.3 
August 28.9 24.7 26.1 24.5 
December 10.0 9.6 9.5 9.4 

5 cm maximum: 

March 29.0 15.5 26.0 19.1 
May 48.0 31.1 45.1 36.9 
August 36.7 32.5 24.9 26.4 
December 16.6 8.8 15.8 9.4 

25 cm maximum: 

March 18.6 14.4 17.3 15.3 
May 32.4 26.6 31.1 28.7 
August 34.4 27.1 31. 4 27.6 
December 8.8 8.5 8.2 8.0 
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than Site 2, and lower under grass than for bare soil. 

However, the modifying effect of grass cover on diurnal 

temperature changes was minimal at 50 cm depth, especially 

at site 2. 

Temperature comparisons among sites 

Overall, interactions of site, cover, and sampling 

date, and the lack of site repetition, make it difficult to 

draw definative conclusions regarding temperatures at the 

three sites. Maximum recorded bare soil temperature was 

generally higher at Site 1 than site 2, with Site 3 

intermediate, especially earlier in the year. Given the time 

lag between the first daily reading at Sites 1 and 2, the 

higher surface minimums in bare soil at Site 2 early in the 

year are perhaps an artifact of the sampling procedure. 

Certainly, at other depths, Site 2 maximums and minimums 

were below those at si te 1. The reverse was true in canopy 

covered soil, especially near the surface. 

Bare soil temperatures and temperatures deeper in 

the profile better represent site temperatures, since they 

are less affected by grass cover differences and short-term 

variability. These temperatures suggest Site 2, 450 m higher 

than Site 1, is, as anticipated, a cooler site. 

Comparison of Site 3 with the other two sites is 

complicated by both differences in time (measurements taken 

one week later) and differences in temperature measurement 
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procedure. However, temperatures recorded at Site 3 are 

higher than predicted by the lapse rate with elevation. It 

was previously stressed (Chapter 4) that one characteristic 

at Site 3 is the virtually complete restriction of H. 

contortus to southern exposures and, microtopographically, 

its concentration on the southern side of rocks and shrubs. 

Temperatures were always recorded in such positions, and it 

appears that the southern aspect, and associated slope, had 

a major effect on temperatures at Site 3, at least surface 

temperatures. Such slope and aspect effects agree with data 

recorded elsewhere (Parker, 1952; Ayyad and Dix, 1964; Smith 

et aI, 1983). 

Absolute temperature differences between Sites 1 

and 2 were greatest from June to August (Figures 9 to 12). 

However, relative temperature differences beween these sites 

were greatest in spring, when the limiting effects of low 

temperature on warm-season species would be greater, given 

their temperature requirements (Cooper and Tainton, 1968; 

Bjorkman, Badger and Armond, 1980). Therefore, spring 

temperatures appear more valuable in classifying range sites 

based on temperature for warm-season species, as temperature 

would be of major importance in controlling growth early in 

the season. 

Annual soil temperature cycles, and the effects of 

grass cover on maximums, minimums and diurnal variation, 

were in line with other data (Evans and Young, 1970; Mott, 
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McKeon and Moore, 1976). The grass cover effect, most 

evident near the surface, varied between Sites 1 and 2 

because cover var ied. Cover at Si te 2 was more spa rse tha n 

at Site 1 (Chapter 4), especially in late spring. Once rains 

began, cover increased, and the grass cover effect became 

more uniform between sites. Whereas cover decreased 

temperatures at the 25-cm depth in May and August, its 

effect was minimal in March and virtually non-existant in 

December. Radiation input in cooler months is apparently 

insufficient to both heat bare soil at depth and counteract 

the greater nighttime cooling. 

Th~refore, early in the season, plants warming 

first would be those somewhat isolated from others, often 

surrounded by bare soil. At Site 1 in early 1985, tiller 

growth inside and outside~. contortus patches differed. On 

17 April, for example, mean tiller length outside patches 

was 25 to 30 cm, being below 10 cm within patches. This did 

not occur at Site 2 because the grass cover effect on 

temperature was less, and ~. contortus patches are more 

dispersed. Isolated H. contortus plants are often surrounded 

by other species, especially Eragrostis lehmanianna. At Site 

1, g contortus plants are often surrounded by bare ground 

for a radius of 50 cm or more. It was in such plants that 

early growth was initiated at Site 1. 

The maximum recorded seasonal temperature at 

various depths was reached at different periods in the year 
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(Figures 9 to 12). Seasonal maximums were recorded earliest 

near the surface. The maximum at 10 to 25 cm was recorded 

about the same time, but remained near the maximum value for 

longer. The seasonal maximum at 50 cm was recorded last. 

Cloudy weather decreases energy input and soil 

moi sture increases soi 1 heat capaci ty. Sur face temperature 

peaked around 12 June, in response to the summer wet season. 

Therefore, summer rains provide both a more favorable soil 

moisture environment, and more favorable soil temperatures 

for root growth and seed germination. However, the 

interaction between soil moisture and soil temperature makes 

comparison of temperature regimes among sites subject to 

considerable variation, supporting the contention that 

surface soil temperatures, although important in defining 

the soi 1 surface mi croenvi ronment, are of 1 imi ted value as 

site characteristics. 

Precipitation 

Monthly recorded rainfall was generally lower at 

Station 164 than at Ruelas Ranch, especially in June and 

Oct 0 b e r ( Tab 1 e 8). Ra i n fall a t bot h s tat i on s was g e n era 11 y 

below the mean in late winter and spring and above the mean 

in summer and fall. However, SRER soils had received 

considerable recharge in October and November 1983, (Table 

8) • 
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Table 8. Monthly (and mean) precipitation (cm) recorded at 
Station 164, SRER and Ruelas Ranch, September, 
1983 to December,1984. 

1983. 

September 

October 

November 

December 

1984. 

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

Station 164 

9.0 (3.5) * 

11.2 (2.0) 

4.1 (1.8) 

1.0 (2.5) 

3.2 (2.3) 

0.0 (1.7) 

0.0 (1. 7) 

1.2 (0.7) 

0.05 (0.2) 

0.75 (0.7) 

9.5 (7.0) 

9.0 (6.2) 

6.2 (3.5) 

1.7 (2.0) 

1.0 (1.7) 

7.0 (2.5) 

Total (1984) 39.6 (30.0) 

Ruelas Ranch 

14.2 (4.3) 

6.6 (2.3) 

3.5 (2.3) 

1.8 (2.5) 

1.4 (3.5) 

0.0 (2.5) 

0.0 (2.0) 

2.5 (1.0) 

0.05 (0.2) 

4.2 (1.2) 

10.0 (8.8) 

11.5 (8.2) 

7.2 (4.2) 

3.5 (2.1) 

1.7 (2.1) 

8.2 (2.1) 

50.2 (38.3) 

* Mean rainfall: Station 164 - mean of 44 years 
Ruelas Ranch - mean of 66 years 
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Mean rainfall is higher at Ruelas Ranch than 

Station 164, in line with the negative correlation between 

rainfall and distance from the Santa Rita Mountains (Martin 

and Reynolds, 1973). This was reflected in 1984 figures, 

Station 164 rainfall exceeding that at Ruelas Ranch only in 

January. 

Soil moisture 

The soi 1 moi sture tens ion (SMT)-block res istance 

calibration curves for each site are presented in Appendix 

c. Gravimetric soil moisture contents for 0- to 10-, 20- to 

25- and 40- to S0-cm depths are presented in Appendix D. 

In November, 1983, the soil profile at both Site 1 

and 2 was moist to below 110 cm (the maximum depth 

examined). Rain in January added to this. Consequently, at 

Sites 1 and 2, SMT at 2S-cm depths and below was generally 

low early and toward the end of sampling (Figures 15 and 

16). The SMT's rose in late May to early June (depending on 

depth), reaching a maximum mid- to late June at both sites. 

A lag in moisture depletion and resupply at depth was 

evident at both sites. Following profile rewetting in July, 

SMT at both sites was relatively low, especially at depth, 

except for 20 September, until the end of the year. 

Apart from 23 April, gravimetric moisture content 

at Site 3 remained low until 8 July (Figure 17). Apart from 
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2 August, moisture levels remained high until 27 September, 

fluctuating thereafter. 

The annual pattern of soil moisture was in line 

with that reported for SRER by Cable (1980). A dormant 

period induced by moisture stress is common in May to June, 

plant growth and development often slowing markedly 

following spring moisure depletion. Although spring rainfall 

was below the mean in 1984, late 1983 rain had apparently 

recharged the soil sufficiently to sustain growth into May. 

To compare soil moisture changes among sites, 

gravimetric soil moisture contents at the 40- to 50-cm depth 

of the three sites were compared (Figure 18). The trend was 

similar at all sites, falling from March to June or July, 

and then increasing with the onset of summer rains. 

The difference in soil moisture resupply between 

Sites 1 and 2 is obvious in Figure 18. The soil wet slowly 

at Site 1, while the profile wet rapidly at Site 2. This 

difference emphasises the summer storm spatial variability, 

and the importance of distance from the Santa Rita 

Mountains in determining precipitation. 

The high soil moisture content over summer at site 

3 compared to Sites 1 and 2 is perhaps the result of soil 

depth variation at Site 3. Soils at Site 3 are shallow, only 

reaching 40 to 50 cm depths where depressions exist in 

underlyi ng rock. Such depressi ons trap i nf i 1 trat ion wa ter, 
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soils becoming near saturated after heavy rains. Soils are 

deeper at Sites 1 and 2, with better drainage. 

Site 1 is the most arid site. In late spring soil 

moisture levels were lower than at other sites and remained 

so for a longer period. The importance of soil moisture as a 

controller of plant growth at Site 1 may be great~r than at 

the other sites, perhaps suggesting that, at these other 

sites, another factor such as temperature may be as 

important as soil moisture. However; all sites exhibited 

signs of moisture stress in 1984, and by no means can soil 

moisture deficits be ignored at any of the three sites. 

Between year soil moisture and temperature comparisons 

Spring 1985 SMT's were similar to 1984 (Figures 

15 to 17 and Table 9), although surface moisture contents 

were higher in 1984. However, soil moisture fell below that 

on equivalent dates in 1984 at all sites. Apart from August, 

1985, SMT's remained high until September, 1985. 

For each corresponding 1984 and 1985 date, the 

mean of the 10- and 25-cm depth soil temperatures, and the 

50-cm depth temperature, at the time of day most similar 

between years, were compared for both bare and grass-covered 

soil. It was felt these temperatures best represented long

term soil temperature conditions, and avoided problems 

associated with intermittent clouds. Similar comparisons 

were made for corresponding dates and times at Site 3. 



Table 9. Soil moisture potential (atmospheres) at Sites 1 and 2 and gravimetric soil 
moisture content Site 3 (g/HHlg o.d. soi 1) on sampling dates in 1985. 

DEPTHS 
(em) 

5 10 25 50 75 100 

Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
DATE 

3/15/85 
Site 1 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.5 0.9 2.2 2.0 
Site 2* 5.1 0.3 2.4 0.3 1.5 0.2 1.9 0.4 0.7 0.0 0.7 0.9 
Site 3 8.1 0.2 10.5 1.7 8.4 0.3 

4/03/85 
Site 1 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0 9 0 
Site 2 3.9 1.3 5.2 3.3 3.5 3.7 1.0 0.3 0.7 0.0 0.7 0.0 
Site 3 1.8 22.5 5.6 33.2 5.2 

4/17/85 
Site 1 8.6 0.0 8.5 0.0 5.3 0.2 2.4 0.3 0.8 0.0 0.8 0.0 
Site 2 9.9 0.0 9.6 0.2 6.3 3.0 3.8 2.3 2.8 3.2 2.7 3.2 
Site 3 1.9 0.4 2.8 0.7 4.1 0.5 

5/17/85 
Site 1 4.8 0.0 14.8 0.0 14.8 0.0 14.7 0.1 7.8 0.0 3.6 0.5 
Site 2 9.9 0.0 9.9 0.0 6.3 0.7 7.6 0.1 8.4 0.6 7.4 0.7 
Site 3 1.9 0.5 2.9 0.9 4.0 0.2 

\0 
w 



Table 9, continued. 

6/05/85 
Site 1 14.8 0.0 14.8 0.0 14.6 0.4 13.9 0.8 14.1 0.0 14.1 0.0 
Site 2 11.1 0.0 11.1 0.0 11.1 0.0 11.1 0.0 10.5 0.0 9.4 1.6 
Site 3 1.3 0.1 3.0 0.4 4.1 0.3 

7/08/85 
Site 1 14.7 0.0 15.2 0.3 15.2 0.3 15.2 0.3 15.0 0.3 14.8 0.0 
Site 2 11.1 0.0 11.1 0.0 11.1 0.0 11.1 0.0 11.1 0.0 10.5 0.1 
Site 3 2.8 0.1 4.3 0.2 2.7 

8/07/85 
Site 1 1.8 0.8 5.9 9.0 14.1 0.0 14.1 0.0 14.1 0.0 14.1 0.0 
Site 2 3.1 0.3 1.8 0.2 1.4 0.0 1.4 0.0 1.5 0.2 ILl 0.0 
Site 3 5.3 0.3 7.1 0.8 8.6 0.7 

8/21/85 
Site 1 1.0 0.0 2.5 0.2 12.4 0.6 12.9 0.0 13.0 0.1 13.5 0.4 
Site 2 6.4 0.4 9.9 3.0 10.5 0.0 10.5 0.0 10.5 0.0 113.5 0.0 
Site 3 6.3 0.2 5.9 0.4 8.0 0.5 

9/04/85 
Site 1 3.4 0.0 9.5 0.1 10.9 13.2 14.0 0.7 14.2 0.1 14.7 0.3 
Site 2 9.0 0.8 9.8 0.2 9.9 0.1 9.9 0.0 9.9 0.0 10.2 0.2 
Site 3 3.6 0.2 4.1 0.6 4.0 0.2 

* Gravimetric moisture content samples taken 7 days after date shown. 

~ 

"'" 
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Temperatures, especially at 50-cm, were similar 

between years (Table 10). Differences rarely exceeded 3 C, 

with differences less than 2 C common. The major difference 

between years was at both Sites 1 and 2 for the 5/29/84 and 

6/05/85 readings, with cooler temperatures in 1985 than 

1984. Higher temperatures in 1984 were perhaps a consequence 

of a higher thermal diffusivity compared to 1985 (soils 

being drier in 1985), improving heat conduction to depth and 

increasing soil temperatures. By July, 1984, soil moisture, 

and heat capacity, had increased, and the soil temperature 

relationship between years changed to one of equal or higher 

temperatures in 1985 compared to 1984. 

Differences in temperature between years do not 

suggest that temperature conditions in one year were more or 

less favorable for growth compared to the other yea r. 

Temperatures were within similar ranges on all corresponding 

dates in both years, suggesting that temperature was 

relatively constant measure of growth potential between 

years, especially at depth. 

Comparison for Site 3 data gave similar results as 

for Sites 1 and 2, with marked differences only apparent on 

two dates. On 3/16/1984, bare soil temperature was 31 C, but 

was 16.5 C at the corresponding time on 3/20/1985. Soil 

moisture in March 1985 was high compared to 1984, perhaps 

reducing temperature. The 4/24/1985 bare soil reading was 

31.5 C, compared to 10 C on 4/27/1984, when snow covered 
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Table 113. Soil temperatures ( C) at Sites 1 and 2 on 
equivalent dates in 1984 and 1985 under bare and 
canopy-covered soil, for the mean of the 113-cm and 
25-cm depths, and for the 513-cm depth. 

Site 1 Site 2 

Bare Cover Bare Cover 

113-25 53 113-25 53 113-25 53 113-25 53 
cm cm cm cm cm cm cm cm 

Date 

3/13/84 19.13 15.7 12.8 12.7 16.9 17.1 15.3 15.1 
3/15/85 17.7 16.4 11.4 12.1 16.7 16.13 14.1 15.13 

4/135/84 17.8 18.6 14.9 17.2 18.6 17.4 15.13 15.8 
4/133/85 19.4 17.7 13.3 13.6 213.1 17.0 15.7 14.3 

4/19/84 23.9 23.9 18.2 19.5 23.5 22.1 213.3 19.7 
4/17/85 23.6 21.8 17.6 21.2 26.3 21.4 213.9 19.3 

5/17/84 29.3 25.13 21.6 20.7 24.7 23.1 23.3 23.9 
5/17/85 28.9 23.0 20.8 19.2 26.0 22.8 22.1 20.7 

5/29/84 34.2 28.9 26.6 25.8 34.5 27.6 30.4 29.0 
6/05/85 31.6 26.1 22.7 22.3 29.4 24.2 25.9 24.2 

7/12/84 35.1 31. 6 26.8 27.2 31.5 29.0 27.5 27.0 
7/08/85 37.0 32.1 26.5 26.8 33.9 30.3 27.8 27.9 

8/09/84 30.7 30.7 25.3 26.3 29.4 29.4 24.4 25.2 
8/09/85 32.9 29.3 24.6 24.8 30.1 26.7 24.6 24.7 

8/23/84 27.4 25.6 22.7 23.5 23.9 24u0 22.3 23.0 
8/21/85 26.9 28.4 25.4 26.7 26.3 25.5 23.4 23.9 
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nearly 25% of the ground. Conditions were fine and sunny in 

1985. 

The April reading at Site 3 demonstrates the 

necessity of using soil temperatures at some depth in the 

profile rather than near the soil surface if the aim is to 

characterize soil temperature conditions at a given site. 

with snow on the ground in 1984, soil temperatures at around 

2 cm were still 10 C, and were probably higher at depth. The 

storm was transitory and probably had little appreciable 

effect on temperature at depths below 25 cm. Temperatures 

deep in the profile would probably show little difference 

between'years. It is significant that there was no evident 

movement in the soil temperature trend at either site 1 or 2 

in late April for the 25 cm or 50 cm depths. 

Data suggest that soil temperatures at some depth 

in the profile are consistent between years, and that this 

consistency may extend between sites. To quantify this 

observation, regression equations were developed for the 

Table 10 data, to compare the results between the two years 

at each site. To further examine variation among sites and 

years, soil temperature data were obtained from two on-going 

studies at SRER (D.F. Post, conversation, 1985; T.N. 

Johnsen, conversation, 1985). Soil temperatures from 30-cm 

depth were available from 1982 to 1984 for two sites 

approximately 600 m apart in S14, T19S, R14E. The two sites 

are at approximately 1100 and 1200 m elevation. In addition, 
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1984 data from 25 cm depth were available from S5, T19S, 

R15E at approximately 1200 m elevation. All readings were 

taken at approx i rna te ly noon. These da ta were exam i ned 

individually, or were compared with 25-cm depth data from 

bare soil at Sites 1 and 2. For comparison, only data for 

common dates or varying by no more than +/- 3 days were 

used. 

For the two locations where three years of data 

were available, a regression was determined between 

temperature and Julian date, using a model of: 

Temperature = constant + DATE + (DATE)2 

The R2 (N =87) values were 0.857 and 0.841 for the 

two sites. 

Correlation coefficients between years at ei ther 

site ranged from 0.655 (N=22) to 0.89 (N = 22). The mean of 

the R2 values was 0.800 +/- 0.081. Considering both these 

data and the 1984 and 1985 correlations at Sites 1 and 2, 

the mean R2 was 0.801 +/- 0.079. 

Variation between sites in anyone year provided 

similar results. The R2 values ranged from 0.810 (N =14) to 

0.975 (N =20). Mean of the R2 values was 0.894 +/- 0.052. 

Finally, data were analysed to determine 

correlations between soil temperatures at different sites in 

different years. The R2 values ranged from 0.655 (N = 22) 

(1983 to 1984) to 0.895 (N = 22) (1982 to 1984), both 
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correlations being between the two close sites in Section 

14. Correlations between Sites 1 and 2 for 1984 and 1985 

were 0.786 (N=9) between the Site 2 1985 temperature and 

Site 1 1984 temperature, and 0.836 (N=9) between the Site 1 

1985 temperature and Site 2 1984 temperature. 

Overall, data suggest that, within a relatively 

limited area such as the SRER, soil temperature at depths 

near 25 to 30 cm is well correlated between years and 

locations, despite an elevation change of 500 m, and the 

spatially variable nature of summer precipitation. Between 

years, it should provide a relatively consistent measure of 

site potential in situations where soil temperature appears 

to be a major limiting factor. Although surface temperatures 

may be more important than temperatures at depth in 

controlling such processes as germination and root 

initiation in developing tillers, their use is restricted by 

their short-term variation. 

This correlation has been previously stressed by 

the Soil Conservation Service (U.S. Soil Conservation 

Service, 1975). Soi I temperature regimes are considered by 

the SCS sufficiently stable to be estimated from 

c lima tol og i ca I da t a. Th e SCS does s tres s the requ i rement s 

for soil temperature measurement at depth, both because of 

the importance of deeper temperatures on soil formation and 

the lesser degree of daily fluctuation compared to surface 

temperatures. However, the probable importance of extreme 
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events in!:!. contortus development in this region suggests 

that soil temperature data would be necessary for each year. 

Average data would be far less reliable, not expressing the 

severity of an extreme event such as, for example, the 

extended cold period in December, 1978 that may have 

eliminated H. contortus from some locations (Chapter 8). 

So i 1 t e m per a t u red a t a are r are inA r i z 0 n a. Th e 

National Oceanographic and Atmospheric Administration 

(NOAA) (n.d.) listed 152 locations in Arizona from which 

published air temperature data were available in December, 

1984, but only one with soil temperature data. Results here 

suggest predictive equations, perhaps incorporating a factor 

to account for localized precipitation/soil moisture 

differences (the major apparent cause of marked between year 

differences), may be both useful and reliable. 

The close correlations were not unexpected, given 

the constancy of solar radiation at the soil surface, the 

major factor determining soil temperature. However, the 

significance of the correlations suggests that precise 

temperature monitoring at a few sites may be more valuable 

than the less precise (or more expensive) monitoring of 

numerous sites. This would provide consistent data from a 

number of "key" sites, with limited data from other sites 

to validate "between-site" relationships. Such data could 

provide a satisfactory measure among years and sites for 
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individual experiments, and provide a long-term record from 

a few sites for further model development if required. 

Soil temperature and moisture and plant growth 

Data confirm the general trend in climatic 

variables with respect to the growth of warm season species 

in southeastern Arizona. Soil moisture was adequate for 

plant growth for approximately nine to ten months (excluding 

May to mid-July), with soil temperatures below levels 

considered minimum for the growth of C4 species (Humphreys, 

1981) for approximately three months. 

Despite below average precipitation in spring, 

1984, soil moisture remained adequate until May. With such 

above average rainfalls in late fall, 1983, as were recorded 

at both Ruelas Ranch and Station 164, soil recharge was 

sufficient to counteract the lack of 1984 spring rain. This 

confirms the inadequacy of mean values in relating plant 

growth to the environment, and also stresses the importance 

of interactions between one climatic event and another. 

Unlike precipitation data, soil temperatures 

appear remarkably similar between years, excluding surface 

data. Consequently, between year variation of the magnitude 

of that associated with changes in one rainfall event are 

non-existant, except in surface soil. 

The major problem of relying on soil temperature 

as an important characteristic in plant growth is its 
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position in the heirarchy of growth limiting factors in this 

region. Soil temperatures, even considering diurnal 

variation, remain within, or close to, levels considered 

satisfactory for both C3 and C4 grasses for most months of 

the year. Soil moisture values can be extreme, and for most 

of the year, they tend to dominate plant growth. Therefore, 

the use of soil temperature as a measure of site potential 

will depend on the definition of that period or periods when 

soil temperatures are at, or near, the extremes for a given 

species, but when other factors, particularly moisture 

appear adequate. Early spring, and to a lesser extent late 

fall, appear potentially feasible in this regard, and 

examination of this factor appears warranted. 



CHAPTER 6 

GROWTH AND MORPHOLOGICAL DEVELOPMENT 
OF HETEROPOGON CONTORTUS 

Introduction 

Modification of development pattern in response 

to environmental changes is of major importance in plant 

adaptation, especially where conditions are often severe and 

temporal climatic variation marked. Such modifications may 

be morphogenic in nature such as leaf dropping. Others are 

more developmental, such as changing the date of flowering 

in response to climatic change. 

Production in grasses, especially perennials, 

depends largely on the plant's ability to initiate and 

support tiller development. Therefore, tillers are often 

referred to as the "growth unit" of grasses (Laude, 1972). 

Plant response to the environment is expressed by a response 

of the individual tiller. Therefore, an explanation of the 

relationships between environmental variables and plant 

growth is to be sought in the response of tiller dynamics to 

environmental variables. 

The studies outlined in this chapter monitored 

Heteropogon contortus development from spring growth 

initiation to winter dormancy at three sites in southern 

Arizona. Sites were selected based on anticipated climatic 

103 
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differences, especially temperature, and the H. contortus 

development pattern monitored at each site with sufficient 

frequency to determine if patterns varied sufficiently among 

sites to permit site discrimination on this basis. By 

following the developmental pattern at each site and 

relating developme~tal stages to one or more environmental 

parameters, it was also hoped to determine the extent to 

which a given environmental variable was important at any 

specific time in the !!. contortus life cycle, and to 

determine if spatial variation in environmental factors, 

particularly temperature change over an elevation gradient, 

was sufficient to cause any measureable variation in 

morphological development between sites. 

Materials and Methods 

At study sites 1, 2 and 3, growth and 

morphological development of H. contortus were monitored at 

approximately l4-day intervals from March until December, 

1984. Sites were monitored at approximately three to four 

week intervals from February to September, 1985. 

On each sampling date, five H. contortus plants 

(including roots to a depth of approximately 10 cms) were 

collected from each site and sealed in large plastic bags. 

These bags were then sealed inside another plastic bag, and 

frozen until morphological examination. The morphological 

examination procedure is outlined in Appendix E. Briefly, in 



105 

1984, five reproductive tillers from 1983 were chosen on 

each sampled plant, and the 1984 growth associated with 

these tillers examined. In 1985, only one current year's 

tiller per sampled plant was examined. This aimed at 

confirming the more intensive 1984 sampling. 

Growth began at both SRER sites between 12 

February and 12 March, 198(, and is considered to have 

begun simultaneously at all three sites. For purposes of 

comparison among results from SRER (Sites 1 and 2) and Site 

3, data from each collection at Site 3 were compared to 

those data from the previous collection at Sites 1 and 2. 

For example, material collected at Sites 1 and 2 on 12 March 

was compared with that from Site 3 on 17 March and so on. 

Data were analysed using a hierarchical design of tillers 

within plants within sites. As the emphasis was on 

determination of differences among sites~ analysis was 

conducted using 12 degrees of freedom for error ("plant" (4 

d.f) plus "plant X site" (8 d.f». The mean and standard 

deviation of the data from the five examined tillers per 

plant were determined for each variable on each sampling 

occasion. The mean for each of the five plants examined was 

used in the analysis of variance. 
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Results and Discussion 

Tiller growth and leaf numbers 

Tiller height. Plants were generally tallest at 

Site 1 and shortest at Site 3 (Figure 19). Site 1 tillers 

were significantly (P<0.0l) taller than at Site 2 from March 

until early September, and were significantly higher than at 

Site 3 on all samplings. Height at Site 2 was significantly 

(P<0.05) greater than that at Site 3 early (mid- to late 

May) and late (6 to 20 September). Maximum recorded heights 

were 67.5 cm at Site 1, 66.9 cm at Site 2 and 59.2 cm at 

Site 3. The pattern of height increase was similar at all 

sites, although there was a growth "spurt" at site 1 from I 

to 30 May not recorded elsewhere. 

Height differences among sites resulted from 

growth spurts at Site 1 in March and May, and from 

differences in internode elongation. Although recorded soil 

temperatures were higher at Site 1, with minimum 

temperatures (at least at depth) higher than at Site 2 

(Chapter 5), it is unlikely temperature differences among 

sites had any significant effect beyond May. By mid-May, 

temperatures at Site 1 were, if anything, excessive for 

optimum plant growth (Berry and Bjorkman, 1980). This 

suggests taller plants at Site I probably resulted from a 

warmer spring than at other sites, rather than a more 

favorable overall environment. This is supported by the 
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compensatory growth of tillers at Site 2, finally equalling 

tiller height at Site 1. At Site 3, a combination of cool 

nights reducing growth in March and April, and the carry

over effects of low temperatures and snow in late April was 

probably responsible for shorter tillers at this site 

compared to sites 1 and 2. 

Total leaf number per tiller. Total leaf number 

per tiller was least at Site 3 (Figurr: 20), significantly 

(P(0.05) less than at Sites 1 and/or 2 on twelve occasions 

from 23 May to 25 October. Initially similar at both sites, 

total leaf number per tiller at Site 1 was significantly 

(P<0.01) greater than at Site 2 on five occasions (04/05, 

@6/12, 07/26, 08/09 and 10/04), with the reverse recorded on 

17 May. A maximum of 13.2 leaves was recorded at Site 1 on 9 

August. Maximum at Site 3 was 10.3 leaves/tiller (16 

August), and at Site 2 was 11.4 leaves/tiller (9 

September) • 

Green leaves per tiller. Green leaf numbers were 

more variable than total leaf number (Figure 21). 

Significant differences were recorded on ten sampling dates, 

although trends were inconsistent among sites. Green leaves 

per tiller were initially highest at Site 1 (significant 

P(0.01 on 04/05), then highest at Site 2 through May and 

early June (significant P(0.01 from 05/01 to 06/12), and 

then higher again at Site 1 until September. The number of 

green leaves per tiller appeared lowest initially at Site 3. 
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Green leaf numbers declined sharply at all sites in late 

September, remaining green longer at Site 3 compared to the 

other si tes. 

The maximum number of green leaves per tiller was 

6. 9, at Sit e 1 0 n 26 J u 1 y. Th e m a x i m urn a t Sit e 2 was 6.0 and 

at site 3 was 6.2, recorded on 9 August and 30 August, 

respectively. There were no green leaves present on any 

tillers at any site by December. 

A relatively close correlation exists between 

ambient temperature and leaf elongation, associated with 

temperature induced fluctuation in cell division and 

expansion (Peacock, 1971; Ku and Hunt, 1973; Sato, 1974), 

and my data with H. contortus support this. 

Tiller height increased only slightly until May, 

although tillers produced two to three more leaves over the 

same period. Leaf differ~ntiation in C4 Chloris gayana, 

Cenchrus ciliaris and Panicum coloratum is less reduced by 

cold than leaf expansion (Ivory and Whiteman, 1978a). 

Similar processes probably act in ~. contortus. 

The strong influence of temperature on initial 

leaf growth was anticipated, based on data reported 

elsewhere (Cooper and Tainton, 1968; Berry and Bjorkman, 

1980; Graham and Patterson, 1982). Although maximum soil 

temperatures were above 30 C at all sites after 5 April, 

maximum air temperatures recorded at SRER Headquarters only 

reached 25 C by mid April. Low night temperatures were also 
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per hap sr e s p 0 n sib 1 e for the s low g row t h • Minimums at S R E R 

Headquarters were only above 15 C twice in April and the 

minimums illustrated in Figures 9, 10 and 13 in Chapter 5 

suggest low night temperatures. 

Coleman (1964) discussed the limitations to growth 

of C4 species brought about by such low temperatures i~ sub-

tropical Australia, and similar limits apparently acted 

here. Night temperatures of less than 10 C reduce growth in 

even such cold tolerant C4 species as Pennisetum 

clandestinum and Setaria anceps to less than 25% of maximum 

(Humphreys, 1981). Yields of Digitaria decu~bens were 

severely depressed with night temperatures below 15 C 

(Whitney and Green, 1969). Q. decu~bens did not initiate 

regrowth below 11 C at Beerwah, Queensland, Australia (Bryan 

and Sharpe, 1965). 

During May, height and leaf number increased at 

Site 1 but not at Sites 2 or 3. variation in SMT among sites 

does not explain this difference. However, low temperatures 

in late April offer an explanation. Minimum temperatures at 

SRER Headquarters fell from 15 to 16 C in mid-April to 1.5 C 

on April 27 and 29 and 2 C on April 28. Night temperatures 

below 6 to 10 C reduce photosynthesis and growth in C4 

species (West, 1970; Karbassi, Garrard and West, 1970; 

Chatterton et aI, 1972: Hillard, 1975). Possibly, the lower 

elevation and higher daytime maximum temperatures at Site 1 

compared to sites 2 and 3 may have reduced the effect of the 
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cold snap. The greater soil heat store from higher daytime 

temperatures perhaps reduced the duration if not the 

severity of the cold. At site 3, snow covered around 25 % of 

the ground until after midday on April 27. Although the snow 

insulated the soil, with soil temperatures near 10 C, leaf 

temperatures probably fell lower. Therefore, !!. contortus 

growth at Sites 2 and 3 may have been restricted by low 

temperatures in late April, recovery notoccurr.ing before 

moisture stress induced further growth restriction. 

Reduced soil moisture apparently depressed growth 

from May 30, and growth appeared independent of temperature. 

Minimum air temperatures at SRER Headquarters were above 20 

C by mid-May, as was soil temperature at all depths. 

Although impossible to separate high temperature and low 

soi 1 moisture effects, it is obvious the soi 1 envi ronmment 

at all sites was unsuitable for continued plant growth. That 

this period wa~ ended by rainfall was demonstrated by the 

marked growth increase at Site 2 on 1 July (with an increase 

in soil moisture) but not at Site 1, where soil moisture 

remained low. However, soil and air temperatures also 

decreased, and growth spurts cannot be ascribed to a change 

in available soil moisture alone. 

Green leaf number was particularly responsive to 

soil moisture. Green leaves increased at all sites, 

especially Site 1, as soil moisture increased in July. 

This increase is typical of regrowth following dormancy. 
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McIvor (1984), in the seasonally dry tropics of Australia, 

reported leaf appearance rates in Urochloa of over two per 

tiller per week with the onset of the wet season, under 

conditions similar to this study. The increase in total leaf 

number was small, some early leaves sloughing off with the 

onset of rains, and senescence increasing with increased 

air and soil moisture levels. Huiskes and Harper (1979) and 

Clark (1980) recorded higher rates of leaf senescence under 

favorable than under stressed conditions. Ng, Wilson and 

Ludlow (1975) reported that although leaves persisted longer 

under favorable conditions, once senescence began it was 

much faster under non-stressed than stressed conditions. 

The marked decrease in green leaf number per 

tiller on 20 September reflected the sharp decrease in soil 

moisture at all sites (Chapter 5, Figures 15, 16 and 17). 

Since these tillers had previously flowered, there was no 

further leaf production, and green leaf number declined 

until the end of sampling. The total number of leaves fell 

to a far lesser extent, leaves one-third to two-third s 

necrotic remaining on the plant, although necrotic tips 

often broke off. However, by the end of sampling, the total 

number of leaves had also begun to decline due to breaking 

off from the main stem and perhaps the battering from the 

heavy rains in September. 
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Secondary tillers per primary tiller 

Marked differences were observed in the rate of H. 

contortus tillering among sites during sampling, especially 

early in the season (19 April) when numbers fell at"Sites 1 

and 2 (Figure 22). The most obvious and consistent trends 

were high secondary tiller numbers at Site 3, low numbers at 

Site 1, and an increase at all sites late in the season. 

Secondary tiller numbers at Site 1 were 

significantly (P<0.01) less than that at Site 3 from 1 May 

to 20 October. Unlike the two SRER sites, secondary tiller 

numbers at Site 3 remained relatively constant until 17 

July, and then increased. Secondary tiller numbers at Site 3 

were significantly (P<0.01) higher than those at Site 2 from 

during May and from 26 July to 4 October. 

Increase of secondary tillers late in the season 

was probably associated with decreased apical dominance. 

Jewiss (1972) and Clifford (1977) demonstrated the hormonal 

control exerted by developing tillers on inhibiting further 

tillering until flowering reduced apical dominance. This 

inhibition is particularly strong during stem elongation and 

inflorescence development (Colvill and Marshall, 1984). 

The early reduction in secondary tillers around 19 

April was perhaps associated with increased competition for 

assimilates as temperatures increased and plant development 

quickened. This quickening was most apparent at Site 1, and 

it was there that secondary tiller numbers stayed low. 
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Colvill and Marshall (1984), with Lolium perenne, recorded 

that newly developed tillers had poor assimilation capacity, 

and were often not supplied with assimilate from the main 

stem. Secondary tiller death at less than forty days of age 

was common. 

Temperature differences among sites, especially 

Sites 2 and 3, appear insufficient to explain differences in 

secondary tillers (compare Figures 9 and 10 with Figures 13 

and 14 in Chapter 5). One possibility to explain differences 

in secondary tiller numbers is that the large and very dense 

H. contortus bunches at Site 1 restricted light penetration 

to the plant bases, reducing the tillering rate. A strong 

positive relation exists between both light energy and its 

red/far red ratio on tillering in both C3 and C4 grasses 

(Cordukes and Fisher, 1974; Leakey, Chancellor and Vince

Prue, 1978; Kosinski and Giertych,' 1982; Chapman et al, 

1983; Derigibus, Sanchez and Casal, 1983; Derigibus et al, 

1985). 

Height of the growing point or inflorescence 

Internode elongation was first recorded at Site 1 

on 30 May (Figure 23) in 7% of sampled tillers. When 

elongation was first recorded at Site 2 (12 July, with 35% 

of sampled tillers elongating), 84% of sampled tillers at 

Site 1 were elongating. Elongation was first recorded at 

Site 3 on 17 July in approximately 15% of sampled tillers. 
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All sampled tillers had elongated on 26 July at Site 1, 9 

August at site 2 and 2 August at Site 3. Growing point 

height was significantly (p<e.135) higher at Site 1 than at 

sites 2 and 3 from 1 to 27 July. Height at Site 3 was 

significantly (P(I3.135) less that at the other two sites from 

September 13 to the end of sampling. 

At Site 3 on 2 August, approximately ~13% of 

sampled tillers had flowered. Flowering was first recorded 

at Sites 1 and 2 on 9 August, in approximately 413% and 85%, 

of sampled tillers, respectively. 

Internode elongation was recorded at Site 1 six 

weeks before Site 2. Soil moisture was adequate at all sites 

and it appears doubtful that temperatures at sites 2 and 3 

were too low for floral induction (FI) by this stage 

(Evans, 1969; Berry and Raison, 1981). Cooper (1952), with 

C3 Lolium perenne, demonstrated a significant negative 

correlation between days to flowering and accumulated 

temperature "degree days" for both early and late flowering 

cultivars. It is possible that FI of H. contortus in 

southern Ari zona requi res a s im i lar accumulati on, and that 

temperatures in spring prior to the period of low soil 

moisture are important. 

With flowering recorded in early August at all 

sites, the shorter period between FI and FA at Sites 2 and 3 

compared to Site I contrasts with data recorded elsewhere. 

Hicks and Mitchell (1969) and Bryant and Humphries (1976), 
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w 0 r kin g wit h E.~.:!E.~.!.~!!!. .<ii..!.~~~~~!!! and ~~y.!.£.:!~.!!~!!~.:! 

guianensis, respectively, recorded shorter duration between 

FI and FA as mean maximum temperature increased. Therefore, 

one must assume that if a high accumulation of degree days 

at Site 1 was responsible for early internode elongation at 

that si te, such high temperatures should hang. 

Root growth 

Root growth was first recorded at Site 2 on 12 

July (8% of sampled tillers), at Site 3 on 17 July (44% of 

sampled tillers), and on 26 July (94% of sampled tillers) at 

Site 1. "New" root growth varied considerably over the 

sampling period (Figure 24). Significant differences were 

recorded on five sampling dates, but there were no 

consistent trends. By October 4, root number per tiller had 

declined sharply at each site, with no "new" roots recorded 

after 213 October at Sites 1 and 2, and 25 October at Site 3. 

The percentage of sampled tillers with "new" root growth by 

late October was low at all sites (113%, 12% and 16%, Sites 

1, 2 and 3, respectively). 

Root growth was strongly influenced by soil 

surface moisture. Roots were evident on new tillers only 

from mid-July. By September, .!:!. contortus seedlings' roots 

at Sites 1 and 2 decended to 213 to 25 cm, although 

penetration was deeper in very sandy soils bordering awash. 

At site 3, seedling root growth was as much horizontal as 
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vertical, the result of shallow soils. Roots extended 15 to 

20 cm in most cases, and then descended between cracks in 

the rock. 

Although the marked initiation of root growth 

following onset of rains was most probably a function of 

increased soil moisture, the concurrent decrease in soil 

temperature cannot be ignored. Both Masiunas and Carpenter 

(1984) and Okada (1984) have demonstrated reduced root 

growth at temperatures above 30 C. Surface soil 

temperatures at Sites 1 and 2 had been over 50 C before the 

start of summer rains, and fell in conjunction with 

increased soil moisture. Therefore, root growth was at least 

partially stimulated by more favorable surface soil 

temperatures. 

General growth pattern 

Growth initiation in g. contortus in 1984 began 

between 12 February and 12 March, 1984. This was late 

com par edt 0 0 the r s p e c i e s , par tic u I a r I y £i9.i.!:.~!..i~ 

and Boute1oua ---------
£~!...!:.iE£~£~!~. In 1985, regrowth initiated between 27 

February and 15 March. 

Site had no apparent effect on the g. contortus 

growth pattern in 1984. Growth initiation was apparently 

associated with increased soil temperatures at all sites and 

was reflected in an increased leaf number and, to a lesser 
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extent, leaf length (height). A quasi-dormant period from 

early May to mid-July (depending on site) associated with 

reduced soil moisture levels, was followed by rapid growth 

wi th summer rains. Root growth began, internodes elongated 

and growing points rose and plants flowered and seeded. As 

temperatures subsequently fell, root growth ceased and green 

leaf number fell. With an end to apical dominance, secondary 

tiller numbersincreased, with some eventually flowering. 

Growth ceased with the onset of frosts. 

Growth was initially slow at all sites and was 

totally associated with bud growth at the base of the 

prev i ous year's repr oduc t i ve tiller. There was no ev i dence 

of any tiller survival from 1983, although this could not be 

confirmed. The prophylum and both basal leaves were normally 

necrotic at first sampling. New green leaves generally had 

necrotic tips. This suggests initiation of new growth 

before the end of the peri~d of chilling temperatures. 

Such temperatures are low enough to damage leaf tissue on 

susceptible species, with the extent of damage a function of 

temperature, its duration, and the rate of flow of the cold 

front along the leaf (Levitt, 1980). Observations in January 

and February, 1985 at Site 4 (Campbell Avenue Farm, Tucson) 

suggested growth initiation of basal buds began when daytime 

air temperatures were near 15 C. Buds developed near the 

soil surface, and were protected from nighttime radiational 

cooling. However, once buds emerged from this warmer 
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pocket, they were subject to lower temperatures, frosts 

causing bud death, near-freezing temperatures causing tip 

necrosis. At SRER Headquarters, minimums of -1 and 0 C 

were recorded on March 5 and 6, with minimums from 1 to 2 C 

in late April. This probably caused the necrosis evident 

over the first 10 to l2.weeks of sampling, reducing the 

number of green leaves to below 50 % of total leaf number. 

wi nter dormancy 

The first frost at SRER Headquarters for the 1984-

1985 winter was recorded on 21 November (0 C) with -3.3 and 

-3 C recorded on 27 and 28 November, respectively. Similar 

low temperatures were recorded at Site 4 in Tucson, 

suggesting a general freeze at all sites. At Sites 1 and 2 

on 1 December, 1984, no green leaves were visible, as was 

the case at Site 3 on 7 December, 1984. 

Comparison between years 

The similarity in annual trends in soil moisture 

and temperatures in 1984 and 1985 suggested comparison of ~. 

contortus growth between years to determine if it reflected 

climatic similarity. For each date on which H. contortus 

tiller height and leaf number were recorded in 1985, the 

closest calendar date in 1984 was selected, and equivalent 

measurements compared. Tiller height was similar between 

years at all sites, especially during April and May (Table 

11). Major differences occurred in March (1985 plants taller 
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at Site 1 and shorter at Site 2 compared to 1984) and in 

early August, when tillers were shorter and FI obviously 

delayed in 1985 compared to 1984. However, 1985 tillers 

rapidly compensated, and by late August 1985, tiller height 

was again similar to that recorded in 1984. 

Green leaf numbers were initially similar between 

years at all sites (Table 11). However, numbers in July 1985 

were fewer compared to 1984, despite little difference in 

tiller height. Green leaf numbers remained low in 1985 

through July and until a definite green-up in August. Except 

at Site 2, green leaf number in 1985 subsequently remained 

below that of 1984 until the end of sampling. 

As in 1984, growth and development in 1985 was 

apparently controlled by temperature in March and April, and 

by temperature and soil moisture interaction in other 

months. Minimum temperatures at SRER Headquarters in 1985 

were -8 Con 1 and 2 February, and remained below 0 C until 

8 February. Minimum temperatures were -2 to -3 C on 3 and 4 

March, and -1 C on March 29. By April, 1985, minimum 

temperatures were above 15 C on a number of occasions. 

Maximum temperatures were similar to 1984, with maximums 

above 20 C by late February and above 25 C in April. Apart 

from lower temperatures in early March, 1985 compared to 

1984, which perhaps explain the lower tiller height at Site 

2 in 1985 compared to 1984, air temperatures were little 
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Table 11. Tiller height (ern) and the number of green leaves 
on H. eontortus at sites 1, 2 and 3 at equivalent 
dates in 1984 and 1985. 

* 

Date 

3/13/84 
3/15/85 

4/135/84 
4/133/85 

4/19/84 
4/17/85 

5/17/84 
5/17/85 

5/29/84 
6/135/85 

7/12/84 
7/138/85 

8/139/84 
8/139/85 

8/23/84 
8/21/85 

9/136/84 
9/134/85 

Site 1 

Ht. 

11. 7 
17.13 

24.4 
213.4 

21.8 
25.3 

313.8 
23.9 

34.5 
39.13 

44.3 
38.7 

67.5 
42.6 

67.3 
69.2 

65.5 
62.8 

* G.L 

1.1 
13.7 

1.9 
1.3 

2.4 
1.13 

2.8 
2.6 

2.1 
2.3 

3.5 
1.1 

6.5 
3.13 

6.6 
5.7 

6.1 
4.5 

Ht. - tiller height (ern) 
G.L - number of green leaves 

Site 2 Site 3 

Ht. G.L Ht. G.L 

6.2 13.5 8.2 13.8 
3.5 13.5 7.13 1.13 

15.2 1.3 14.2 1.2 
12.8 1.5 16.5 1.3 

16.9 2.2 14.6 1.6 
16.5 1.9 213.1 1.7 

22.1 3 .• 5 16.7 1.8 
22.5 2.13 24.5 1.7 

22.3 3.1 
24.1 2.7 

32.7 4.1 24.9 3.5 
28.3 1.7 24.1 1.5 

613.5 5.4 54.5 6.2 
46.7 4.5 36.13 4.8 

613.2 6.13 59.1 6.13 
66.7 6.3 613.6 4.8 

66.9 3.7 
65.4 3.3 
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different between years. g. contortus growth early in the 

season also was relatively consistent between years. 

The general g. contortus development pattern at 

the three study sites is: 

- a response to temperature in spring (bud development), 

wi th soil moi sture of secondary importance. Even at si te 

4, with non-limiting moisture, bud initiation fluctuated 

in response to warm periods and frost. 

- a response to moisture in late spring/early summer, soil 

moisture being of primary importance, although 

temperatures may be excessive for maximum growth at this 

time. Photosynthetic data from Site 4 in May, 1985, 

suggest even with non-limiting moisture, plant growth may 

be far below potential (Chapter 9). 

- a joint response to moisture/temperature for root 

initiation in July, summer rainfall both increasing soil 

moisture and reducing soil temperatures. 

- a response to moi sture in August for flower i ng, al though 

perhaps also associated with a steady build-up in "heat 

units" over previous months, as suggested by early shoot 

elongation at Site 1 and early flowering at Sites 2 and 3. 

- a response to temperature in late fall, as temperatures 

decline and the first frost occurs. However, this may also 

be initiated by a response to soil moisture, particularly 

in dry years, as suggested by the rapid decrease in green 
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leaf numbers in September, 1984, associated with a sharp 

decrease in soil moisture. 

Overall, observations suggest that, at all three 

field sites and, with respect to temperature, at the 

irrigated Site 4, ~. contortus growth pattern responded 

similarly. Differences in growth and development between 

years at Sites 1, 2 and 3 strengthen this, indicating that 

response is in terms of prevai ling envi ronmental st i mul i i. 

Differences among sites in morphological attributes and 

flowering also appear related to environmental differences, 

with no apparent inconsistencies. Data in Chapter 5 

suggested sites varied in soil temperature, with spatial 

variation in summer precipitation causing evident 

differences in soil moisture among sites. This consistency 

both within and among sites strengthens the hypothesis that 

~. contortus growth and development may be a realistic 

measure of specific environmental conditions among sites. 



CHAPTER 7 

THE TEMPERATURE RESPONSE OF THREE ACCESSIONS 
OF HETEROPOGON CONTORTUS 

Published information (Gould, 1968; Tothi11 and 

Hacker, 1973; Araujo, 1975; Smith et al., 1975; Bogdan, 

1977) and data in Chapter 6, suggest H. contortus is 

responsive to temperature, both in its location of 

establishment, and growth and development. The effect 

appears particularly obvious in determining spring growth 

initiation and induction of winter dormancy. Data from 

Chapter 5 suggest differences in H. contort us size and 

numbers among sites may be related to temperature. 

Although the temperature effect depends on 

interactions with other environmental variables, it was 

considered im90rtant to quantify the temperature response of 

H. contortus accessions to determine the consistency of 

response among accessions from sites of differing 

temperature regimes. This would allow extrapolation of 

observations among sites, with consideration of ecotype 

differences in temperature response. 

129 
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Materials and Methods 

Equipment 

Studies were conducted at the United States 

Department of Agriculture, Agricultural Research Service 

facilities at East Allen Rd., Tucson, Az., using the 

temperature gradient plate of Larsen (1971). In this 

apparatus, hot water circulates along the upper edge of the 

plate and cold water along the bottom edge to cause a 

uniform temperature gradient between the upper and lower 

edges. 

The plate can be tilted to give alternating 

temperatures, except along the tilt axis. The greater the 

distance between any two points, the the greater the 

temperature change on tilting. Any point on one side of the 

diagonal is the reciprocal of a point on the other side with 

respect to time intervals al1ottedto each temperature 

gradient. 

Plate temperature calibration 

Plates were calibrated to the desired 

temperatures and spot checked before each run. Two 

gradient plates were used as the temperature range over one 

plate was limited. One was calibrated for 5 to 35 C and a 

second for 20 to 50 C. Calibration of the second plate 

proved difficult, temperatures ranging from 17 to 50 C, 

rather than the proposed 20 to 50 C. 
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Light sources 

A bank of standard, cool, white, fluorescent 

tubes directly above each plate provided illumination. 

Because the plate is angled to permit water flow, 

illumination varies across it as the distance between the 

lights and plate surface varies. Thus, illumination at any 

point (except along the diagonal) varies when the plate 

tilts to alternate temperatures. Surface intensity varied 

from 32.5 lux to 26.0 lux at the elevated and depressed 

ends, respectively. Intensity under the plastic cover was 

26.4 and 20.9 at elevated and depressed ends, respectively. 

Illumination was constant during all experiments. 

Plant material 

Non-rooted g. contortus cuttings were collected in 

May and June, 1984, from the three study sites previously 

described (Chapter 3). Cuttings were obtained by separating 

uniform vegetative tillers from mature plants and cutting 

them at the top of the lowest sheath. Tillers were collected 

the day each trial was set-up, washed and kept in sealed 

plastic bags until cut. Tillers were prepared and kept 

turgid by soaking in water until placed on the plate. 

Constant temperature experiments required 120 cuttings from 

each accession, alternating temperature experiments required 

108 cuttings. On each occasion, approximately 160 cuttings 

of each access i on were prepared, those used chosen to 
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minimize size variability within and among accessions. No 

cuttings were placed on the plate until all accessions were 

prepared. Total preparation time was approximately four to 

five hours. 

The gradient plate was covered with moistened 

blotting paper. Cuttings were laid flat on the paper, wet 

with distilled water, covered with a plastic sheet, and this 

covered with a rigid plastic cover. Cuttings remained on the 

plate for 72 hours. The cover was removed every 12 hours for 

rewetting and air exchange. This period was restricted to 10 

to 15 minutes to reduce temperature change. 

Initial and final length, root number and length, 

and general observations on status were recorded for each 

cutting. After final measurement, cuttings were discarded 

except in one case. Following measurement of response to 

alternating temperatures over 17 to 50 C, cuttings of known 

length previously at constant 50 C were placed at 25 to 30 C 

for 24 hours to check viability. 

Constant temperature studies 

Cutting placement. Each plate was divided into 

six columns running lengthwise along the temperature 

gradient. Along each column, 60 cuttings of a given 

accession were placed crosswise (no temperature gradient 

along the cutting) approximately 0.25 cm apart. This spanned 
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a range of either 30 C (0.5 C increments) for the 5 to 35 C 

plate, or 33 C (0.55 C increments) for the 17 to 50 C plate. 

Experimental des i gn. Six col urn n san d t h r e e 

access ions perm i t ted two repet it ions of each acces s i on at 

each temperature (Figure 25). The experiment to determine 

response to the 5 to 35 C range was repeated three. times 

(hereafter called "runs" of anyone experiment). The 17 to 

50 C constant temperature experiment was only conducted once 

(one run) (Table 12). 

Q~£~!~ ____ ££~!!~~~!!£~. To examine growth 

continuation (rather than growth initiation following 

cutting), 120 cuttings of each accession were prepared and 

were placed on moistened blotting paper on trays in a growth 

cabinet at 25 C, under constant illumination (approximately 

46 lux). After 24 hours, cuttings were measured and placed 

on the gradient plate over the 5 to 35 C range for 48 hours. 

Subsequent treatment and measurement were identical to 

other experiments. 

Alternating temperature studies 

Cutting placement. The plate surface was divided 

into 36 sectors on a 6x6 grid, and nine cuttings (three of 

each accession) placed in each sector. Because temperature 

varied across each sector (approximately 4 C), the position 

of each accession was determined randomly for each sector. 



134 

COLD 

N ~ M N M ~ 

Z Z Z Z Z Z 
0 0 0 0 0 0 
1-1 1-1 1-1 1-1 1-1 1-1 
CI) CI) CI) CI) CI) CI) 
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t:J t:J t:J t:J t:J t:J 
U U U U U U 
U U U U U U < < < < < < 

HOT 

1 -----4~IIM-- REPETITION 2 ~ 

~--~ Placement of Cuttings 

Figure 25. General arrangement of cuttings on plate for 
constant temperature experiments. 



Table 12. 

Experiment 

1 

1 

1 

1# 

2 

2 

2 

3 

3 

3 

4 

5 

5 

Experiments conducted on the temperature 
g~adient plates, May to June, 1984. 

Run 

1 

2 

3 

1 

1 

2 

3 

1 

2 

3 

1 

1 

2 

Temperature 
alternation 

regime 

(hours) 

constant 

constant 

constant 

constant 

8/16 

8/16 

8/16 

4/20 

4/20 

4/20 

constant 

8/16 

8/16 

Temperature 
Range 

(C) 

5 to 30 

5 to 35 

5 to 35 

5 to 35 

5 to 35 

5 to 35 

5 to 35 

5 to 35 

5 to 35 

5 to 35 

17 to 50 

17 to 50 

17 to 50 
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# Cuttings grown at 25C for 24 hours initially, only one 
run conducted. 
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This avoided one accession constantly occupying the warmest 

or coolest position in any sector (Figures 26 and 27). 

Experimental design. Each position on the plate 

becomes a separate treatment when alternating temperatures 

are used. Repetitions within the plate are impossible. 

Consequently, experiments over both temperature ranges were 

repeated to provide a measure of variability (Table 12). 

Procedures and measurements were identical to those used 

under constant temperatures. Plate tilting was set-up so 

that initial temperatures imposed were those of the longer 

time period. 

Statistical analysis 

An analysis of covariance was done using the SPSS 

program "MANOVA" (Hull and Nie, 1981). Initial cutting 

length was the covariate, as elongation appeared related to 

initial cutting length. 

where: 

The model for the analysis was: 

y. 'k was the dependent variable "growth" 1J 

@ was the population mean 

B· and C· were the main effects for temperature and 
1 . J 

acceSS10n 

(BC) .. the interaction effect 1J 

and X and x the covariate and the mean of the 
covariate, respectively. 



~ 35 35 
35 29 23 

29 K 29 
35 29 23 

23 23 K 35 29 23 

17 17 17 
35 29 23 

35 
17 11 

29 
17 11 

23 
17 11 

I~ 17 11 

warm water 
circulator 

35 35 
5 

29 29 
5 

23 23 
5 

17 17 
5 

11 11 11 11 ~ 11 
35 29 23 17 11 5 
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35 29 

cool water 
circulator 

5 5 5 5 
23 17 11 

Numbers are C 
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35~1-------Temperature for a hours 

: Temperature for 16 hours 

I~ 
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Figure 26. Arrangement of alternating temperatures over 
the 5 to 35 C range for the a-/16-hour regime. 
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Figure 27. Cutting placement within sectors on gradient 
plate for alternating temperature 
experiments. 



139 

For each experiment, analysis was initially 

conducted individually on each run. A subsequent combined 

analysis was then conducted on each experiment (temperature

time combination) to incorporate a third factor (run), into 

the model. This tested the homogeneity of results among 

various runs of anyone experiment. Adjusted means were 

separated using the least-significant-difference procedure. 

Standard deviations were determined using an approximate 

standard deviation of the difference between two adjusted 

means, rather than a separate calculation for each 

comparison of two means. Cochran and Cox (1957) claim this 

is satisfactory where error degrees of freedom exceed 20, 

since in such cases the contribution from errors in the 

adjustment factor is small. 

Subsequent statistical analysis of constant 

temperature data indicated growth could not be fully 

described by linear, quadratic or cubic regressions on raw 

or transformed (natural logarithms) data. Therefore, 

adjusted mean data were smoothed using the EDA procedure 

(Velleman and Hoaglin, 1981) to provide a better 

illustration of response in each accession over both 

temperature ranges. Smoothing used the five data point 

"running mean" smoother. The position of each point is 

determined as the median of it and the two points before and 

after it along the data sequence, permitting correction of 

two consecutive outliers. End values were unchanged, and a 
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median of three values determined the second and second-last 

points along the curve. 

Results and Discussion 

Response of accessions to constant temperatures 

The 5 to 35 C range. Leaf elongation was 

responsive to temperature in all accessions (Figure 28), as 

was expected (Friend, 1966; Forde, 1966; Friend and Pomeroy, 

1970; Watts, 1972; Barlow and Boersma, 1972; Barlow, Boersma 

and Young, 1977). The range of temperatures that appears 

satisfactory for leaf elongation is typical of other C4 

species (Cooper and Tainton, 1968; Berry and Bjorkman, 

1980). 

A significant interaction existed between 

temperature response and the three runs of the 5 to 35 C 

range. This was not totally unexpected, given the 

impossibility of exactly duplicating runs. However, of the 

60 "treatments" (temperatures) imposed, only at three (32.5, 

29.5 and 23.0 C) was significance reversed, i.e. was growth 

of one accession declared significantly greater to that of 

another at one temperature in one run, and significantly 

lower than that accession at the same temperature in another 

run. At each of these three temperatures, zero or minimal 

growth of one of the two cuttings of a given accession in 

one of the runs apparently caused the effect. When this was 
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considered, no inconsistency among runs was evident in the 

responses of the three accessions to temperature. 

Adjusted means were calculated individually for 

each run. However, to gain the full benefit of the three 

runs as repeti tions, calculation of adjusted means used an 

adjustment factor on the covariate (initial length) based on 

combined data of all three runs. This procedure was 

validated by comparing, among runs, the regression 

coefficients of the covariate on growth. This comparison 

tested the hypothesis that adjustment to the dependent 

variable (growth) determined by the covariate (initial 

length) was consistent among runs (R.O. Kuehl, conversation, 

1985). No significant difference existed among regression 

coefficients, and hence the adjustment factor. 

Th i 5 ad jus t men t fa c tor rem 0 v e d con sid era b 1 e 

variability from adjusted means among runs. Mean separation 

of temperature effects using these data showed equivalent 

response in each accession in each run, with no 

contradiction among runs in means declared significantly 

different. 

Using these data, subsequent analyses demonstrated 

significant difference (P<0.05) in response to temperature 

among accessions, although the "temperature X accession" 

interaction was significant (P<0.0l). However, a significant 

effect of accession on growth was only recorded at 

temperatures over 25 C. Growth of the Site 3 accession was 
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significantly (P<0.05) higher than the site 2 accession from 

25 to 27 C. Growth of the Site 1 accession was 

significantly higher (P<0.05) than that of the other two 

sites at 32 C. These differences are evident even in the 

smoothed data (Figure 28). No other differences were 

declared significant. 

'Ontogenetic effects. Comparison of runs 1 

(tillers collected 26 May) and 3 (collected 24 June) of the 

5 to 35 C range permitted evaluation of a possible 

ontogenetic modification of response to temperature. No such 

effect was apparent. Significant differences (using adjusted 

means from the combined analysis) did not vary between runs, 

and in none of three curve segments (5 to 15 C, 15 to 25 C 

and the 25 to 35 C) of the 5 to 35 C range did elongation 

in any accession significantly differ between runs (Table 

13) • 

Q~£~!~ ____ ££g!lg~~!l£~ Growth continuation 

responded similarly to growth initiation. No significant 

difference among accessions was recorded below 26 C. The 

Site 3 accession again grew significantly (P<0.05) more than 

both other accessions at 27 C. Above 30 C, either the Site 

1 or Site 3 accession (or both) grew significantly (P<0.05) 

more than the Site 2 accession. The site 1 accession grew 

significantly (P<0.05) more than other accessions at 32 C. 

However, considering the temperature range from 15 to 30 C, 

there was no s igni f icant difference among accessi ons. Mean 



Table 13. 

5 to 15 

15 to 25 

25 to 35 

* 
** 
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Mean growth (in mm, adjusted on the covariate) of 
three H. contortus accessions in Run 1 and Run 3 
oft h e- con s tan t 5 to 3 5 C t e m per at u r era n g e 
experiment. 

Run 1 ** Run 3 
(05/26) (06/24 ) 

Accession 

C 

Site 1 1.8 (2.7) * -0.6 (2.9) 
Site 2 3.1 (1. 8) 1.8 (2.9) 
Site 3 3.7 (2.8) 0.6 (2.6) 

C 

Site 1 10.6 (4.1) 14.5 ( 8.9) 
Site 2 11.6 (4.0) 11.7 ( 6.2) 
Site 3 23.0 (6. 3) 18.5 (10.4) 

C 

Site 1 42.6 (7.2) 38.0 (7.0) 
Site 2 39.5 (6.5) 34.0 (6.6) 
Site 3 45.3 (8.3) 40.6 (8.2) 

Standard deviation. 
Date of tiller collection 
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elongation (in mm, adjusted on the covariate) was 12.1 +/-

9.2, 11.8 +/-6.5 and 15.4 +/-11.4 for Site 1 through 3 

accessions, respectively. Gro\tlth plateaus similar to those 

in Figure 28 appeared near 20 C and 28 C, growth peaking 

near 30 C in all accessions. 

The 17 to 50 C range. Grow~h was maximum near 30 

C, decreasing at higher and lower temperatures (Figure 29). 

with only one run, no "run" factor was present. Response to 

temperature among accessions varied significantly (P<0.05), 

with a significant "accession X temperature" interaction. 

Si~nificant differences among accessions only occurred above 

21 C. Growth in the Site 3 accession was significantly 

(P<0.05) higher than that of the other two near 21 to 22 

C. At 25 to 26 C, Site 2 growth was significantly (P<0.05) 

less than the other accessions. This continued until 35 to 

36 C, except from 30 to 32 when growth of the Site 1 

accession was significantly greater than both other 

accessions. 

Response of H. contortus accessions to constant 

temperature was relatively consistent over both temperature 

ranges (Figures 28 and 29). The Site 2 aCl:ession grew less 

near 30 C than other accessions, with the temperature 

optimum of the site 1 accession slightly above that of other 

accessions. 
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Response of accessions to alternating temperatures 

The 5 to 35 C range. Interaction between 

temperature response and "run" was significant for both 

alternating regimes (8-/16- and 4-/20-hours) over 5 to 35 

C, and an analysis similar to that on constant temperatures 

conducted. No significant difference among regression 

coefficients existed, means using covariate adjustment from 

combined runs being subsequently used in analysis. 

Adjusted growth for each accession (mean of the 

runs) is presented in Tables 14 (8-l6-hour regime) and 15 

(4-/20-hour regime). Mean rather than individual run data 

are presented in Tables 14 and 15 because, despite 

significant "run X temperature" interaction, no difference 

in ranking of means was recorded among runs in means 

dec 1 are d s i g n i f i can t 1 Y d iff ere n t. Th e s i g n if i can t 

interaction was apparently due to variation in the magnitude 

of the response among accessions. 

Changing from 8-/16- to 4-/20-hour combinations 

had little effect (Tables 14 and 15). Only at 17/35 C did 

complete reversal of significant differences occur between 

regimes. Growth was minimal in two of the.three Site 3 

cuttings in one run at 8-/l6-hours. This biased relations 

among accessions between regimes. 

Four or eight hours of high temperature had little 

effect on elongation when the 16 or 20 hour temperature was 
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Table 14. Mean adjusted growth (mm) of H. contortus across 
three runs of the 8-/16-hour-temperature regime 
over a range from 5 to 35 C. 

8 HOUR TEMPERATURE (C) 

5 11 17 23 29 35 
16 HOUR 

TEMPERATURE 
(C) 

Site 

5 1 0.7 3.7 4.4 8.8 11.1 13.2 
2 0.0 0.0 2.4 8.2 10.0 6.7 
3 0.0 0.4 2.4 6.4 11.3 7.1 

11 1 4.8 8.3 7.4 11.1 22.4 11.5 
2 2.1 3.1 4.2 11.3 8.6 9.0 
3 2.1 1.7 5.4 13.9 15.6 8.8 

17 1 8.6 10.8 12.2 19.6 27.5 17.0 
2 9.8 9.4 10.0 15.6 16.7 14.1 
3 8.5 7.4 13.5 21.1 15.3 16.0 

23 1 22.4 19.1 19.1 34.5 26.0 26.1 
2 21. 5 18.1 16.1 26.4 26.2 26. 0. 
3 22.4 20.0 22.8 31.7 39.2 29.1 

29 1 29.8 31. 7 33.2 38.5 33.4 39.9ab * 
2 19.6 30.4 32.1 29.9 37.8 33.2b 
3 27.7 36.9 26.1 34.1 39.7 53.0a 

35 1 38.2 31.0 39.3a 40.1 52.1a 40.4a 
2 26.1 18.1 29.1ab 29.6 32.6b 18.4b 
3 24.3 22.4 20.7b 34.0 47.2ab 31.1ab 

* within each temperature combination, means followed by 
different letters are significantly (P<0.05) different in 
each of the three runs of this experiment. 
Coefficient of variation = 50.1% 



149 

Table 15. Mean adjusted growth (mm) of H. contortus across 
three runs of the 4-/20-hour-temperature regime 
over a range from 5 to 35 C. 

4 HOUR TEMPERATURE (C) 

5 11 17 23 29 35 
20 HOUR 

TEMPERATURE 
(C) 

Site 

5 1 0.2 0.5 I.B 3.9 5.5 6.5 
2 0.9 1.3 2.6 1.9 4.6 4.2 
3 1.0 1.4 2.3 2.B 5.3 5.9 

11 1 2.B 3.0 4.4 6.B 5.0 5.B 
2 3.3 4.2 5.0 6.2 6.9 B.9 
3 2.1 3.4 3.7 5.2 6.7 5.0 

17 1 5.B 12. B 9.7 12.2 7.0 7.4 
2 B.6 8.4 9.3 7.B 4.7 13.6 
3 6.6 9.3 9.3 12.3 B.7 9.4 

23 1 IB.5 21.9 21. 7 19.4 15.2 15.7 
2 IB.7 IB.4 15.6 26.3 20. B 17.B 
3 23.6 22.2 24.4 32.B 24.2 17.7 

.29 1 32.9 26.1 31.9 29. B 35.0 43.1 
2 33.3 21. 9 37.4 34.9 24.9 43.0 
3 33.9 38.1 45.0 44.5 33.1 40.1 

35 1 34.6 29.3 42.2ab 45.0 46.B 39.5ab * 
2 34. B 31.1 31.5b 32.5 26.5 29.4b 
3 37.1 44.6 51. Ba 49.3 47.4 51.7a 

* within each temperature combination, means followed by 
different letters are significantly (P<0.05) different in 
each of the three runs of this experiment. 
Coefficient of variation = 5B.7% 
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17 C or less. Growth increased as 8-hour period 

temperatures increased, but only four hours of high 

temperature had no effect (Tables 14 and 15). A similar 

result was recorded by Christiansen (1964) with cotton 

hypocotyls, supporting the theory (Levitt, 1980) that the 

negative effect of "chilling temperatures" continues for 

some time after temperatures rise. Four hours of warm 

temperatures was apparently insufficient to overcome the low 

temperature effect. 

Short "bursts" of low temperatures reduced growth 

when prevailing temperatures were high, although less than 

expected. Even four hours at 5 or 11 C reduced growth in 

the Site 1 accession (Table 15), although the Site 2 

accession was little affected and Site 3 response was 

variable. Response in the 8-/l6-hour regime was similar to 

the 4-/20-hour regime. 

These data confirm growth chamber studies 

(Nove1ly, unpb 1.) with rooted !!.. contortus cu t t i ng s. No 

significant difference in response to temperature was 

recorded among accessions. with 8-hour dark periods at 

either 4.5 or 10 C in conjunction with 16 hours at 18.5 C, 

shoot elongation was minimal over 14 days. A 4-hour "burst" 

of -1.5 C in conjunction with 15.5 C for 20 hours also 

restricted growth. However, in all growth chamber 

treatments, subsequent removal of cuttings to an 18/27 C 

temperature in an 8-/l6-hour regime reinitiated elongation 
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in all accessions. There was no significant differences over 

the next 14 days either among accessions or compared to 

cuttings continuously in an 18/27 C, a-/16-hour regime. This 

suggests either the carry-over effect of a low temperature 

"burst" is either of short duration, or that faster growth 

follows an extended period of reduced elongation, 

compensating for an earlier elongation restriction caused by 

carry-over effects of low temperature. Downs and He11mers 

(1975) and Berry and Bjorkmann (1980) suggested cell 

division is less cold sensitive than cell elongation. with a 

return to favorable conditions, rapid elongation of 

previously divided cells produces compensatory growth. In 

either event, ~. contortus appears restricted by low night 

temperatures independent of subsequent day temperature, but 

apparently rapidly resumes growth with onset of favorable 

conditions. 

Overall response (Figures 30 and 31 in the 8-/16-

and 4-/20-hour regimes, respectively) is a function of the 

two alternating temperatures, wi th carryover effects when 

"chilling" temperatures prevailed for the longer time 

period. Since even 4 hours at 29 or 35 C permitted some 

elongation (Figure 31), this supports the observation that 

H. contortus grows even in early spring. However, such 

carryover limits the possibility of relating growth to a 

summation of heat units as done, for example, with maize 

(Bunting, 1976). The 35 C being above optimum also limits 
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this approach, strengthening the hypothesis that using H. 

contortus growth to characterize temperature will be based 

on extreme temperatures, rather than summation of heat 

units. 

The 17 to 50 C range. High temperature was as 

detrimental to growth as was low temperature (Table 16 and 

Figure 32). Carryover effects were more severe than for 

lower temperatures. Growth was minimal even close to optimum 

temperatures for 16 hours, if temperatures near 50 C were 

applied for 8 hours. Such temperatures were often rapidly 

lethal, with zero growth at constant 50 C. Cuttings 

previously at a constant 50 C for 72 hours and placed at 25 

to 30 C for a further 24 hours did not grow and appeared to 

senesce further. 

The Site 1 accession had a slightly higher optimum 

growth temperature than the other two, and appears more 

tolerant of higher temperatures if these are interspersed 

with lower temperatures. Nevertheless, growth is as much 

limited by high as by low temperatures in all accessions, 

temperatures over 40 C (which are common, at least for air 

and soil temperatures, at all sites in late spring and early 

summer), decreas i ng gr owth re lat i ve to tha tat lower 

temperatures. 

Growth was slightly higher at 29/35 C (8/16 hours) 

than at constant temperatures (Table 14), suggesting 

mediation of high temperature effects by a cooler burst. 
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Table 16. Mean adjusted growth (mm) of H. contortus across 
two runs of the 8-/-16 hourtemperature regime 
over a range from 17 to 50 C. 

8 HOUR TEMPERATURE (C) 

17 23 29 35.5 43 50 
16 HOUR 

TEMPERATURE 
(C) 

Site 

17 1 18.2 113.13 22.13 16.1 18.2 4.1 
2 9.6 5.9 14.6 16.1 11.9 3.3 
3 8.6 113.2 15.4 19.1 14.1 1.8 

23.5 1 27.7 32.5 27.8 28.6 25.7 8.7 
2 15.0 22.4 21.9 25.1 23.2 7.5 
3 30.13 21.0 23.5 25.7 21.0 7.1 

29 1 35.3 38.6 48.9a 46.6 40.5a * 12.5 
2 19.9 38.1 21.4b 44.8 29.0ab 4.6 
3 25.7 30.2 30.5b 37.0 23.6b 7.2 

35.5 1 21.9 23.1 27.8 31.0 16.4 6.6 
2 16.4 23.1 31.6 30.7 11. 3 4.9 
3 16.6 19.2 23.8 22.7 9.2 3.4 

43 1 2.3 2.9 2.7 1.9 1.9 1.6 
2 3.1 5.3 5.5 2.3 3.2 1.9 
3 1.9 2.4 2.3 2.9 1.8 0.8 

50 1 0.7 0.5 0.0 0.0 1.5 0.0 
2 12.0 0.6 0.8 0.1 1.3 0.0 
3 1.5 0.6 0.8 0.0 2.3 0.0 

* within each temperature combination, means followed by 
different letters are significantly (P<0.f35) different in 
both runs of this experiment. 
Coefficient of variation = 71.0% 
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This agrees with constant tempera ture data show i ng gr owth 

decline above 30 C. This is less evident with only 4-hour 

alterations (Table 15), suggesting four hours at lower 

temperature are i nsuff i ci ent to counter above opt imum 

temperature for 20 hours. 

Although maximum growth of tropical grasses 

generally occurs at constant temperatures (Ivory and 

Whiteman, 1978a and 1978b), results (Table 14) suggest some 

stimulation by temperature alteration. However, most studies 

examining alternating temperatures confound these with 

diurnal light/dark alternation. Growth here occurred under 

constant light, perhaps explaining the difference between my 

results and those of Ivory and Whiteman (1978a; 1978b). 

Reinberg and Ghata (1964) claim a photosynthetic 

rhythm occurs under constant illumination and temperature, 

varying growth rate. The periodicity involves cell 

multiplication and elongation, both important in leaf 

elongation (Friend and Pomeroy, 1970). Little is known of 

this rhythm, especiallY concerning intrinsic factors, but 

perhaps such an interaction occurred here. 

Root growth 

Of the 4392 cuttings tested, only 181 (4.1%) 

produced roots. At constant temperatures, root initiation 

concentrated between 10 to 20 C and 25 to 30 C over the 5 to 

35 C range, and from 21 to 30 C over the 17 to 50 range. 
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with alternating temperatures, no roots were produced where 

t em per a t u res rea c h e d 5 0 C,o rat 4 3 C un 1 e s sin con j u n c t ion 

with 8 hours of 17 or 24 C. Temperatures of 5 C for 16 

hours or 5 or 11 C for 20 hours inhibited root initiation, 

independent of the alternating temperature. However, 

temperatures above 17 C for 16 or 20 hours were sufficient 

for root initiation, independent of associated low 

temperature. 

Results, although variable, agree with those 

reported elsewhere (Leopold and Kriedemann, 1975), 

suggesting root development in new tillers may be inhibited 

by high soil temperatures in late spring/early summer. In 

Chapter 5, root growth was as much associated with low soil 

temperatures as with increased soil moisture. Low 

temper.ature bursts did not inhibit root growth if in 

conjunction with warm temperatures, suggesting a cold snap 

during root growth should not be detrimental. 

General 

Physiological basis of results 

Whereas light intensity controls lamina length 

through cell division, temperature affects cell length 

(Friend, 1966; Forde, 1966; Friend and Pomeroy, 1970). Leaf 

elongation in maize decreased steadily with temperature to 

13 C, with a subsequent abrupt decrease 

fell further, paralleling a decrease 

as temperature 

in leaf water 
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potential (Barlow, Boersma and Young, 1977). This agrees 

with my results with ~. contortus (Figure 28). 

The response apparently occurs through a physical 

mode of action (Barlow et aI, 1977). Potential causes 

include low apical meristem temperature (Watts, 1972), or 

reduced water uptake at low temperature (Barlow and Boer.sma, 

1972). The cuttings laid flat on the plate permitted 

expression of meristematic response to temperature. 

Although this effect appears important over a wide 

temperature range, Barlow et al (1977) suggest that below a 

threshold value, leaf water status dominates,turgor 

maintenance being required for cell elongation. This is 

independent of "physiological drought" (Krans and Johnson, 

1974), since it directly affects permeability and water 

uptake rates, and is not due to excessive demand. Here, 

water was non-limiting. 

High temperature injury mechanisms are complex. 

Bjorkman, Badger and Armond (1980) claim high temperatures 

cause breakdown of chlorophyll structure and Photosystem 2. 

Chlorophyll breakdown in maize occurred at 34 C (Feierabend 

and Mikus, 1977). H. contortus cuttings at constant 40 to 50 

C were chlorotic. 

High temperatures may promote senescence by 

changes in hormone levels, symptoms evident in tobacco at 50 

C (Steponkus, 1981). Senescence was evident near this 

temperature here. The plastic sheet and rigid cover kept 
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humidity high, perhaps exacerbating the high temperature 

effect. Moisture stressed plants are apparently more 

resistant to high temperatures (Julander, 1945). 

Growthplateaus near 20 C and 28 to 30 Coccurring 

in both Figures 28 and 29, and hence on both plates, 

suggests a biological cause. A similar response occurred in 

Pisum sativum (Leitch, 1916), caused by changes in cell 

permeability at various thresholds. went (1957) and Grabe 

and Metzer (1969) reported germination inhibition and 

minimal hypocotyl elongation at 25 to 26 C in Brassica 

arvensis and soybeans Glyci ne ~ (cv. Ford), respectively. 

Both were satisfactory above and below this temperature. 

Such an inhibition mechanism might be acting here. 

Such plateaus and depressions,or "physiological 

kinks" (Nishiyama, 1972), may be physiological or biological 

in origin. Water near interfaces may undergo a change in 

properties and structure at several discernable temperature 

ranges, modifying physiological reactions (Drost-Hansen and 

Thorhaug, 1967; Drost-Hansen, 1966, 1971). Interactions 

between hormone levels and temperature occur, with 

significant deviations from expected response to both 

increasing and decreasing temperatures (Skene and Kerridge, 

1967; Lougheed and Franklin, 1972; Szyjewicz and Kliewer, 

1982). Such factors may have acted here. 

Th 0 r h aug (197 1), e x ami n i n g the e f f e c t 0 f 

temperature on Valonia bioelectric potential and cell 
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metabolism, recorded a plateau similar to that recorded 

here with H. contortus, perhaps associated with ATP-ase 

activity. Thorhaug (197l) wrote (pg. l56) "data on 

bioelectric potential and other biophysical parameters may 

be misleading when mea~ured over widely-spaced temperature 

intervals." By monitoring continuously from 5 to 35 C or 17 

to 50 C, abrupt changes in elongation rates became evident 

as temperature increased. 

Field application of results 

Temperatures from both high and low extremes in 

these studies could conceivably be recorded in both leaves 

and apical meristems of field grown g. contortus (Beauchamp 

and Torrance, 1969). The high thermal conductivity of the 

grass stalk and water flow through xylem near the soil 

surface means basal leaves or plant crowns could reach 

temperatures approaching those of the soil surface. Although 

leaf temperature often approximates air temperature 

(Linacre, 1964), Ansari and Loomis (1959) measured leaf 

temperatures of 20 C over air temperatures in thick-leaved 

species, and 6 to 10 C over air temperatures in thin-leaved 

species. Ehrler et al. (l978) recorded similar results, the 

temperature difference between leaf and air depending on 

leaf water potential. 

The limited positive effect of even eight hours 

near optimum temperature, if in conjunction with lower 
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temperatures, highlights the importance of temperature in ~. 

contortus spring growth. Slow leaf elongation rates in March 

and April, especially at Sites 2 and 3, were related to low 

night temperatures (Chapter 5). Studies here support that 

contention, and support studies conducted elsewhere 

(Coleman, 1964; Ivory and Whi ternan, 1978b). Therefore, leaf 

elongation in H. contortus could be severely depressed both 

in spring and late fall (low temperature restriction) or in 

mid-summer (high temperature restriction) due to both air 

and soil temperatures, and, as regards high temperature 

depression, that this could occur independent of any 

concurrent negative effect of low plant moisture. 

Low night temperatures could be sufficient to 

reduce (although not prevent) elongation the following day. 

Although data from associated growth chamber experiments 

(Novelly, unpb1.) suggest the carry-over effect may be 

short, where temperatures are favorable during the day but 

are low at night (high elevation or cold air sinks), slow 

spring growth can be anticipated. 

with H. ££~~£~~~~, data in Tables 14 and 15 

suggest 17 C is an approximate threshold for leaf 

elongation, although only a 4-hour "burst" of temperatures 

above this appears insufficient to overcome a low 

temperature carry-over. This agrees fairly well with data in 

Chapters 5 and 6, and with data in the literature (Raison 

and Chapman, 1976; Berry and Bjorkmann, 1980). Maximum bare 
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soil temperatures were above 213 C at all sites on the first 

sampling, although were only 113 to 15 C, or less, under the 

grass canopy or at depth. Consequently, growth initiated, 

but slowly, leaf length (tiller height) increasing only 

gradually for the first month. 

Therefore, the gradient plate response appears to 

reflect the effect of the high temperature bursts (a 

midday/afternoon maximum), and the more prolonged period of 

low temperatures (late afternoon to following morning). The 

only difference is that the gradient plate was under 

constant illumination, with no dark period. Consequently, it 

is possible to postulate that a soil temperature of 

approximately 15 C or above at around 25 cm depth for at 

least 8 hours should permit ~. contortus growth initiation. 

The rate of elongation will be subject to: 

- how much above 15 C the temperature reaches 

- the duration of the temperature above 15 C 

- the low temperature with which the above 15 C temperature 

is associated. 

Which of these three variables may be the actual 

limit (e.g., a warm day and a cold night versus a cool day 

and a mild night) will probably not be evident. However, the 

result is the same, with the low temperature limit 

identified by either bud/tiller death or leaf necrosis. 

In Chapter 5, ~. contortus use to define range 

site temperature status was considered potentially more 
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valuable at low temperatures. High temperatures appeared 

either optimum for growth, or potentially above optimum, 

with the temperature influence confounded by concurrent 

moisture limitation5. The virtually identical temperature 

response in all three accessions below 20 C implies that, in 

this temperature range of interest, no ecotypic variation 

is ev ident among the three sites. Therefor e, a con found i ng 

of range site temperature and differing ecotypic response is 

not anticipated, at least within the area of collection. 

Experimental technique 

The use of the gradient plate to study growth 

response to temperature in plant cuttings appears valid, 

although only for leaf elongation and not root growth. This 

latter use appears to have major limitations. The control 

available over temperature and the possibility of using 

small temperature increments permits numerous treatments 

without a need for many growth cabinets, an~ with control of 

temperature at a given point. However, confirmation of 

general trends in growth chambers would be useful to 

validate the technique in each case. In this instance, while 

growth chamber treatments were far more limited in scope 

than the gradient plate treatments, no discrepencies were 

evident. 

Problems are associated more with the cuttings 

than the plate. Some cuttings failed to grow at all, and 
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others grew only minimally, with no apparent relation to the 

temperatures imposcc. Although covariate analysis 

successfully overcame problems of variability in initial 

cutting size, coefficients of variation were high (Tables 

14, 15 and l6) for what were relatively well controlled 

physical conditions. Covariate analysis _was also unable to 

overcome problems associated with minimal growth of two or 

three cuttings at one temperature in one run, leaving 

unexplained any deviation between runs and significant 

between run interactions. A similar situation exists with 

the use of the plate for T.oot growth, the preparation of the 

cuttings perhaps adversely affecting the root meristematic 

tissue. 

The high coefficients of variation require 

repetition to determine statistically significant 

differences. Yet, the large number of degrees of freedom in 

an experiment with 60 temperatures (treatments) may cause a 

difference to be declared significant where it should not 

occur. As internal repetition is impossible with alternating 

temperature regimes, several runs are required. Since runs 

cannot be exactly duplicated, some between-run difference 

should be expected. Finally, although no ontogenetic effect 

was recorded, cuttings from plants of different ages may 

respond differently, varying results between runs. However, 

despite these problems, for the objectives of this study, 

results were satisfactory. A wide range of temperature 
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combinations was tested, and a considerable body of 

reasonably consistent data obtained. In alternating 

temperature experiments, a "constant 35 C" temperature was, 

in fact, a mean across a sector from approximately 30 to 35 

C. Given this, constant temperatures along the plate axis in 

the alternating temperature experiments produced results 

generally consistent with those of the constant temperature 

experiments, providing evidence of consistency of the 

technique. 

Of major interest if this technique was pursued 

is examination of cutting growth rate and the time required 

for temperature response. Although examined every 12 hours, 

only in one trial was cutting length measured before the end 

of the 72 hours, and then only following 24 hours near 

optimum temperatures. These data show considerable growth 

after 24 hours. It may be possible using constant 

temperatures to reduce the experimental duration. 

Alternating temperatures would need longer time, unless the 

effect of only one temperature alteration was required. 

Both blotting paper and cuttings were wet with 

distilled water with no nutrient sources. Cuttings were 

closed systems, with growth from existing nutrient 

reserves. Reserves must eventually fail, placing an upper 

limit on experimental duration without provision for 

nutrient application. Examination of this point would also 

be of interest. 



CHAPTER 8 

MICROMETEOROLOGICAL ASPECTS OF HETEROPOGON CONTORTUS 
TILLER AND SEEDLING SURVIVAL 

Introduction 

Winter temperature extremes have long been 

recognized as important in determining both the latitudinal 

and elevational range of plants. Turnage and Hinckley (1938; 

pg. 531) wrote: "a single cold night of a quarter of a 

century may do more damage to the natural plant species than 

do all the moderately cold nights combined." Yet, 

distribution can be based on minor temperature changes. 

Nobel (1980) reported differences of 0.1 C were important 

in the distribution of Ferocactus in the southwestern united 

States. 

Observations in southeastern Arizona in 1983 found 

no H. contortus where this species had been prominent in the 

past (Araujo, 1975). Site inventory (Chapter 4) demonstrated 

larger, and perhaps older, ~. contortus plants existed at 

Site 1 than Sites 2 and 3, suggesting plants survived longer 

at the former site. Finally, examination of temperature data 

from southeastern Arizona (NOAA, n.d.) showed periods of 

severe and prolonged frost over the previous eight to ten 

years. For example, in December, 1978, minimum temperatures 

at SRER Headquarters were below 0 C for seven consecutive 
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168 

nights (December 7 to 12), with minimums of -11 and -12 Con 

December 8 and 9, respectively. On both days, maximum 

temperatures remained below 0 C. That such occurrences are 

rare can be judged by examination of temperature 

probabilities. Minimums of -6.7 C (20 F) or below have an 

empirical probability of only 1.4% in January (the coldest 

month), and the probability of maximums below 0 C is 0.4% 

(Green, 1962). Such extreme events could be of major 

importance in ~. contortus survival. 

HO'Never, such temperatures are air temperatures, 

and plants, through morphological adaption or microsite 

selection modify the environmental balance. Smith et al 

(1983) recorded marked differences in plant leaf 

temperatures between species, depending on their position 

on a slope, or differences in plant morphology. Temperatures 

vary over very short distances (Vauclin et aI, 1982), and 

the actual temperature upon which plant survival depends may 

vary significantly from air temperature (Rosenberg, Blad and 

Verma, 1983). Finally, specific plant stages are more or 

less susceptible to extreme temperatures than others, and 

this has a major effect on species distribution. For 

example, Kinraide (1978) claimed the northern range of 

Opuntia imbricata in Colorado reflected seedling temperature 

sensitivity, transplanted adults readily surviving north of 

the natural boundary. 
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Microclimatic aspects of plant survival are also a 

function of soil moisture differences. As with temperature, 

different age classes exhibit differential response to 

temperature (Wright, 1975), microsite differences occur ing 

to enhance or prejudice survival. 

The purpose of this study was to monitor survival 

of H. contortus seedlings and tillers and relate this to 

environmental parameters, specifically temperature, acting 

directly on these units. Since the conditions that determine 

the minimum temperature that a plant must face are a 

function of the heating and pre-cooling recorded during the 

previous day, it was also considered important to determine 

if temperatures varied between different parts of a plant, 

depending on exposure. 

Materials and Methods 

Studies were conducted at all four sites (Chapter 

3). At Sites 1 and 2, an area containing 100 ~. contortus 

seedl ings interspersed wi th mature H. contortus plants was 

marked out on 6 September, 1984. The site 1 area was 

approximately 4 by 3 m, the area at Site 2 approximately 4 

by 6 m. At both sites, ten ~. contortus plants were randomly 

selected and, on each, five vegetative buds marked with 

colored wire on 20 September, 1984. Each plant was 

individually flagged to permit identification. On 

subsequent monitoring visits during 1984 and 1985, and 
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during the 1984/5 winter, surviving seedlings were counted 

and marked tillers examined for survival. Over the next two 

months, problems were encountered with rodents removing the 

wire by chewing through the base of the marked tiller. When 

this was noted, a new tiller on the same plant was marked. 

During January and early February, 1985, 

temperature measurements were made surrounding and within ~. 

contortus plants to measure the microclimate associated with 

plants. Temperatures were measured from approximately one 

hour before sunrise until sunrise on January 16, 18 and 30 

and on 2 February at site 4 and on January 23 and February 1 

at Site 2. On each occassion, ten mature plants (Class IV, 

Chapter 4) were randomly selected and, at each plant, nine 

temperature measurements taken. On the north, east, south 

and west sides of each plant, temperatures were measured 

both 1 cm above g"round sur face 3 cm from the plant base and 

1 cm inside the plant biomass about 8 cm from the soil 

surface. In addition, crown temperature in the middle of the 

plant was measured. When temperatures were measured 

outside the plant, the thermocouple was shielded from the 

prevailing wind by a v-shaped piece of cardboard, about 6 cm 

high placed about 5 cm from the thermocouple. 

The eight readings at the cardinal points were 

taken using a fine-wire (36 gage; 0.127 mm diameter) 

copper ann constantin thermocouple. Crown temperature was 

measured with a 24 gage (0.5105 mm diameter) thermocouple as 
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this was rigid, and permitted placement with minimal 

disturbance of the plant mass. Since the 24 gage couple had 

a longer response time, it was positioned in the crown of 

the first plant examined and, following measurement of 

other temperatures, crown temperature was measured. This 

sequence was then repeated at each subsequent plant. 

Temperatures were also measured in the crown of plants that 

had established in 1984. Although defined as seedlings, some 

had flowered at Site 4. The new seedlings were distinguished 

by limited leaf development and an exposed crown. Seedling 

and soil temperature were measured with the fine-wire 

couple, the latter measured alternately at one of three 

aluminium disks flush with the soil surface. The use of 

disks was to reduce spatial variability of surface 

temperatures (Vauclin et aI, 1982). 

To determine low temperature duration, 

temperatures were measured at both Sites 1 and 2 on February 

1 and Sites 3 and 4 on February 2. On February 1, readings 

were taken at Site 2 until sunrise, and then, approximately 

30 minutes later, crown temperature was measured in 10 

plants at si te 1. On 2 February, measurements were made at 

Si te 4 unti 1 sunrise, and then crown temperature moni tored 

until it was above freezing in all ten plants. Crown 

temperatures were then measured at Si te 3, beg inning about 

one hour later (9:50 am) on 15 randomly selected plants. 

Plants at Site 3 were both shaded and in direct sunlight. 
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On 8 July and 7 August, 1985, surface soil 

temperatures were measured at Sites 1 and 2 using a 24-gage 

thermocouple, at 1:45 pm and 12:55 pm, respectively. At each 

site, surface temperature was recorded in six locations on 

bare and canopy covered soil. 

Plant temperature data were analysed using a 

randomized complete block model, plants being blocks. Crown 

temperatures were compared to soil and seedling temperatures 

by calculation of confidence intervals, as were comparisons 

between plants at different sites on the one day. 

Results and Discussion 

Tiller survival 

No marked H. contortus tillers survived the 

1984/1985 winter. All were necrotic on 29 November, 1984. 

Minimum temperatures at SRER Headquarters were -3.3 and -3 C 

on November 27 and 28, respectively. No regrowth was 

recorded for these tillers during spring, 1985, regrowth 

being from newly developed tillers. 

Seedling survival 

The H. contortus seedling numbers in the marked 

areas at Sites 1 and 2 remained constant until mid-November 

(Table 17), when drought stress was evident at Site 1 and 25 

seedlings were classed as dead. Only four seedlings were 

dead at Site 2, but this appeared unassociated with drought, 
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Table 17. Numbers of seedlings in marked areas at Sites 1 
and 2, September, 1984 to September, 1985. 

Date Site 1 Site 2 --- ---
09/06/84 100 100 

10/20/84 100 100 

10/04/84 100 100 

10/20/84 100 100 

11/01/84 99 100 

11/15/84 75 96 

11/29/84 0 ? * 0 ? 

02/22/85 0 ? 0 ? 

03/15/85 0 ? 0 ? 

04/03/85 54 38 

04/17/85 49 38 

05/17/85 29 31 

06/05/85 19 31 

07/08/85 19 28 

08/07/85 14 28 

09/04/85 9 (7 IInewll) 28 (14 IInewll) 

* Seedlings all appeared dead on this date and were so 
classified. 
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given the status of the other seedlings. On 29 November, 

1984, all seedlings were classed as dead at both sites. 

Subsequent examination over the winter showed only 

brittle leaves steadily breaking down and, even on March 15, 

1985, there was no evidence of regrowth, despite evident bud 

growth (w i th some signs 0 f fr os t damage) in rna ture pI ants. 

However, on 3 April, 1985, 54 seedlings at Site 1 and 38 at 

Site 2 were regrowing from basal buds, with no evidence of 

regrowth from existing aboveground tillers. Numbers 

subsequently declined only slightly at Site 2 until 

September, whereas numbers fell sharply at Site 1, with 

strong evidence of moisture stress (Table 17). 

It appears that soil moisture conditions are of 

major importance to seedling survival at Site 1, temperature 

may be more important at Site 2. At Site 1, 72% of live 

seedlings on 15 November, 1984 survived the winter, compared 

to 40% at Site 2, during a period of apparently adequate 

soil moisture (Chapter 5). In contrast, 81% of seedlings 

that survived the winter died at Site 1, compared to 26% at 

Site 2, apparently from low soil moisture. In the areas 

where 100 seedlings established in 1984, only seven new 

seedlings established in 1985 at Site 1 and only 14 at Site 

2. This suggests a far drier summer in 1985 than 1984 

(reflected in soil moisture data, Chapter 5), with less 

favorable conditions for establishment. 
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Low seedling survival in late spring at site 1 may 

be related to excessive temperatures. Seedlings at Site 1 

were often exposed, beyond~. contortus patch borders. 

Data from Chapters 5 and 7 indicate bare soil temperatures 

above those lethal to H. contortus growth are common at 

Site 1. Low soil moisture in 1985 increased near-surface 

temperatures, and this, in conjunction with physiological 

drought, may be as important as the soil moisture effect ~ 

~. 

Growth cabinet studies (Novelly, unpbl.) have 

demonstrated that two consecutive nights of frost (-2 C for 

10 hours) killed rooted ~. contortus cuttings in a sand 

media. Although cuttings were neither mature plants nor 

seedlings, they exhibited the major characteristic of 

seedlings, in that their crowns were generally exposed and 

little insulation existed to prevent freezing temperatures 

from reaching the crown. This demonstrates the importance of 

low temperatures in determining ~. contortus survival in 

this region without the protection of a favorable microsite. 

Although most mature H. contortus plants appear to survive 

the winter in southeastern Ar i zona, for approx imately four 

months their growth is severely limited, while seedling 

death is common. This appears to be a major possibility to 

explain their limited spread. 
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Plant and soil temperatures 

Weather conditions varied over the winter 

experimental period. Conditions were clear on the mornings 

readings were taken, except on 23 and 30 January when skies 

were overcast with some overnight drizzle. Although variable 

within and among dates, temperatures were generally highest 

in plant crowns and lowest for seedlings (Table 18). 

Temperatures above the soil surface near the plant were 

generally, although not always, lowest on the northern 

aspect of the plant, with little consistent difference among 

other aspects. Temperatures were generally warmer inside 

than outside plants, especially on the western side. 

Soil temperature data show that, particularly on 

cold nights (February 1 and 2), the soil is a heat source, 

temperatures declining with only slight elevation above the 

soi-l surface. It was suggested (Chapter 6) that H. 

contortus basal buds somet imes developed dur i ng winter in 

the protection of the crown, close to the soil surface. It 

was only on growing out from this protection that damage or 

death occurred. These data support that contention, the 

difference of a few degrees sufficient to permit bud 

survival. It also highlights the importance of considering 

the temperatures actually acting on the various plant parts. 

Variation among soil temperatures at the cardinal 

points was less than expected, suggesting that any 

differential warming equilibrates overnight, wi th minimal 
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Table 18. Mean plant and soil temperatures (C), Si tes 2 and 
4, January and February, 1985. 

site 2 Site 2 Site 4 Site 4 Site 4 Site 4 

DATES 

01/23. 02/01 01/16 01/18 01/30 02/02 

NO 6.9 -lr3.7a 3.6 r3.1a 6.B -3.9 
EO 7.2 -lr3.Ba 3.9 r3.6bc 7.13 -3.B 
SO 7.1 -lr3.1a 3.6 r3.2ab 7.13 -3.6 
WO 7.3 -lr3.2a 3.9 r3.6bc 7.2 -3.4 

NI 7.13 -9.3b 4.13 r3.4abc 6.9 -3.7 
EI 7.4 -B.9b 4.3 LId 7.13 -3.7 
SI 7.13 -B.7b 3.9 r3.5bc 7.1 -3.5 
WI 7.5 -B.r3b 4.4 1. ge 7.3 -3.2 

CRWN 7.7. -5.1c 5.2 1.8e 7.13 -2.6 
s.d 13.4. 13.3 13.4 13.7 13.5 1.13 

SOIL 7.B -6.9 3.B 13.5 6.4 -3.B 
s.d 0.1. 13.3 13.3 13.3 13.1 13.2 

SEDL 7.6. -113.1 4.13 -1.13 6.13 -5.8 
s.d 13.2. 13.6 13.2 13.1 13.1 13.3 

MAT B.9 -8.3 3.3 -13.5 5.13 -5.5 

N, E, S, W = north, east, south and west aspects of the 
plant, respectively. 

I and 0 = 1 cm within plant mass or 1 cm above soil 
surface, respectively. 

MAT = minimum air temperature at SRER HQ (Site 2) or 
Campbell Ave. Farm (Si te 4) (NOAA, n.d.). 

SEDL. = seedling crown temperature. 

s.d. = standard deviation. 

For each date, means followed by different letters differ 
significantly (P(r3.r35). 
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difference by one hour before sunrise. Temperatures about 1 

cm inside the plant were somewhat warmer on the western side 

(Table 18), suggesting that equilibration was slower inside 

the plant mass, perhaps due to the lower thermal 

conductivity of the plant mass compared to the soil. 

Crown temperatures were as expected. The plant 

biomass reduced radiational cooling at night and insulated 

the crowns from low outside air temperatures. However, 

despite insulation by the plant mass, crown temperatures 

fell below freezing on two nights when measured. Therefore, 

even large, mature ~. contortus plants are susceptible to 

lethal frosts. Adult plants could be severely damaged, or 

perhaps killed, if temperatures were slow to rise the 

following day or, if as occurred in 1978, they remain below 

freezing. Data in Chapter 7 indicated that leaf elongation 

in H. contortus was minimal below 12 C. Such temperatures 

are evidently common in H. contortus crowns during winter. 

The differences between soil surface temperature and the ~. 

contortus crown temperatures ranged from virtually nil 

(Site 4, 01/23) to 1.8 C higher in the crown {Site 2, 02/01} 

(Table 18). Crown insulation is important, as differences of 

only a few degrees can have a major effect on plant growth 

processes when close to extremes {Levitt, 1980}. Therefore, 

data suggest that even if ~. contortus plants do not enter 

winter dormancy ~~, their growth will be minimal over 

this period. Given the carry-over effect of low temperatures 
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described in Chapter 7, the effects of such low night 

temperatures would extend well into the following day, even 

if daytime temperatures rose considerably, as is common in 

southeast Ar i zona. 

However, of particular importance is the 

difference between crown temperatures in "seedlings" and 

mature plants. Plant morphology in !!.. contortus, where 

leaves grow slightly horizontally before growing vertically, 

although probably of value in keeping buds close to the soil 

surface, does leave the crown open to radiational cooling. 

This, in addition to few leaves to provide insulation and 

the position of the crown lifted slightly above the soil 

surface, keeps temperatures low. Therefore, crown 

temperatures reached in the winter could have a marked 

negative effect on !!.. contortus seedlings, severely reducing 

recruitment of new individuals to replace mature plants 

dying from other causes. Such a differential effect has been 

recorded by Neiring, Whittaker and Lowe (1963) and 

Steenbergh and Lowe (1976). These workers found marked 

differences in the survival of saguaro cactus age and size 

classes, low temperatures being far more lethal to young, 

small plants. 

Such an effect may also be related to the 

protection afforded by neighboring !!.. contortus plants, or 

plants of other species. At Site 2, although more bare 

ground occurs within H. contortus patches than at Site 1 
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(Chapter 4), grasses such as Eragrostis lehmanniana provide 

reasonable ground cover outside patches. This cover, by 

reducing radiational cooling at night, may provide 

considerable protection to ~. contortus --------- seedlings, 

permitting greater dispersal and larger patches. The bare 

soil outside patches at Site 1 would cool. rapidly. This 

may limit survival of ~. contortus seedlings to areas where 

protection is afforded by larger plants. Lateral protection 

can have a marked positive effect on nightime temperatures, 

e s p e cia 11 y on s till n i g h t s (S e lIe r s, 1 965). Th i s e f f e c tis 

related to cover reducing extreme cooling at night during 

the winter. Such cover would also reduce long-term seasonal 

cooling, where the effect would be to delay spring growth 

initiation. 

The location of H. contortus seedlings close to 

the "mother plant" at Site 1 may also be related to the 

effect of shading in reducing soil temperatures (Chapter 5). 

Bare soil surface temperature was 60.6 (+/- 1.25) C on 7 

July at Site 1 (clear skies) but only 40.4 (+/-0.8) C under 

cover. Similar values at Site 2 were 52.3 (+/-0.5) C and 

43.6(+/-0.3) C, respectively. Partly cloudy skies on August 

7 reduced bare soil temperatures to 41.1(+/-0.4) C and 32.7 

(+/-0.5) C at Sites 1 and 2, respectively. Surface 

temperatures under cover were 32.1 (+/-0.3) C and 28.9 (+/-

0.S) C at sites 1 and 2, respectively. Murtagh (1970) 

demonstrated the negative effect of high temperatures on 
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Glycine javanica seedling survival, and perhaps is a factor 

here. 

As with soil nightime cooling, the patch perimeter 

may offer the most favorable daytime conditions for seedling 

establishment at Site 1, soil within patches being too 

shaded, soil outside patches too hot. Good soil cover 

outside patches at Site 2 may provide more widely dispersed, 

favorable sites for ~. contortus establishment, and hence 

more dispersed patches than at Site 1. 

Temperature duration 

Of major importance in the temperature effect on 

plant survival is the effect of low temperature duration. 

At site 2 on 1 February, the mean H. contortus crown 

tempera t ure before sun rise wa s - 5.1 (+ /- 1.6) c. The mea n 

crown temperature of 10 H. contortus plants about. 30 

minutes after sunrise at Site 1 was -1.0 (+/- 1.0) C. On 

February 2, crown temperature at Site 4 reached 0.4 (+/-

0.3) C by 8:45 am, with all temperatures above freezing. At 

Site 3, beginning at 9:50 am, the mean crown temperature of 

15 randomly selected H. contortus plants was 0.1 (+/-0.5) 

C, with seven of the 15 with crown temperatures still below 

freezing. Air temperature (as measured with a thermocouple) 

was 1 to 2 C, at about 1 m above ground surface. 

Therefore, low temperature duration may be as 

important as actual minimums in determining differences in 
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H. contortus survival. On February 1, although part of the 

higher crown temperature at site 1 than Site 2 is probably 

due to plants warming after dawn, differences in temperature 

suggest minimum crown temperatures were probably not as low 

at Site 1 as at Site 2. If Site 1 minimum temperatures equal 

those at Site 2, they probably are of shorter duration, 

Site 2 being shaded from the east by the Santa Rita 

Mountains. This would vary morning warm-up, and low 

temperature duration. 

Lower crown temperatures at Site 3 than Site 4 one 

hour earlier suggest low temperature duration is important 

at Site 3. The importance of early warm-up may explain the 

rarity with which H. contortus occurs at Site 3 shaded 

from early morning sun in winter (the east-south-east). 

Plant circumference is smallest at Site 3 and largest at 

Site 1 (Chapter 4), and crown temperature would fall faster 

in small plants. Consequently, low crown temperatures may 

begin earlier and end later at Site 3 than at other sites, 

and at Site 2 compared to Site 1. 

The long duration of cold temperatures at Sites 2 

and 3, and the lower minimums than at Site 1 probably 

explain the fewer age class III and IV plants at the former 

sites (Tables 3 and 4, Chapter 4). The greater liklihood of 

lethal, extreme minimums, and the overall lower temperatures 

at Sites 2 and 3 compared to Site 1 suggest that plant 
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longevity is greatest at Site 1, and this is reflected in 

the age structure. 

Overall data suggest that extreme temperatures 

could be as important in determining H. contortus ---------
distribution as general mean temperatures. Such extremes may 

be responsible for H. contortus disappearance in some 

locations, and may be important in determining plant 

survival in microsites, especially at Site 1 (slightly 

shaded areas at patch boundaries) and at Site 3 (areas not 

shaded from early morning winter sun). Independent of 

conditions in late fall, g. contortus appears to reinitiate 

growth from buds each spring, with no regrowth from tillers 

initiated the previous year. Consequently, any strategy to 

maintain vegetative tillers in the fall to hasten or improve 

spring green-up appears to be of no use. Seedling survival 

appears limited at Site 1 by high temperatures and/or soil 

moisture deficits, and at sites 2 and 3 by low winter 

temperature extremes. These differences in limiting factors 

may have some bearing on the different distribution patterns 

of H. contortus at the three sites. 

These data, in conjunction with those from 

Chapters 5 and 6, provide an insight to possible reasons for 

patterning differences at the three sites. The H. contortus 

spring growth only begins mid-March. Soil moisture falls 

soon thereafter, depleted by cooler-season species. At Site 

1, this may restrict g. contortus to areas where it only 
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competes against itself, or where soil moisture holding 

capacity at depth is high. If establishment is related to 

favorable sites, it may oe that once established, a H. 

contortus plant creates microsites for subsequent 

germination and survival. If seedling establishment requires 

a shading effect for survival, this would strengthen the 

patterning and reduce spread from the mother plants. Since 

the occurrence (or at least duration) of extreme cold at 

Site 1 may be less than at Site 2, plants live longer, 

become larger, have more crown insulation (which, in turn 

extends lifespan), and develop a dense patch. At Site 2, 

soil moisture conditions are more favorable, reducing the 

problem of early spring soil moisture depletion by cool 

season species, and the need for favorable sites for 

germination. However, the intensity or duration of 

extreme cold appears greater, making seedling and mature 

plant death due to low temperatures more common. Large 

patches and older plants are rare, but between years of an 

extreme event, H. contortus plants are able to spread more 

than at site 1. 

At Site 3, low temperature appears the major 

restriction. Seedlings exposed to the south warm fast on 

winter mornings, reducing low temperature duration. Southern 

aspects also have favorable soil temperatures for growth and 

developm ent. However, since m i cr os i tes with all neces sary 
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conditions are rare, and since the occurrence of extreme 

temperature events (and subsequent plant death) probably 

more common-than at Sites 1 and 2, H. contortus is far rarer 

at Site 3 than Sites 1 and 2. 



CHAPTER 9 

PHENOLOGY AND PHOTOSYNTHESIS RATES OF 
HETEROPOGON CONTORTUS ACCESSIONS 

IntrQduction 

In order to further examine the possibility of 

ecotypic variation in local ~. £~~~~E~~~ accessions, 

examination of phenological response in one locale was 

considered warranted. Data were available on their growth 

(Chapter 7), but phenological data were only available from 

individual sites of origin, where differences in flowering 

may have been as much a result of difference in the 

environment as differences in ecotype. In addition, it was 

considered useful to compare local accessions of H. 

contortus with material from other regions, to determine if 

accessions from near the boundary of their climatic range 

differed in their phenological response from accessions well 

within those areas considered more suited to C4 grasses. 

Because material was limited, and other studies 

(Chapter 6) had demonstrated the variability of 

morphological characteristics, examination of photosynthesis 

rates was considered appropriate. Photosynthesis is 

particularly responsive to temperature over a wide range 

(Graham and Patterson, 1982), and this aspect was considered 

of particular value in assessing accession differences. 

186 
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Materials and Methods 

Studies were conducted at Site 4, Campbell Ave. 

Farm (Chapter 3). Seeds of non-local accessions were 

pr ov ided by the USDA-SCS (Ta ble 19). Loca 1 acces s ions we re 

obtained by collecting rooted tillers from each of Sites 1, 

2 and 3, and were planted on 17 and 18 September, 1983. 

Seeds of the non-local accessions were planted in styrofoam 

containers in soil from Site 4 on 30 March, 1984, and 

seedlings planted at Site 4 on 24 May, 1984. All accessions 

except PI 213517 were defoliated to approximately 40 cm on 7 

October, 1984. The area was irrigated as re~uired. 

On 10 October, 1984, duplicate 20-gage copper

constantin thermocouples were placed at 10-, 25- and 50-cm 

depths in bare soil and under the grass canopy. Temperatures 

were subsequently recorded at each visit to the site. 

Phenological observations were recorded in 1984 

and 1985 during periodic (7- to l4-day interval) visits to 

the site. Flowering was defined as anthesis of the first 

flowering culm. Observations were made on frost damage in 

each accession from November, 1984 to April, 1985, on 

winter dormancy and spring growth initiation, and on heat 

tolerance during summer, 1985. 

On 26 April and 28 May, 1985, C02 drawdown was 

determined for six accessions using the method of Clegg, 

Sullivan and Eastin (1978). Concentration of C02 was 
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Tab1e19. List of H. contortus material received from the 
USDA-SCS, 1984, for testing in common garden at 
Site 4. 

Identification Number Origin 

T 4256 Presidio, Tx. 

PI 216418 Mexico 

PI 225894 Rhodesia 

PI 213517 India 

PI 217174 India 

PI 364892 South Africa 

PM T3169 * CarrizoSprings, Tx. 

34137/131675T * PMT Crystal City, Tx. 

PMT 3128 ** Goliad, Tx. 

PI 228899 ** Mexico 

* Seed did not germinate 

** Seedlings died after transplanting at Site 4 
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determined using an infrared analyser on air extracted from 

a 2.364 liter cuvette immediately on enclosure of ~. 

contortus leaves and 60 (April 26) and 30 (May 28) seconds 

later. Leaf tissue within the cuvette was harvested and leaf 

area subsequently determined using a LICOR area meter. This 

method is considered to provide a measure of net 

photosynthesis (photosynthesis minus dark and light 

respiration). On 26 April, C02 was measured five times for 

each accession, seven samples were measured per accession on 

28 May. Data for each date were analysed by analysis of 

variance, and means separated using the Newman-Keuls 

procedure. 

On 12 July, 1985, height (to the tip of the 

largest fully expanded leaf) was measured in ten tillers of 

each accession. 

Results and Discussion 

Phenology and frost tolerance 

Germination was variable and very slow in all 

accessions received from USDA-SCS. Two accessions (PMT 3128 

and PMT3407 - Table 19) did not germinate. Accessions PMT 

3169 and PI 228899 produced only three and two weak 

seedlings, respectively. These did not survive 

transplanting, despite individual plant watering and shading 

from mid-day and afternoon sun. The number of seedlings per 

accession ranged from three to ten, except for the three 
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local accessions, where approximately 35 plants of each 

accession were established. 

All other accessions developed well in 1984. Site 

1, 2 and 3 accessions flowered in April, 1984, and 

transplanted seedlings flowered in August, except for PI 

217174, which flowered in September and PI 213517, which 

first showed evidence of flowering on 20 October, 1984. 

Accession PI 217174 appeared very chlorotic in summer, 1985, 

one plant died, and the others appeared unthrifty. No 

apparent reason for this could be determined. 

Soil temperatures recorded on various dates at 

Site 4 are presented in Table 20. The first frosts at Site 4 

in fall, 1984, were recorded on 17 and 24 November (-1.1 C), 

27 and 28 November (-2.2 C) and 29 November (-3 C). All 

accessions showed evidence of severe frost damage when 

examined on 28 November. Some new bud development was 

evident on 5 December, especially in PI 216418, and was 

least evident in T 4256. On 19 and 26 December, only PI 

216418 and PI 364892 were showing any evidence of green 

leaves or buds, and no evidence of green leaves were 

apparent on on any accession on 1 January, 1985. 

Regrowth in 1985 was first recorded for accessions 

T 4256 and PI 225894 on 20 February, and for all accessions 

except PI 217174, PI 213517 and PI 364892 on 28 February. 

Regrowth was most evident in PI 216418 and T 4256, especially 

by 15 March. Accession PI 217174 initiated regrowth by 22 
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Table 20. Soil temperatures (C) at 10-cm and 50-cm depths 
at Site 4 in bare soil and under the canopy, 
fall, 1984 to summer, 1985 

Date Bare Soil Under Canopy 

10-cm 50-cm 10-cm 50-cm 

11/14 ** 20.0 (3.5)* 16.4 (0.5) 14.5 (0.4) 15.6 (0.3) 
(11:50) 
11/28 7.8 (0.2) 10.0 (0.3) 6.9 (0.8) 11. 0 (0. 9) 

(10:05) 
12/05 10.0 (0.3) 10.6 (0.1) 10.0 (1. 2) 10.7 (0.3) 

(11:45) 

01/01 10.3 (0.2) 10.8 (0.1) 8.4 (0.3) 10.5 (0.6) 
(J,1:05) 
02/20 13.5 (0.1) 13.5 (0. 2) 12.9 (0.4) 13.1 (0.4) 

(11:15) 
02/28 17.6 (0.1) 13.4 (0. 1) 14.6 (0.6) 12.4 (0.1 ) 

(13:45) 
03/15 14.5 (0.1) 16.6 (0.1) 13.2 (0.1) 16.2 (0.1) 

(11:15) 
03/22 20.8 (0.2) 15.2 (0. 1) 16.6 (0.0) 14.6 (0.2) 

(13:45) 
04/15 24.5 (0.2) 23.4 (0. 1) 22.9 (2.0) 21.7 (0.2) 

(11:00) 
04/26 26.2 (0.4) 22.8 (0.0) 22.9 (0.1) 22.3 (0.2) 

(14:50) 
05/17 33.0 (0.1) 24.2 (0.3) 26.8 (1. 3) 22.3 (0.3) 

(14:00) 
OS/28 29.6 (0.9) 26.0 (0.4) 25.5 (0.4) 24.0 (0. 1) 

(12:00) 
06/05 28.6 (0.2) 25.0 (0.2) 25.0 «(iJ. 3) 24.0 (0.1) 

(12:00) 

Standard deviation. * 
** Time of day temperature recorded (all a.m.) 
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March, with no overwinter survival apparent in PI 213517 and 

PI 364892. 

Flowering was recorded for Site 1 and 2 

accessions and for T 4256 and PI 216418 on 15 April. The 

Site 3 accession was in the boot stage on this date. The 

Site 3 accession and PI 225895 flowered on 24 April, and PI 

217174 flowered on May 17. Seed fall was recorded first for 

PI 225894 on 28 May, and during June for all other 

accessions. 

These flowering data generally confirm 

observations by Tothill (1966), and support the general 

contention of Evans (1975) that C4 species adapted to higher 

(non-tropical) latitudes flower under long days, as opposed 

to the more general case of flowering in short days or being 

day neutral. Local accessions and those from Texas and 

Mexico (T 4256 and PI 216418) from subtropical or mid

latitude origin flowered earlier than PI 225894 from 

Rhodesia, with the Site 3 accession intermediate, but closer 

to the PI 225894 date. The low latitude Indian accessions 

were slowest, this being most evident in 1984 when PI 213517 

only flowered late in October. However, since exact 

latitudes of origin of non-local material were unavailable, 

this leaves open discussion of differences of the two Indian 

accessions and their differences in phenology and winter 

survival. It is feasible that PI 213517 was from lower 

latitudes than PI 217174 (this would agree with both 
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flowering data and overwinter survival), but this is 

speculative. 

Data suggest that the local H. contortus 

accessions are at least as frost tolerant as exotic 

accessions,and more so than some. Accessions PI 213517 and 

PI 364892 from India and South Africa, respectively, did not 

survive the winter. The PI 364892 result is difficult to 

explain since this South African accession was expected to 

show a certain level of frost tolerance given its supposed 

general latitude of origin. Although from a higher latitude 

than other accessions (e.g. PI 225894 from Rhodesia), 

confounding of latitudinal and elevational differences may 

explain its unexpected response. 

Of interest is the continued growth of some 

accessions, especially PI 216418 and PI 364892 but including 

those from Sites 1, 2 and 3, into December,' with winter 

dormancy only occurring in January 1985. Soil temperature 

and air temperature (NOAA, n.d.) data suggest that Site 4 is 

a warmer site than either Sites 1 and 2 (Chapter 5 and Table 

20), as anticipated by the lower elevation. The effect of 

extreme temperatures below 0 C would be similar at both 

sites, but the overall warmer conditions at Site 4 (despite 

slightly lower mean minimums at Site 4 than SRER 

Headquarters) would provide more periods of sufficiently 

warm weather to stimulate this growth. 
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The mean air temperature maximums and minimums at 

SRER HQ in December were 14.3 C and 2.2 C, respectively. 

Values at Campbell Ave. Farm were 17.4 C and 1.9 C, 

respectively. This may be sufficient to explain the 

difference in the duration of growth into the fall between 

Sites 1,2 and 3 and site 4. A second hypothesis is that the 

soil at Site 4, remaining near field capacity through 

November and December, had a greater heat capacity than 

soils at Sites 1, 2 or 3, maintaining higher soil 

temperatures at night. As mentioned in Chapter 8, cool 

season growth is generally made during periods of warm 

weather from buds developing from the crown, and not from 

the continued growth of new tillers. The extent to which 

this development becomes obvious is a function of the number 

of days between tiller emergence from the microclimatically 

favorable position below the crown and the next frost. 

Irrigation was halted from about mid-December. until 

February, and the steady reduction in heat capacity, and 

cool temperatures in late December and January, may have 

steadily reduced the difference between Site 4 soil 

temperatures and those of other sites. 

As with the delayed winter dormancy at Site 4 than 

at other sites, growth was earliest at Site 4 in 1985. Mean 

minimum temperature at SRER HQ was 2.4 C and 5.2 C,and mean 

maximum 15.9 C and 19.7 C in February and March, 

respectively. At Campbell Ave. Farm, mean minimum 
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22.6 C in February and 

accessions appeared to be 
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5.3 C, and maximums 19.1 C and 

March, respectively. Local 

as cold-tolerant as most other 

accessions, except for T 4256 and PI 225894, from Texas and 

Rhodesia, respectively. However, the difference between 

these two exotic accessions and local material was marked. 

This suggests that current studies on the use of g. 

contortus in soi 1 stabi 1 i zation (S. Lambert, conversati on, 

1985) should consider the possibility of greater cold 

tolerance in exotic material, and thus earlier spring growth 

in this region. 

Photosynthetic capacity 

The choice of the two dates, 26 April and 28 May, 

on which photosynthesis was measured aimed at examining 

photosynthetic capacities on both a cool and a hot day, 

hence discriminating between accessions of different origin 

on the basis of their adaption to one regime or the other. 

Air temperatures around noon were 20.8 C on 26 April and 

36.2 C on 26 May. Photosynthesis was measured on the three 

local accessions and on T 4256 PI 216418 and PI 225894. 

Accession PI 217174 was not measured because of the 

unthrifty state of the plant. 

Air temperatures on 26 April were below those 

considered optimum for C4 species (Graham and Patterson, 

1982) and based on data from Chapter 7. However, 
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temperatures may have been higher inside the cuvette. 

Al though not measured on 26 Apr i 1, measurements on 28 May 

showed that temperatures within the cuvette reached 43.0 C 

when outside air temperature was 36.2 C. It may be assumed 

that such an increase also occurred on 26 Apr i l. 

Al though overall differences among accessions in 

photosynthesis were slight on 26 April (Table 21), 

photosynthetic rates were highest for the Site 3 accession 

and lowest for PI 225894. Accession PI 225894 is from 

Rhodesia, suggesting temperatures were perhaps less than 

optimum for this tropical accession. The Site 3 accession, 

from high elevation Molino Basin, was perhaps more adapted 

to the low temperatures. However, this does not explain 

the lower value for the Site 2 accession compared to the 

Site 1 accession, suggesting some other factor may have been 

involved. 

No significant differences in photosynthesis were 

recorded among accessions on 26 May. Temperatures were 

high, and within the cuvette perhaps above those considered 

opt i mum fo r .!!. contortus. The si te 3 access i on was aga i n 

the highest and PI 225894 the lowest. 

The considerably lower photosynthetic rates on 28 

May compared to 26 April suggest that conditions, probably 

caused by high temperatures, and perhaps in association with 

physiological drought, were less favorable in May. Site 4 

was irrigated as required, and there ~las no evidence of 
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Table 21. Photosynthesis rates (mg C02 dm 2 hr- l for !!. 
contortus accessions at Site 4, April 26 and May 
28, 1985, and plant height (cm), 12 July, 1985. 

Photosynthetic rate Height 

12 July 1985 
Accession 

26 April 1985 26 May 1985 

Site 1 21.35 bc 10.73a 94.5 (4.5) * 

Site 2 15.58 ab 10.59a 95.6 (7.6) 

site 3 24.34 c 13.08a 90.6 (7.8) 

T 4256 16.38 bc 11. 89a 62.2 (2.1) 

PI 216418 18.12 bc 10.70a 91. 2 (2.7) 

PI 225894 11. 77 a 8.22a 76.5 (3.2) 

* SD - standard deviation 

Means of photosynthetic rate followed by the same letter 
do not differ significantly (P(0.05). 
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moisture stress. In May, the area was irrigated 

approximately 72 hours before the photosynthesis 

measurements were taken. Skies were clear and humidity low 

on both days, and solar radiation levels similar and 

apparently not limiting. 

Photosynthetic rates are low compared to published 

values for C4 species (Waller and Lewis l 1979). Generally, 

C4 species are capable of C02 assimilation rates of between 

50 and 80 mg C02 dm- 2 hr- l , as compared to rates between 15 

and 35 mg C02 dm- 2 hr- l for C3 species. However, such rates 

are maxima under optimum conditions, and it is not uncommon 

for field grown C4 range grasses to exhibit considerably 

lower rates in southwest Arizona (Dobrenz, conversation, 

1985). 

The most probable explanations for the low 

photosynthetic rates are a lower than optimum temperature on 

26 April and high temperatures on 28 May. In addition, on 28 

May, leaf material appeared to be slightly wilted, with some 

lesions. This may have been in response to the high 

temperatures over this period (Table 20) and the initiation 

of senescence in tillers that had flowered weeks before. Low 

photosynthetic rates at high temperatures are common in this 

region (Dobrenz, conversation, 1985) probably associated 

with soluble protein breakdown and enzyme disruption. 

Photorespiration was not the cause in C4 H. contortus, 
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suggesting physiological disruption as the most likely 

cause. 

The consistently lower photosynthetic rate in the 

Site 2 accession on both dates compared to the Site 1 and 3 

accessions (Table 21) supports observations from 

thermogradient plate studies (Chapter 7) that this accession 

may be inherently less product i ve than ei ther of the other 

two. At all temperatures between approximately 15 to 35 C, 

leaf elongation rates for the Site 2 accession on the 

thermogradient plate were below (often significantly) those 

of either the Site 1 or the Site 3 accession, or both (see 

Figures 28 and 29). Although differences in photosynthetic 

rate were non-significant on 28 May, and there was no 

significant difference between the Site 1 and Site 2 

accessions on 26 April, this consistent ranking of the 

accessions suggests that thete may be an inherently lower 

growth potential in the Site 2 accession compared to the 

other two. The occurrence of these potential differences in 

growth at temperatures close to those at which differences 

in leaf elongation were rhapter 7 supports the contention 

made in previous chapters that the most useful period at 

which a comparison of ~. contortus growth among sites may 

aid in the characterization of range sites would be in the 

cooler range of temperatures, rather than those at extremes. 



Plant height 

Plant height 

accessions (Table 21). 

2 ':H~ 

varied little among local 

Th i s con t r a s ted wit h d a t a fro m 

Chapter 6, confirming height is an environmentally, and not 

genetically determined factor. Its use as a variable to 

measure site characteristics appears warranted. There .was 

some apparently genetically based height differences, 

perhaps reflecting adapt ion to locale of origin. Overall, 

heights of local accessions were above those recorded in the 

field, conditions at irrigated Site 4 apparently more 

favorable. 



CHAPTER 10 

SEED PRODUCTION AND GERMINATION 
IN HETEROPOGON CONTORTUS 

Introduction 

Seed production and germination is an important 

determinant of a species' ability to maintain itself in a 

particular habitat. Germination requirements generally 

reflect habitat conditions. Lindauer and Quinn (1972), using 

nine populations of Danthonia serica, were able to relate 

germination patterns to habitats of origin, either wet or 

well-drained. Cyclical changes in habitat conditions often 

modify vegetation composition. Mott (1972) investigated 

relations between germination requirements and composition 

of summer and winter floras in an arid area of Western 

Australia. Summer rainfall and high surface soil 

temperatures (mean maximum over 60 C for four months) 

encouraged grass dominance, while winter conditions promoted 

dicots. 

Al though studies on germination requirements are 

widespread, results are often empirical and species 

dependent, especially with regard to temperature effects, 

although some general trends have been recorded. However, 

these too are variable. Whereas, alternating temperatures 

are generally considered to stimulate germination (Toole, 
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1976; Stubbendieck and McCully, 1976; among others), other 

authors, including Tothill (1977) with Australian accessions 

of ~. contortus, have recorded reduced germination with 

alternating temperatures. Similar contradictions exist with 

regard to the range of temperatures suitable for germination 

(Taylor son and Hendr icks, 1977). 

Consequently, studies were proposed to examine the 

germination pattern of ~. contortus, especially with regard 

to temperature, using accessions from southern Arizona. Seed 

was tested soon after collection, and after different 

storage periods. However, germination was minimal, leading 

to subsequent examination of possible changes in germination 

over time and the effect of various media in modifying 

germination. In addition, observations were made on the seed 

production pattern of ~. contortus at each site, with a view 

to examine the possibility that seed production may be of 

importance in its restricted spread. 

Materials and Methods 

Germination studies were conducted at the Range 

Lab, University of Arizona, and at the USDA/ARS facilites 

and the Arizona Crop Improvement Center (ACIC) Seed 

Laboratory. Seed was collected in mid-september, 1983, from 

both Sites 1 and 2, and from Sites 1, 2, 3 and 4 at various 

dates in 1984. 
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Seeds were germinated in plastic petri dishes 

under constant illumination at 313 C. At the Range Lab, 8-cm 

diameter covered petri dishes and No. 8 Whatman's filter 

paper were used, with 513 seeds per dish. At the ACrC'lab, 

germination was in covered plastic plates on standard 

germination paper (Van der Crommert, conversation, 1984) 

with 11313 seeds per plate. Seeds were moistened with 

distilled water unless otherwise noted. 

To examine the effect of media,sieved, dry soil 

from Site 4 was placed in two perforated dishes 

approximately 413 X 25 cm, and 8 cm deep. Seed (approximately 

8 weeks of age) was sprinkled on the surface (21313 seeds per 

dish) awned seeds in one dish and deawned seeds in the 

other. The surface was lightly scarified and soil moistened 

by placing of the dishes in trays with approximately 1.5 

cm depth of tap water. Soil was maintained moist, and soil 

was kept in a temperature controlled glasshouse. Any plant 

germinating was maintained until it could be identified as 

either H. contortus or not. 

To examine the effect of seed coats, quadruplicate 

samples of 11313 seeds (two samples each from Sites 1 and 2) 

were weighed and then allowed to imbibe distilled water for 

48 hours at low temperature (2 to 3 C} to prevent fungal 

growth. weight was then recorded following 313 seconds on 

absorbent paper to remove surface water. A further 

quadruplicate lot of 50 seeds was scarified using a 10% 
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solution of Chlorox bleach. Seeds were agitated in the 

bleach for 15 seconds, washed under running water for 1 

minute and then placed for germination. A third 

quadruplicate lot (total 200 seeds) was placed in distilled 

water for five days at 2 to 3 C for imbibition, the water 

being changed every 48 hours. Seed was then washed, and 

placed for germination. All seeds were approximately 12 

months old on testing. 

At visits to the sites when plants were flowering, 

seed production and seed dispersal in ~. contortus was 

examined. 

Results and Discussion 

Seed collected in September, 1983, exhibited 

minimal germination in March, 1984, and again in May, 

September and October. Recorded germination percentages 

never exceeded 12%. Material collected in fall of 1984 was 

tested from soon after collection until spring, 1985. 

Germination was also minimal. Finally, a test of nine seed 

lots was made in August, 1985. Germination had increased 

considerably, although was by no means satisfactory in all 

lots. Maximum recorded germination was 52.8% for the Site 2 

accession (collected 6 September, 1984), the minimum 2.7% 

(seed collected at Site 1 on 6 October, 1984). Seed 

collected in September, 1983, germinated 18.3% and 21.7% for 
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the Site 1 and site 2 accessions, respectively. There was no 

apparent effect of site or date of collection. 

Seed coat inhibition of water was not a factor. 

Site 1 seed increased weight by 60.4 (+/-6.5)%, Site 2 seed 

gaining 62.0(+/- 6.2)% in weight. Leaching with Chlorox 

bleach or water had no positive effect on germination, and 

changing the media from filter paper to soil was 

ineffective. No H. contortus seeds germinated from either 

awned or unawned lots. 

Overall results confirm the data of Tothill 

(1977). H. contortus has a two phase dormancy mechanism. 

Initial dormancy resembles epicotyl dormancy, germination 

minimal in seed under 4 months of age, even in naked 

caryopses. Dormancy disappears in naked caryopses after 4 

months of age, but germination remains low for intact seeds, 

suggesting seed coat inhibition. Dormancy diminishes with 

time, with germination a maximum near 12 months of age. Such 

inhibition is apparently rapidly reduced in soil as opposed 

to filter paper germination. Apparently, the negative effect 

of the change of medium to soil in these studies was caused 

by using seed at too young an age. If more mature seed had 

been used, results may have been different. 

The ability of the seeds to imbibe suggests there 

was no mechanical restriction to water entry. Neither 

distilled water nor Chlorox bleach was sufficient to remove 

the inhibitor, although, with the bleach, low germination 



may have been as much the result of the bleach negatively 

affecting germination as a lack of effect on inhibitors. 

Tothi11 (1977) related his results to 

environmental conditions in the locale of origin of his seed 

(the seasonally dry tropics). Germination of seed soon after 

dispersal from the plant would rapidly face moisture and low 

temperature stress. Germination early in the subsequent wet 

season could risk a false start, and subsequent seedling 

mortality. Obviously, similar conditions exist here. The 

difference is that the dominant stress that a seedling would 

face if germinating soon after dispersal would be low 

temperature stress. Previous studies (Chapter 8) suggest 

that low temperature is an important limit to seedlings 

some six to seven months old. Even younger seedlings would 

be even more affected, as they probably would have 

insufficient time to develop resezves and the bud structure 

essential for regeneration the following spring. Since there 

is no tiller survival overwinter, reserves would be vital. 

The disagreement between my data and those of 

Tothi1l (1977) comes from the slow increase in germination 

of the 1983 collection. No explanation exists for this. 

Conditions were apparently satisfactory during flowering and 

seed formation, with more (although not excessive) moisture 

available than suggested by mean figures. Seed collected in 

September, 1984 was germinating to a far greater extent 12 

months later than had the 1983 collection. 



Seed fertility in C4 species is lower at mid

latitudes than low latitudes (Tothill, 1977), and 

germination here was low compared to reports in the 

literature (Tothill, 1977). It is possible that the low 

fertility of local accessions may have an effect on H. 

contortus spread. Seed falls in "lumps" close to the parent 

plant, awns intertwining before seed falls from the plant. 

Once seed falls, dormancy prevents germination until the 

following summer. Awns often falloff the seed, but those 

that remain screw the seed into the ground close to where it 

fell from the plant. Such grouping of seedlins was 

particularly evident at Site 4 where, even with flood 

irrigation, seeds moved very little from parent plants. 

Grouping is also evident at Site 3, where, even though there 

is no patch pattern, seedlings remain close to the parent 

plant. 

Therefore, part of the patterning associated with 

H. contortus may be a function of seed dispersal pattern of 

the species, and that seed movement away from the plant, and 

inherent low fertility, reduces H. contorus spread. 



CHAPTER 11 

CONCLUSIONS 

The major conclusions from this study are: 

- Because of its temperature requirement, ~. contortus 

initiates growth relatively late in the period of adequate 

winter soil moisture. Such late initiation permits only a 

limited period for growth before exhaustion of such 

moisture. Growth in fall is restricted by low air and soil 

temperatures, end ing wi th the first frost. Therefore, from 

Objective 1, the site characteristics where H. contortus is 

an evident stand component are related to its requirement 

for a warm microsite as elevation increases (an increasingly 

southern aspect and steeper slope), or a microsite withmore 

favorable moisture conditions at low elevation (roadside 

edges, the borders of washes or microtopographic 

depressions) to take advantage of improved soil moisture 

C'onditions. 

- The H. contortus communities vary among the sites examined 

(Objective 2). Differences occur in plant size and pattern 

among sites. These differences appear related, either 

directly or indirectly, to the environment, particularly air 

and soil temperatures (high elevations) and soil moisture 

available for establishment and growth (low elevations). 

208 
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-The ~. ££~~£~~~~ growth pattern and morphological 

development (Objective 3) were consistent at three sites 

over two growing seasons in southeast Arizona. Growth was 

entirely associated with the current year, there being no 

carry-over of tillers between years. 

- Studies indicate no difference in response among local ~. 

contortus accessions to low temperatures. Therefore, there 

has been no apparent ecotype development to better adapt to 

differences among sites (Objective 4). Hence, response to 

low temperature in the field should not be confounded with 

ecotypic response within the general area from which 

accessions were collected. However, some ecotypic difference 

may exist at higher temperatures. One accession from 

approximately 1400 m elevation at SRER appears to have a 

lower growth potential than two other local accessions. This 

should be confirmed. 

- Ecotypic differences do exist between ~. ££~~£~~~~ 

accessions from southeast Arizona and material from outside 

the region (both from within the United States and from 

overseas). This suggests potential does exist for the 

development of site specific ecotypes, demonstrating the 

variability in this species. Such ecotypical differences, if 

detected, would limit extrapolation of results in this 

dissertation to an elevation range of 900 to 1500 m in 

southeastern Arizona. 
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- The response to temperature of ~. contortus in ---------
southeastern Arizona appears typical of C4 species 

(Objective 5). Although late February/early March 

temperatures are apparently sufficient for growth 

initiation, occasional chilling temperatures damage leaves, 

and frost kills developing buds and tillers. Such buds and 

tillers are unable to survive more than two consecutive 

nights of below 0 C temperatures. 

- H. contortus accessions from southeastern Arizona ---------
apparently exhibit a threshold leaf temperature for 

elongation around 15 C. However, low night temperatures in 

conjunction with higher daytime temperatures may modify this 

response due to carry-over effects. 

- Reduced growth in late spring and early summer appears 

associated with high air temperature as well as reduced soil 

moisture. Studies under controlled conditions show optimum 

leaf temperature for elongation near 30 to 35 C. Soil and 

air temperatures are considerably above these values for 

extended periods in summer. Photosynthetic rates in May are 

low, despite adequate soil moisture. These data suggest a 

strong restriction to ~. contortu~ growth at this time, 

probably associated wi th physiological drought and adverse 

effects of high temperatures and low atmospheric humidity on 

plant tissue and the photosynthetic process. 

- Root initiation in near-surface soils in late summer may 

be as much stimulated by lower soil temperatures as by 
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increased soil moisture. Near-surface soil temperatures in 

late spring/early summer are apparently prejudicial to root 

growth, as determined on the gradient plate. 

- Temperature has a major effect on g. contortus growth and 

survival (Objective 5). Seedling survival appears to be 

increasingly determined by temperature as elevation 

increases. This may be associated with low seedling crown 

temperatures. However, the reduced importance of soi 1 

moisture at higher elevations may be due to more favorable 

soil moisture, rather than to domination of a moisture 

limitation by a temperature limitation. Soil moisture 

appears the major limit to seedling development at lower 

elevations, and may be responsible for within-site 

patterning at these sites. 

- Extreme events of low temperature may be responsible for 

the limited g. contortus presence at high elevations or in 

frost pockets at low elevations. Such events are rarer at 

low elevations, and plants, being larger, appear more able 

to withstand those extremes that do occur. 

- Heteropogon contortus is responsive to differences in soil 

temperature between sites. These responses are sufficiently 

consistent to consider g. contortus growth and development 

as an indicator of range site temperature status. 

- Data suggest soil temperature (in association with frost 

incidence) and soil moisture determine H. contortus ---------
distribution in southeastern Arizona (Objective 6). A C4 
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species, H. contortus has invaded areas where the climate 

is considered generally unfavorable for it. To do so, it has 

extended its actual range by growth in favorable microsites. 

South and south-westerly aspects, with slopes increasing 

with elevation, are evidently required as elevation 

increases. As lethal, extreme low.temperature events become 

more frequent, community age structure changes, with young 

g. contortus plants dominating. At low elevations or at more 

arid sites, soil moisture appears a major determinant of H. 

contortus growth and survival. At such elevations, H. 

contortus is restricted to locations with a more favorable 

moisture regime, especially for establishment. 

- H. contortus seeds from local accessions exhibit dormancy 

following ripening. Germination values are low in seed less 

than 8 months old. Overall germination rates are low, 

perhaps associ a ted with low tempera tures dur i ng seed 

ripening, and this may have some influence in its reduced 

spread. However, observations suggest that seed falls in 

groups due to tangled awns, with little subsequent movement 

from the mother plant. This may be important in within-site 

g. contortus patterning (Objective 2). 

- Soil temperatures at depth are correlated between sites 

and years within that region of the SRER from 950 to 1400 m. 

This occurs despite spatial difference in summer rainfall, a 

major modifier of soil temperatures. Data analysis suggests 

that precise soil temperature monitoring from a numb~r of 
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selected sites may be more efficient than less precise 

monitoring at every experimental location. This would 

overcome the current lack of long-term data and warrants 

confirmation. 

- The temperature gradient plate is an adequate means of 

testing response to temperature of grass cutting elongation. 

However, coefficients of variation are high' and repeats of 

all experiments are required. The technique does not appear 

adequate at present for the examination of root growth. 



APPENDIX A. TABULAR DATA ON BOTANICAL COMPOSITION AT SITES 
1 AND 2. 

Table A-I. Botanical composition by weight at Site 1. 

Heteropogon contortus 
Bouteloua rothrockii 
Haplopappus tenuisectus 
Aristida spp. 
Digitaria californica 
Eragrostis lehmanniana 
Muhlenbergia porteri 
Opuntia sp. 

Composition by weight 
( %) 

3 
44 
24 
10 

7 
5 
1 
1 

Table A-2. Botanical composition by weight at Site 2. 

Heteropogon contortus 
Eragrosti~ lehmanniana 
Bouteloua eriopoda 
B. filiformis 
~. curtipendula 
Prosopis ju1iflora 
Perennial forbs 
Aristida spp. 
Opuntia 
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Composition by weight 
( %) 

50 
16 
12 

8 
6 
1 
5 

Trace 
Trace 



APPENDIX B. SPECIES LIST OF BOTANICAL COMPOSITION AT SITE 3. 

Understory: 

Overstory: 

Heteropogon contortus 
Boute1oua curtipendu1a 
Muh1enbergia emers1eyi 
Andropogon cirratus 
A. barbinodis 
Digitaria ca1ifornica 
Aristida sp. 
No1ina microcarpa 
Agave sp. 

Quercus ob1ongifo1ia 
Arctostaphylos pungens 
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APPENDIX C. CALIBRATION CURVES BETWEEN SOIL MOISTURE 
POTENTIAL (ATMOSPHERES LOG 10) AND 
WHEATSTONE BRIDGE READING ON BOUYOUCOS 
BLOCKS 
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APPENDIX D. GRAVIMETRIC MOISTURE CONTENT (G/100G 
O.D. SOIL) AT SITES 1 AND 2, 1984 AND 
1985. 

SITE 1 SITE 2 

Depth (em) Depth (em) 

9-10 20-25 40-50 0-10 20-25 40-50 
DATE 

02/10/84 4.0 8.2 11.5 3.6 6.6 9.5 
03/22/84 1.2 4.2 4.8 1.8 3.2 3.7 
05/04/84 1.5 2.5 2.8 0.8 2.6 3.5 
04/19/84 0.6 3.4 4.4 1.0 3.0 3.1 
05/01/84 1.3 3.1 3.1 3.4 3.2 3.2 
05/19/84 0.4 1.4 3.5 0.4 1.1 2.5 
OS/29/84 0.3 1.5 2.4 0.2 1.0 1.3 
06/12/84 0.4 0.5 0.2 0.4 0.5 0.6 
07/01/84 0.5 0.7 0.9 6.9 6.2 1.7 
07/12/84 2.0 1.9 1.9 3.9 4.3 4.5 
07/26/84 4.7 7.2 2.4 2.8 5.2 5.6 
08/09/84 5.9 4.1 2.9 7.3 7.5 7.1 
08/23/84 7.4 7.5 7.9 5.4 6.6 7.1 
09/06/84 1.8 3.8 4.4 3.4 5.5 6.6 
09/20/84 0.4 2.5 2.5 1.3 3.7 4.6 
10/04/84 9.8 10.1 4.9 7.8 8.3 8.4 
10/20/84 5.9 6.7 6.2 2.8 5.1 6.2 
11/01/84 4.5 6.7 6.2 2.8 5.1 6.2 
11/15/84 3.4 5.5 5.5 2.9 4.4 4.7 
11/29/84 5.8 4.5 4~9 7.7 4.5 4.3 
12/31/84 9.7 9.1 8.7 7.0 12.0 7.3 
02/13/85 0.8 4.3 6.2 3.5 3.8 4.5 
02/27/85 9.4 9.8 10.1 12.2 12.3 10.4 
03/15/85 5.9 7.2 9.4 6.3 8.2 8.2 
04/03/85 1.8 5.4 5.9 2.8 3.1 3.3 
04/17/85 1.6 4.3 4.3 1.3 3.0 3.2 
05/17/85 1.0 2.4 2.6 1.4 2.8 3.1 
06/05/85 1.1 1.4 1.6 1.2 2.0 1.9 
07/08/85 0.7 1.1 2.0 1.0 1.0 1.2 
08/07/85 5.2 5.9 0.5 6.0 6.1 7.3 
08/21/85 7.8 3.1 2.9 5.3 3.0 3.8 
09/04/85 4.5 5.3 1.3 1.2 1.4 2.8 
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APPENDIX E 

MORPHOLOGICAL EXAMINATION PROCEDURE 

On some occasions, especially early in the growing 

season, it was possible to complete the morphological 

examination of material from one site in the field, 

especially at Site 3. When not able to be comp1etly examined 

in the field, whole plant samples were transported to 

Tucson, and there either examined on the day of collection 

or at some later time. 

When plant samples were examined on the day of 

collection, whole plant samples were kept in a refrigerator 

until examination.· Individual plants were removed from the 

refrigerator, tillers separated and those tillers to be 

examined separated from the remainder of the plant, which 

was then discarded. 

When morphological examination was not possible on 

the day of collection, plants were stored in plastic bags in 

a freezer. On the day of the analysis, individual plants 

were removed from the freezer and washed under running water 

until thawed. Tillers to be examined were separated from the 

whole plant and the remainder then discarded. 

Selection of tillers to be examined was based on 

the use of the previous year's reproductive culm as the 

datum point. On each plant, five of the previous year's 
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reproductive tillers were chosen, and the primary tillers 

and associated secondary tillers (i.e. the current year's 

new growth) separated from each. Once separated from the 

previous year's tiller, the one or more (generally two) new 

tillers associated with the previous year's tiller were, 

themselves, separated, with each primary tiller and 

associated secondary tillers then examined as a unit. 

Selection of primary tillers was made based on an 

assessment of those tillers originating from the base of the 

previous year's reproductive culm. One primary tiller 

generally emerged from each side, but in some cases three 

tillers were visible and it was impossible to define if one 

was, in fact, a secondary tiller from one of the primary 

tillers. On such occasions, all three were classed as 

primary tillers. On other occasions, only one primary tiller 

was associated wi th the previous year's reproductive culm, 

and so only that one was examined. No attempt was made to 

select reproductive culms with a "typical" number of 

tillers. 

On each tiller, the height to the tip of the 

youngest fully expanded leaf and the height to its sheath 

were recorded. A leaf was considered to be "fully expanded" 

when its collar was visible. If present, the height to the 

growing point or the height to the middle of the highest 

inflorescence on the main stem was recorded, as was the 

number of nodes and, in flowering plants, the number of 
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inflorescences and their node of origin. If a tiller was 

considered to be in the boot stage, height of the growing 

point was recorded as "mid-boot". Infloresences were rated 

as having seeds· present or having shed seeds. Once seeds 

were shed, the top of the inflorescence often broke off, 

preventing measurement. such plants were classed as "broken" 

and inflorescence height not recorded. The number of leaves 

actually present on the tiller were recorded and each leaf 

was rated for its "degree of senescence" based on the 

percentage of the blade length that was still green as 

either: 

- 100% green - rated as '0' 
67% green - rated as 'I' 
33% green - rated as ' I I' 

0% green - rated as 'I I I ' 

For each tiller, the number of leaves in each 

category was recorded, the total summing to the total number 

of leaves present on the tiller. The prophyllum was counted 

as a leaf when present. However, the presence of the 

prophyllum was not separately recorded. Late in the season, 

leaf breakage was common, evaluation of the leaf senescence 

status being made on the remaining leaf. A broken leaf was 

classed as "present" provided over one half of the estimated 

leaf length was retained on the plant. 

The tiller was then examined for the presence of 

new roots and the number recorded. A "new" root was one in 
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which current growth (distinctively white and soft) was 

apparent. 

The base of the tiller was then examined for the 

presence of buds and/or ~econdary tillers. A "bud" was 

classified as a "tiller" when the leaf extension beyond the 

sheath exceeded 0.2 cm. The number of buds were recorded and 

the number of secondary tillers then examined. 

In 1985, in order to obtain a general measure of 

~. contortus growth, five plants were selected at each 

sampling at each site. From these plants, one representative 

tiller was selected and the height to the tip of the 

youngest fully expanded leaf, the number of green leaves and 

the number of green leaves recorded. In addition, height of 

the growing point and the number of secondary tillers, date 

of flowering and the number of "new" roots associated with 

the selected tiller were also recorded. 
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