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ABSTRACT 

Successful establishment of shrub and tree legumes in the southwestern United 

States is dependent on rainfall amount, frequency and distribution, seedbed temperatures 

and available water conditions affecting seed germination and seedling establishment. 

The line source sprinkler irrigation gradient system (LSSIGS) was used to test effects 

of different seedbed available water and temperature conditions on seedling emergence 

and establishment, and morphological and physiological characteristics of catclaw 

(Acacia greggii), jojoba (Simmondsia chinensis), velvet mesquite (ProsQpisjulifiora var. 

velutina) and blue paloverde (Cercidium floridum) during the summers of 1992 and 

1993 at the Tucson Plant Materials Center. Irrigation plus precipitation in July and 

August added 356.7, 344.6, 265.1, 209.8, 106.9 and 76.2 mm of water in 1992 and 

285.2, 252.6, 207.7, 186.6, 106.6 and 68.1 mm in 1993 for distances of 1.5, 4.5, 7.5, 

10.5, 13.5 (lowest irrigation) and 16.5 (no irrigation) respectively, from the line-source 

sprinkler. Irrigation created available soil moisture differences between irrigated and 

unirrigated soils during rainless periods in July but generally created little difference 

in soil water availability within the irrigation system at different distances from the line

source sprinkler. Lack of large soil water availability differences resulted from an 

initially wet soil profile and natural rainfall in August of both years. 

Jojoba seedling emergence lagged about 2-3 weeks behind that of the other 

species which emerged within a week of irrigation. Seedlings emerged on unirrigated 

soils after August rains on both years. Although seedling establishment and plant 
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growth was generally highest for the highest levels of irrigation, establishment was 

acceptable (at least 2 plants per meter of row) at all irrigation levels and on unirrigated 

soils for all species for both years, except for unirrigated jojoba in 1992. Lack of large 

differences in available soil water precluded precise determination of the significance 

of physiological and morphological characteristics for drought tolerance during seedling 

establishment of these species. However, rapid and high seedling emergence and root 

growth of paloverde, mesquite, and acacia make these species good selections for 

abandoned farmland revegetation. 

A possible establishment strategy for these 3 species on similar soils in the 

Sonoran desert would be to irrigate either pre or post-sowing in July to bring the upper 

40-60 em of soil profile to field capacity, then irrigate daily for about a week until 

seedlings emerge. Irrigation could then be discontinued and seedlings should survive 

on subsurface soil moisture. Establishment of jojoba might require longer irrigation 

periods. A more rigorous comparison of the drought tolerance of these species with the 

LSSIGS would be to sow and irrigate them on an initially dry soil profile. 
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CHAPTER 1 

INTRODUCTION 

In the southwestern United States (hot semidesert with summer rainfall) 

many rangelands are dominated by shrubs and trees. Many of these rangelands receive 

marginal precipitation for dependable revegetation (Cox et al. 1986, Call and Roundy 

1991). Yet, establishment of tree and shrub legumes on these rangelands is highly 

desirable and necessary not only to improve understory vegetation and forage value but 

also to reduce erosion caused by abandonment of farmland and increase fuelwood and 

vegetation diversity for wildlife values. 

Plant establishment by seedling recruitment, the dominant type of 

regeneration for most species in rangeland communities, is only successful when plant 

requirements for seed germination, seedling establishment and subsequent growth are 

matched with the microenvironmental factors of the seedbed (Grubb 1977, Harper 

1977). Successful establishment of shrub and tree legumes on southern United States 

rangelands is dependent on rainfall amount, frequency and distribution, evaporation 

rate, soil physical properties, and shape of surface features as related to water 

availability. 

Many southwestern range grasses generally require 1 to 3 days of available 

water to germinate. However, 2 periods of surface soil water availability of 5 to 7 days 

long separated by a dry period of 6 to 33 hours long were associated with successful 
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grass seedling emergence (Roundy et al. 1991). If the soil dries too quickly after rain, 

seeds may not germinate. If seeds germinate, soil moisture may not be adequate to 

support seedling growth until the next rain. Seedlings also may fail to survive because 

limited soil moisture retards development of a root system capable of supporting the 

plant through later periods of less favorable moisture conditions (Frasier et al. 1984). 

The numerous revegetation studies conducted in the Southwest (Cox et 

al. 1982) have reported what species were successful, but not why certain species 

succeeded while others failed. Successful species are generally considered to be 

more drought tolerant than unsuccessful ones. Physiological and morphological 

responses to artificially-induced drought conditions have been measured in numerous 

laboratory experiments, but these have not been conclusive in determining what 

characteristics are most important in plant establishment and should be selected for 

plant improvement programs (Johnson et al. 1981). 

The line source sprinkler irrigation gradient system (LSSIGS) has been 

previously used to primarily evaluate the effects of variable water deficits on crop 

plants after establishment (Sorensen et al. 1980, Blad et al. 1980, Turk et al. 1980, 

and Miller and Hang 1980). Frequently, evaporation data are used to determine the 

frequency and amount of irrigation water to apply to meet evaporative demands. 

However, for desert-adapted drought-tolerant species, this amount of water may be 

unnecessary . 

Utilization of LSSIGS experiment will allow us to evaluate specific 

physiological and morphological parameters associated with germination, 



establishment and survival of revegetation species. What has been lacking in 

revegetation studies is the coupling of biological responses to actual environmental 

conditions in the field which are the basis for our objectives and hypotheses in this 

research. 

Objectives 

The main objectives of this research were: 
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1. Develop an experimental approach to determine germination and 

establishment potential and success of 4 tree/shrub species under different available 

water and temperature conditions. 

2. Determine which biological characteristics are associated with successful 

establishment for different seedbed temperatures and available water conditions. 

Hypotheses 

1. The line source sprinkler irrigation gradient systems (LSSIGS) can be 

used to create different periods of water availability to evaluate water requirements 

for establishment of woody species. 

A. The LSSIGS will create different periods of water availability within 

the summer establishment season. 

B. Plant materials (PM) will vary in their establishment in relation to a 

gradient in water availability created by the LSSIGS and in relation to 

seasonal temperature and water availability. 



2. Biological responses responsible for successful establishment can be 

identified for different water availability and temperature conditions. 
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A. PM with rapid root growth will survive under shorter available water 

periods than those with slow root growth. 

B. PM with the ability to endure low xylem water potentials will survive 

under shorter available water periods than those that cannot recover 

from low xylem water potential. 

C. PM with the ability to photosynthesize and grow under hot summer 

temperatures will require less water to establish in the semiarid 

regions than those with lower photosynthesis under these conditions. 



CHAPI'ER 2 

LITERATURE REVIEW 

Need for Establishing Trees and Shrubs on Semi-Arid Lands 

Abandoned Fannland 
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The terminology of abandonment covers lands no longer occupied and/or farmed 

by agricultural operators (owners or tenants) and no longer being considered for future 

intensive irrigated agricultural use (Meitl et aI. 1983). 

As a result of both climatic changes and man's activities, considerable land 

areas, especially in the arid and semi-arid parts of the world, are at risk from 

desertification or abandoned farmland (Grainger 1983). An example to be found in 

developing countries is the thousands of hectares of abandoned farmland seen from an 

airplane around capital cities as well as other big cities. This is the first thing to catch 

the eye of a traveler. Another example is southern Arizona in the United States where 

an estimated 400,000 hectares of once irrigated farmland have been abandoned since 

the early 1950's (Renard et aI. 1985, Charney and Woodard 1990). 

Factors Causing Abandoned Farmland. The increasing value of water and legal 

restrictions on its use as well as its availability are primarily the main factors creating 

abandoned farmland in Arizona (Checchio 1988). As groundwater pumping increases, 

water tables drop, requiring pumping from deeper levels and at greater cost. Because 
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of the increased cost, irrigation becomes prohibitively expensive. Farms are abandoned 

as unprofitable, especially in Cochise and Pinal Counties (Gelt 1993). 

Since the late 1970's other factors have added to the reduction of agricultural 

irrigation. Cities, mines, and other municipal and industrial water users have purchased 

farmland to acquire the rights to pump groundwater. The water is "transferred" to 

another use and location, and the land is "retired" from agricultural production. 

Because Arizona's 1980 Groundwater Management Act restricts future groundwater 

pumping, water transfer will cause more farmland to be retired in the future (Thaker 

and Cox 1992). 

Energy prices are also significant as they impact other production expenses. 

Two major categories of on-farm energy consumption are petrochemical inputs 

(fertilizers and pesticides) and fuel for machinery. For instance, the cost of nitrogen 

fertilizer doubled in cost from a mid-1982 production cost of $120/ton to $2401ton in 

1985 due to the rising price of natural gas. Likewise the average cost of pesticides 

increased by 34% from 1982 to 1987 (Bureau of Industrial Economics 1983). 

Effects of Abandoned Farmland. Retirement of agricultural land may lead to 

invasion of undesirable plant species. The most common invader of abandoned 

farmlands in southern Arizona is tumble weed or Russian thistle (Sal sola kali) 

(Karpiscak 1980). Tumble weeds often create problems by blowing onto roadways and 

from property to adjacent property making land owner legally liable. At one point it 

was costing the city of Tucson over $100,000 per year to remove tumble weeds and to 

keep them from blowing off people's property (Thaker and Cox 1991). 



23 

Abandoned farmland have also created significant health hazards such as 

automobile accidents and respiratory illness which result from increased dust pollution. 

Retired agricultural lands contribute importantly both to highway traffic and disease 

problems associated with blowing dust (Hyers and Marcus 1981, Leathers 1981). 

Finally, retirement of agricultural land can result in extensive wind and water erosion 

of soil leading to decreased productivity of farmland, damage to wildlife habitat and 

recreational uses. 

Succession and Revegetation. Karpiscak (1980) studied the secondary succession 

of vegetation on abandoned farmland in Pima, Pinal, and Maricopa counties. He 

observed that immediately following abandonment, Russian thistle quickly dominated 

the land to the virtual exclusion of all other plant species. The Russian thistle 

population made a dramatic decline after 2-3 years, then London rocket (Sysimbrium 

irio) and other mustard species became the dominant plants. After a brief period of 

dominance, the mustard populations also made a dramatic decline. Mediterranean grass 

(Schismus mn.) and some filaree (Erodium cicutarium) then followed and persisted in 

varying densities for several years. The first native plants to re-establish themselves 

were usually burroweed (Haplopcwpus tenuisectuS) and desert broom @accharis 

sarothroides). After 20-40 years, Saltbush (Atriplex spp.) or creosotebush Q..arrea 

tridentata) may become established. 

Roundy and Call (1988) reviewed revegetation of arid and semiarid rangelands. 

They concluded that revegetation of lands where annual precipitation is less then 250 

mm is generally unsuccessful. Most of revegetation research projects on abandoned 
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farmland and other highly disturbed desert sites have concentrated on the use of 

supplemental irrigation and/or water catchment and mulching. For example, work by 

Cox and Madrigal (1988) on border-irrigated plots south of Tucson showed that some 

seedling establishment and survival was possible for certain perennial grass species with 

150 to 200 mm of supplemental irrigation water in the year of establishment -

although with no irrigation these grasses would have limited survival. 

Thacker and Cox (1991) used 550 m2 border-irrigated plots near Tucson, 

Arizona to determine that 4 irrigations during the season of establishment resulted in 

higher standing biomass in 5 perennial grasses and 1 shrub than did either 2 irrigations 

or no irrigation. Lack of adequate precision in the measurement of water application 

in these experiments did not allow an estimation of actual amount of water required for 

establishment and survival. 

Jackson et al. (1992) also studied the selection of species for revegetation of 

abandoned farmland. They found that by using organic mulches and water catchment, 

native saltbushes (Atriplex pol ycarpa , and A. canescens) were able to establish on 

abandoned farmland in a year of above-precipitation in central Arizona. Large-scale 

revegetation practices with different commercial concerns are now underway in 

Arizona, particularly in grade cuts near roadways (Dan James, pers. comm.). These 

projects are primarily based on experiences learned on-the-job and over time rather than 

scientific experimentation. 

There has been limited testing of shrub and tree species for successful 

revegetation of abandoned farmland in the Sonoran desert. However, there is an 
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increasing interest and desire to select and use native species for such revegetation 

projects. There is little information and understanding of actual water needs for 

germination, establishment and survival of legume trees and shrubs under field 

revegetation conditions. 

One of the major problems encountered in such research involves control and 

measurement of water requirements for successful seedling establishment. Use of the 

unique line-source sprinkler irrigation gradient system (LSSIGS) represent a possible 

technical approach to this problem. 

Foraa=e and Fuelwood 

Production of food and fiber in dry regions of the world is an age-old challenge. 

The dependence on subsistence agricultural practices and the desperate need for 

fuelwood and forage for grazing animals to support rural populations on semi-arid lands 

worldwide has created an interest in silvopastoral, agroforestry systems (Krishnamurthy 

et al. 1987). 

Agroforestry is part of a land-use system that involves socially and ecologically 

acceptable integration of trees and shrubs with agricultural crops and/or animals 

simultaneously or sequentially. This allows increased total productivity of plants and 

animals in a sustainable manner from a unit of farmland, especially under conditions 

of low levels of technological inputs and marginal lands (El-Lakang and Mahmound 

1991). 
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To improve efficiency and sustainability in food and livestock feed production 

and to develop appropriate agroforestry systems, Felker and Bandurski (1979) have 

suggested use of crops that cause minimal loss of soil and nutrients, require little or no 

irrigation, fix nitrogen and produce large yields of protein-rich products. In arid and 

semi-arid environments, leguminous trees are often considered likely candidate species 

because they fix and enrich the soil with nitrogen, lack of which usually limits grass 

growth. 

Mesquite ~rosopis glandulosa var. ilandulosa and other species) is a 

leguminous tree which dominates over 100 million acres in the southwestern United 

States. The nitrogen fixing abilities of legumes are especially needed in dryland soils, 

where lack of nitrogen may surpass moisture deficiencies as a limiting factor in growth 

and yield (Felker and Clark 1980). 

Ecological aspects of tree/grass (savanna) ecosystems have been reviewed by 

various authors (Bourliere and Hadley 1983, Tothill and Mott 1985, Walker 1987), but 

specific interactions between woody and herbaceous components have had limited study. 

Tree canopies affect the microclimate, soil water, and temperature (Joffre and Rambal 

1988, Tiedemann and Klemmedson 1977), incident total and photosynthetically-active 

radiation (Belsky et al. 1989, Coombe 1957), and soil physical and nutrient 

characteristics (Tiedemann and Klemmedson 1973b) under them. All of these factors 

interact to enhance (Grunow et al. 1980) or diminish (Bernhard-Reversat 1982) 

understory herbaceous production for a specific situation (Belsky et al. 1989). 

Especially important and manageable by harvesting and species selection are tree 
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density and size, understory and overstory plant phenology, and understory species 

tolerance and requirements. 

Barth and Klemmedson (1982) have shown that soils under velvet mesquite in 

Arizona had accumulated nitrogen at the rate of 11.2 g/m2 per meter of height. Higher 

soil fertility of soils under mesquite canopies has been shown to produce greater grass 

growth than that of soils in between canopies both in the greenhouse (Tiedemann and 

Klemmedson 1973a) and in the field (Barth and Klemmedson 1978, Livingston 1992). 

Greater grass production in mesquite canopy soils has been attributed to not only 

greater total nitrogen but also to a greater ability to supply nitrogen for plant growth 

(Tiedemann and Klemmedson 1973a). It is apparent from Klemmedson' s research in 

Arizona that mesquite has the potential to increase soil fertility and understory grass 

production of some species. Removal of mesquite trees can result in a significant 

decline in nutrient availability for canopy soils after only 13 years (Klemmedson and 

Tiedemann 1986). 

Other workers (Rundel et al. 1982) indicated that while total nitrogen input in 

semi-arid systems is low (about 2 kg/hal year) (Felker et al. 1980), mesquite with 33% 

cover in California fixed about 30 kg/halyear. 

An alternative low-input management practice to mesquite control in the U.S. 

would be to determine productive understory grass species which are benefitted by a 

modified environment and increased nitrogen under the mesquite canopy. This would 

also lead to development of appropriate mesquite/grass agroforestry systems for pastoral 

societies in semi-arid lands throughout the world. 
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Also, studies on Acacia sali&na (Syn. A. csanophylla) (EI Lakany and 

Mahamoud 1991) which survive and grow on sites receiving as low as 200 mm of rain 

annually, showed that its nutritive value was found to be very high, especially for 

sheep and goats (I.e Houerou and Barghati 1982). Other researchers (Adegbehin 1985) 

found that food crops like yams (Pioscorea rotundata) planted under light shade trees 

such as Acacia auriculiforimis gave as much as 30% higher yield than those in the 

open. 

Because shrubs and trees on semiarid ranges are generally considered to 

decrease perennial grass establishment and growth due to competition for soil water, 

revegetation approaches have traditionally emphasized shrub and tree control prior to 

seeding (Vallentine 1989). However, shrub and tree canopies may actually modify 

extreme temperature, reduce soil water evaporation and provide fertile microsites for 

seedling establishment (West 1989). 

Using LSSIGS and based on metrological data in this and future investigations, 

appropriate shrub/tree establishment for agroforestry systems to support fuelwood and 

forage for grazing animals in developing countries could be developed. 

Species Values 

Catclaw (Acacia gre&giil 

Catclaw is a common large shrub distributed in arroyo habitats. The plant is 

winter deciduous, and the foliage microphyllous with leaflets 5 to 8 mm long. This 

plant is widely distributed in the Sonoran Desert and has been reported to occur in each 
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of the other North American deserts (Hastings et al. 1972). Many species of acacia 

have proved to be useful multi-purpose trees in North Africa (El-Lakany 1986). Some 

are browsed regularly and playa significant role as reserve and supplementary fodder. 

One of the most important shrubs in the region is Acacia sali&na (Syn. A... cyano.phyUa). 

It was introduced from Australia in the early 1900's and has been consistently used for 

inland sand dune stabilization. It may survive and grow on sites receiving less than 200 

mm of rain annually (El-Lakany and Mahamoud 1991). 

Acacia species are well adapted to desert conditions and can be integrated into 

desert agroforestry systems as a multi-purpose shrubs. Annual biomass production is 

satisfactory and there is no need to manage the plantation on more than a I-year 

rotation. 

Several workers have reported enhanced performance of food crops grown in 

association with A. al!lli!a, a nitrogen-fixing tree in dry regions of Africa (Robertson 

1954, Felker 1978). Significant reduction in potential soil water evaporation losses due 

to tree canopy development during the dry season have also been observed (Schoch 

1966, lung 1967). Charreau and Vidal (1965) reported increase in organic carbon, 

water holding capacity and cation exchange capacity in soil under A... albida. The tree 

itself has many uses, ranging from firewood and thorny fencing material to tannin 

supply, bee forage and a wide range of pharmaceutical products. Leaf and pod 

production during the dry season further provides nutritious dry season fodder for 

livestock (Wickens 1969). 
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Jojoba (Simmondsia chinensis). 

Jojoba is a long-lived dioecious, evergreen shrub native to the Sonoran Desert 

of southern Arizona, southern California, and northern Mexico. This plant has received 

worldwide attention in recent years due to its seed, which contains a unique liquid wax. 

Over thousands of hectares of jojoba are presently under cultivation in many countries, 

including the United States (Johnson 1978), Mexico (Murieta 1982), Israel (lnov 1978), 

and Australia (Begg 1978). 

Plants in the Sonoran Desert are subject to high temperatures and drought 

between the mild winter and hot summer seasons of limited precipitation (Ehleringer 

1985). Jojoba rarely sheds its leaves but tolerates drought by enduring low plant water 

potentials and limiting water loss with a variety of anatomical, morphological, and 

physiological characteristics (Benzioni and Dunstone 1986). 

Jojoba plants are ideally suited for growth in arid regions. An important aspect 

of jojoba plant suitability for harsh desert environments is its persistence in contrast to 

other arid land plants, during less favorable periods of the year, when irrigation water 

is not available or has been applied inadequately. Because of their perennial habit, 

jojoba plants are able to exploit summer rainfall for growth during periods less 

favorable for growth (Ludeke 1984). 

Jojoba tolerates extremely high temperatures. During the summer, daily shade 

readings of 35°-48°C are common in its natural habitat. Often the ambient air 

temperature is 48°C and soil temperature 65°C. However, temperatures above 38°C 
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appear to be of no advantage to the crop, and may actually decrease its productivity by 

causing the stomata to close, thereby stopping vegetative growth (Borlaug et aI. 1985). 

Soils especially in arid regions often accumulate soluble salts and sodium, 

because precipitation is not great enough to leach them out of the root zone. Some 

jojoba plants are classified as halophytes and can adapt to extremely harsh desert 

environment conditions (soil conditions) of tremendous mineral diversity (Ludeke 

1984). 

Velvet Mesguite CProsoW juliflora var. velutina) 

Velvet mesquite grows as a small, limby, crooked, and often multi-stemmed 

tree, and as a feed producer has been planted throughout the arid and semi-arid zones 

in both research plots and production plantations, including Peru, Bolivia, Argentina, 

Chile, India, Zimbabwe, Hawaii, California, Arizona, and Texas (Felker 1979). 

Velvet mesquite is an very common tree or shrub throughout the arid southwest. 

It is found in southern Arizona and northern Sonora, Mexico Central America, South 

America, the West Indies, Hawaii, the Sudan and Sahel regions of Africa, Arabia, the 

Middle East, Iran and India. Velvet mesquite ranges in elevation from sea level in 

Sonora to approximately 1600 m in the mountains of Arizona. Its northern latitudinal 

and elevationallimits appear to be set by winter cold (Dayton 1931). 

Velvet mesquite has been characterized as a "pbreatophyte" -- a plant which 

grows in relatively moist microhabitats, employing its extensive and deep root system 

to use underground water during drought (Simpson and Solbrig 1977). It is nevertheless 
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a desert-adapted plant, having specializations in morphology, physiology and phenology 

which allow it to withstand high temperatures and drought. Among these 

specializations are small leaflets, thick wax cuticle on the leaves, mid-day stomatal 

closure, leaflet closure, and relatively high photosynthetic rates under low water 

potentials (Mooney et al. 1977). 

Velvet mesquite produces perfect flowers on cylindrical spikes. The flowers, 

though small, are insect pollinated and are highly regarded as a source of nectar for 

bees (Dayton 1931). 

Observations at various sites in southern Arizona have indicated that temperature 

is usually not limiting for the germination of velvet mesquite seed within its major 

geographical range. Emergence of seedlings is most common during July and August, 

but in the vicinity of Tucson emergence has been noted during each month from March 

through November following effective rainfall (Felker 1979). 

While total nitrogen input in semi-arid systems is low (about 2 kg/ha/year 

(Felker et al. 1980), researchers have shown that mesquite fixes nitrogen (BaiJey 1976, 

Felker and Clark 1980) and accumulates it and organic carbon under the canopy 

(Tiedemen and Klemmedson 1973a). Therefore leguminous trees such as Proso.pis can 

be valuable candidates for revegetation projects in semi-arid regions of the southwestern 

United States and throughout the world. 
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Blue Paloverde (Cercidium floridum) 

Blue paloverde is a large shrub or small tree with smooth green bark. This 

member of the legume family is leafless most of the year. The fruit is a several-seeded 

pod. The smooth green bark of this desert shrub makes it an attractive prospect for 

desert gardens. Blue paloverde provides important cover for other plant and animal 

species, including native animals as large as peccary and deer. This tree is especially 

important in the thermoregulatory ecology of the many small and large homoiotherms 

that are forced to spend all or most of their time at or above ground in the desert, 

including the lagamorphs and a large number of bird species (Lowe et al. 1971). Blue 

paloverde and its accumulated underduff provide important cover for seedlings of 

certain other plants, including slow-growing cacti (Lowe et al. 1971). Accordingly, 

paloverdes are well known among the perennial plant species that serve as "nurse 

plants" during the especially critical first years of life of these desert giants (Lowe et 

al. 1971). Blue paloverde is an abundant, small tree of the "dry" washes. This non

riparian tree is both winter and drought deciduous, while both large and small diameter 

stems are chlorophyllous. The foliage is microphyllous with leaflets not more than 3 

mm long. 
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Precipitation in the Sonoran Desert is bi-seasonal with roughly similar amounts 

falling in summer and winter. A study of mean annual precipitation and altitude for 11 

stations in southeastern California and southwestern Arizona indicates that about 88 % 

of the variation in mean annual precipitation is associated with variation in altitude 

(Shreve 1942). 

In general lowest precipitation levels in the Sonoran Desert occur on both the 

west and east sides of the Gulf of California, the southeast corner of California, and the 

southwest corner of Arizona where altitudes approach or fall below sea level. Annual 

precipitation typically ranges from 50 to 100 mm in this region (Shreve 1942). At 

Tucson annual amount of precipitation averages about 275 mm with a coefficient of 

variation of 30% (Hasting and Turner 1965). Summer rainfall in this area tends to be 

more variable; however, it varies less around the mean seasonal amount over a period 

of years than does the winter precipitation. Hence, rainfall tends to be more 

dependable in summer than in winter (Hasting and Turner 1965). 

Average annual precipitation values are generally used to define zones of 

probable successful revegetation for the semi-arid areas (Roundy and Call 1988). 

Seedling growth and establishment are usually successful when annual precipitation is 

600 to 800 mm. However, seedings are usually not recommended in places where 

annual precipitation is less than 250 mm (Heady 1975, Stoddart et al. 1975, Walker 
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1979, Vallentine 1980). It is hard to Jet definite limits of precipitation for successful 

seeding, since the effectiveness of precipitation in seedling establishment is highly 

dependent upon seasonal distribution and intensity as well as related temperatures and 

wind velocities which regulate evaporative losses (Vallentine 1980, Jordan 1981). 
I 
, 

Warm-season grasses are genercilly seeded prior to the summer rainy season on 

semi-arid rangelands in the southwesJrn United States. Successful establishment is 

dependent on soil water availability as a function of frequency of rainfall and 

subsequent evaporative demand (Cox 1984). Frasier and Woolhiser (1988) and Frasier 

and Lopez (1990) have analyzed 22 years of precipitation records for southern Arizona 

and have shown that probabilities are highest that a wet period (rain falls on that day) 

will be followed by a long dry period in July while a wet period will be followed by 

a short dry period in August. They recommended that range seeding be done in early 

August rather than prior to the rainy season. This recommendation has not been tested 

in the field. 

Available water periods may not correspond exactly with rainfall periods. There 

has been surprisingly limited measurement of soil water in range revegetation and 

seedbed ecology studies (Evans and Young 1972, Wight and Hanson 1987). 

Preliminary analysis of soil water data measured continuously during the 

summer rainy period in Arizona indicates that seedling establishment was moderately 

successful in a year when water was available for a total of 15 days and 18 days in July 

and August (Winkel 1990, Winkel and Roundy 1991). The following year seedling 

emergence was very limited when surface soil water was available a total of 8 days in 
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July and 14 days in August. In these studies, uninterrupted periods of soil water 

availability were much longer in August than Iuly (Winkel 1990). Additional analysis 

of these and other data sets is necessary to better define available water periods in 

relation to precipitation. 

The dynamic nature of soil water during the summer rainy season in the 

Southwest led Frasier et al. (1984, 1985, 1987) to try to evaluate the potential of warm

season grasses to establish using wet and dry sequences in the greenhouse. Results of 

these experiments were most easily interpreted using a fairly simple conceptual model 

where the lengths of the initial wet and subsequent dry periods determine seed or 

seedling fate (Frasier 1986). If the initial wet period is long enough for seeds to 

germinate, seedling survival will be determined by the length of the subsequent dry 

period. If the initial wet period is too short for germination, the seeds may remain 

viable and germinate during the next rainstorm or wet period. Fraiser et al. (1985) 

showed that short-wet, long-dry periods were more lethal to rapidly-germinating 

sideoats grama illouteloua curtipendula) than to slower-germinating exotic lovegrasses 

(Eragrostis spp.) in the greenhouse. These results generally correspond to observations 

that exotic lovegrasses are more easily established than sideoats grama in the field 

(Simanton and Iordan 1986, Winkel and Roundy 1991). 

However, wet-dry sequences in the greenhouse may not be representative of 

patterns of available water during the summer rainy season in the field. What is lacking 

are adequate data of available seed bed moisture under actual field environmental 

conditions to indicate potential for plant establishment. 
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Edaphic Factors 

Edaphic factors are characteristics such as texture, depth, infiltration rates, water 

holding capacity, aeration, salinity and sodicity. These factors generally affect plant 

establishment by influencing the effectiveness of precipitation. 

Loamy soil with high inflltration rates, a high water holding capacity, and good 

aeration are the best soils for growth and establishment (Cluff et al. 1983). In contrast, 

sandy soils have high infiltration rates but low water holdi~g capacity and thus easily 

dry at the surface (Vallentine 1980). Silty soils which generally have high water 

holding capacity but low infiltration rates tend to form restrictive crusts (Eckert et al. 

1978). Clayey soils also have a high water holding capacity but wet up slowly and dry 

hard enough to restrict seedling root growth and shoot emergence (Cox 1984). In 

general, soils that are shallow and cobby or/and with restrictive layers have limited 

water holding capacity and therefore limited potential for plant establishment. Finally, 

soils that are saline and sodic and are commonly found in valley bottoms of arid and 

semi-arid areas tend to have low water availability due to the dispersion of soil particles 

in the surface layer (reducing inflltration) and more negative osmotic potentials in the 

rooting zones. Toxic concentration of ions in the soils with high salinity levels could 

restrict germination and seedling growth (Roundy et al. 1984). According to Jordan 

(1983), precipitation required for seedling fine-textured soils or saline and sodic soils 

should be 20 percent higher than medium textured soils to make up for low inflltration 

rates and higher evaporative losses. 
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Temperature 

Temperature strongly influences seed germination and correspondingly seasonal 

temperature changes and soil moisture availability are 2 important determinants of 

season of seedling establishment (Mott 1972, Lodge 1981, Lodge and Whaley 1981). 

The influence of temperature upon the germination of a wide range of 

agricultural plants is discussed in literature reviews by Harrington (1923) and Edwards 

(1932). In general, each species has an optimal range of temperature. Germination is 

diminished under temperatures higher or lower than the optimal range. Sprague (1944) 

studied the effects of controlled air temperature, soil temperature and length of day 

upon the germination of several forage grasses and legumes. He found that high day 

and night temperatures (37°C and 29°C, respectively) seriously reduced the seedling 

emergence of several species. Also other studies indicated that high solar irradiance 

during the summer months create high soil surface temperature that could kill plants 

during seedling establishment (Nobel 1989, Parker 1987, Welsh and Beck 1976). 

It has been suggested that soil temperature on an open desert surface can exceed 

65°C --- temperatures that are typically fatal to young seedlings regardless of soil 

moisture status (Jordan and Nobel 1979, Nobel 1989, Turner et al. 1986). Turner et 

al. (1986) transplanted 3299 saguaro (Carnegiea gigantea) seedlings in Arizona to 

determine the effect of shade on establishment. Shade was provided by placing 

window screen over plot borders that were present to exclude rodents. Twelve hundred 

un shaded plants had 100% mortality in 1 year compared with 35% survival among an 
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equal number of shaded plants. The greatest loss of seedling occurred during the dry, 

hot period just before the beginning of rains in July. 

Nobel (1984) in a study of extreme temperature and thermal tolerance for 

seedlings of desert succulents, used a computer model to simulate the average surface 

temperature of seedling of various heights. He found that as the seedling height was 

increased from 1 mm up to 50 mm, its calculated maximum average surface 

temperature decreased over 80°C. In large measure this simulated decrease resulted 

from avoiding the high temperatures and relatively still air adjacent to the soil surface. 

Choinski and Touhy (1991) studied temperature and water potential effect on 

germination of African savanna trees. They found that germination and establishment 

was optimum at a temperature of 25°C. The highest germination rate was between 25 

and 35°C, and the seeds did not germinate at 40°C. 

Germination 

Biological Responses to Environmental 

Factors During Establishment 

Seed germination is a complex process with each of the metabolic reactions 

involved having its own temperature and moisture coefficient (Mayer and Poljakoff

Mayber 1989). Ability to germinate and emerge under drought conditions, or at low 

soil matric potentials, has been considered as adaptive for plant establishment in semi

arid seedbeds (Johnson et al. 1981, Bewley and Black 1982). 
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Many researchers have stated that water stress may be the most important factor 

affecting seedling establishment and growth in arid environments (Franco and Nobel 

1988, Jordan and Nobel 1979). However, little is known concerning optimum 

environmental conditions for germination, establishment, and survival of desert plants 

in southern Arizona. 

Jordan and Nobel (1979) report that in arid and semi-arid desert lands seedling 

establishment occurs only infrequently, when there is unusually plentiful rainfall. Not 

only is moisture necessary for immediate germination and growth, but seedlings must 

grow large enough to tolerate the drier, normal conditions. 

In addition to soil moisture, soil temperature is also very important in 

germination and seedling establishment. High soil temperatures hinder seedling 

establishment as well as low temperatures. Grass and shrub seeds have very low 

germination and establishment rates under high temperature regimes such as those found 

in the desert Southwest (Sosebee and Wan 1987). Hass et al. (1973) report that 

optimum temperature for germination of mesquite seed is 29°C and the minimum 

threshold is 25°C, germination was reduced at 37°C. 

Very little is known concerning optimum environmental conditions for legume 

seed germination. However, the effect of temperature on the germination process can 

also vary considerably among species. Bellairs and Bell (1990) in a study of 

temperature effects on seed germination of various species including Acacia blakely 

in western Australia suggested that germination of all species tended to be greatest at 

about 15°C, which would be equivalent to winter temperature at Eneabba western 
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Australia. They also stated that for several grass species a long period of moisture 

combined with high temperatures would cause considerable seed mortality. However, 

at temperatures below lOoC, germination was slow and for many of the species was 

likely delayed until later in the winter. Later in the winter and spring, as the 

temperature rises toward 20°C, germination would become increasingly rapid and seeds 

had longer to imbibe moisture by this time. 

In a laboratory experiment, Scifres and Brock (1973) studied emergence of 

honey mesquite (Prosopis glandulosa) seedlings relative to planting depth and soil 

temperature. They found that maximum emergence occurred when honey mesquite 

seeds were planted 0.5 to 1.5 cm deep at soil temperatures of 27°C. Percent 

emergence was severely reduced at soil temperatures of 18°C regardless of planting 

depth. 

Other researchers studied moisture-temperature interaction in germination of 

early seedling development of mesquite (Scifres and Brock 1973). They found amount 

of soil water required for germination varied according to the soil temperature; less 

water was required for germination at 29°C than at either 21°C or 37°C. Germination 

rates were not reduced by water potentials of -8 atm, as long as the temperature was 

29°C. Water stress apparently occurred at 37°C, whereas temperature adversely 

affected germination at 21°C. 
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Physiological Responses 

Photosynthesis and plant water potential are 2 important factors affecting plant 

establishment in semi-arid conditions. Photosynthesis rates are decreased as leaf water 

potential is reduced. This occurs because of both stomatal closure and hampered 

chloroplast activity. Growth in terms of cell division and elongation is diminished with 

reduced turgor (Boyer 1976). 

The chance for establishment of plants in semi-arid regions is enhanced when 

species are used which can maintain photosynthesis under conditions of high 

evaporative demand and increased moisture stress. Ability to survive a post-germination 

dry period may be associated with physiological rather than morphological factors. The 

ability of seedlings to osmotically adjust to low water potentials has been considered an 

important mechanism of drought tolerance (Turner and Jones 1980), but has not been 

compared for woody native southwestern species. Turgor maintenance depends on the 

rate of drought stress as affected by temperature and evaporative demand (Johnson 

1978). Therefore, physiological adjustment to drought should be measured under actual 

environmental conditions in the field. 

Blum (1974) suggested several positive drought response patterns: First, 

drought avoidance by maintaining high leaf water potential and subsequent high 

photosynthesis and transpiration rates and, second, high soil-leaf water potential 

gradients, which allow extensive utilization of soil moisture. 

There have been many studies on diurnal and seasonal changes in water relations 

and photosynthesis of desert shrubs of North America (Strain 1969, Cunningham and 
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Strain 1969, Strain 1970, Haas and Dodd 1972, Nilsen et al. 1983, Hart and 

Radosevich 1987). Diurnal changes in carbon assimilation of desert plants are thought 

to result from seasonal acclimation to environmental changes (Strain 1969, Strain 1970). 

However, studies concerning effects of physiological responses on germination and 

establishment of Sonoran woody species have been limited. 

Investigating the physiological adaptation of acacia to water stress and heat stress 

should be particularly worthwhile, since some members of this genus are regarded as 

extremely drought tolerant (Slayter 1962). Moreover, ecophysiological studies of this 

genus have been mainly limited to Australian species which form extensive forests or 

stands in subtropical, semi-arid environments (Van den Driessche et al. 1971). 

Other field studies of acacia have documented that this species survived at dawn 

water potentials of -6.7 MPa (Tunstall and Connor 1975). Stomatal regulation of gas 

exchange has been suggested to be the dominant factor limiting photosynthesis and net 

CO2 assimilation has been shown to occur at -6.0 MPa plant water potential (Van den 

Driessche et al. 1971). 

Preliminary studies of greenhouse-grown plants of acacia support the importance 

of stomatal regulation of carbon gain because decreased plant water potential affected 

stomatal conductivity proportionately more than mesophyll conductivity (Bunce 1977). 

Additionally, plants of acacia have been reported to acclimate to high summer ambient 

temperatures, as total daytime C~ assimilation was greater during periods of heat 

stress than during more mild winter temperatures (Strain 1969). 
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Seasonal adaptation in photosynthesis occurred in acacia. Dark respiration at 

25°C decreased with increasing environmental temperature (Strain 1969). The same 

study concluded that temperature acclimation was apparently quite successful in 

maintaining productivity during high summer temperature and drought in Acacia 

~reggii. 

Ecophysiological studies of paloverde include analysis of seasonal variations in 

plant water status occurring in the Sonoran Desert (Klikoff 1967, Halvorson and Pattern 

1974). The small diurnal and seasonal variations in plant water potential have been 

attributed mainly to its rooting habit. Quantitative studies about stomata regulation of 

plant water relations are not yet available. 

Other field studies have reported on the arido-active nature of paloverde, a C3-

plant (Adams et al. 1967). It is capable of both year-round C~ assimilation by stems 

(Adams and Strain 1969) and temperature-related photosynthetic acclimation permitting 

net C02 assimilation to continue at air temperature of 40°C (Adams and Strain 1968). 

Comparative studies on the more wide-ranging paloverdes are not available. 

In a comparative study, the photosynthetic rate and water relations of acacia and 

paloverde were investigated in the Sonoran Desert (Szarek and Woodhouse 1978). 

They reported that for both species a relationship between stomatal conductance and 

dawn plant water potential was not apparent, although acacia demonstrated a greater 

overall stomatal conductance. This affected a greater daytime decrease in plant water 

potential at all levels of water stress and suggests acacia is less sensitive to water stress. 

Their results also suggest that the lower limit for gross photosynthesis occurs at dawn 
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plant water potentials of -4.4 and -3.1 MPa for the shrub and tree species. Maximum 

gross photosynthesis rates were nearly 3-fold higher than the rates observed during 

periods of stress, with those of acacia generally greater than the rates observed in 

paloverde. 

Roundy and Dobrenz (1989) conducted a study in the Sonoran Desert on jojoba. 

They stated that xylem water potential of jojoba was much lower than paloverde which 

apparently had roots in contact with wetter soil than jojoba. They also suggested that 

the ability of jojoba to grow during short seasonal periods of water availability in the 

Sonoran Desert and its ability to endure low plant water potential, while continuing 

limited photosynthesis, are suggested as important factors in jojoba tolerance to drought 

ru;c\ herbivary. 

Other studies indicated that mesquite has high photosynthetic rates in semi-arid 

and arid environments (Mooney et aI. 1977). They found that at intercellular COz 

concentration of 250 p.l/ I, the measured photosynthetic rates for mesquite in the 

Sonoran Desert were over 30 mg COz/dmz/hr. 

High photosynthesis of mesquite is probably related to its high leaf nitrogen 

content. In June, leaf Kjeldahl nitrogen can reach as high as 27 mg/g of the dry weight 

which is equivalent to over 16% crude protein content (Werk et aI. 1983). 

A study done by Handson (1982) on effect of temperature and water stress on 

net photosynthesis in honey mesquite showed that high temperature and water stress 

treatments caused substantial decrease in the established theoretical net assimilation. 
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Morpboloaical Responses 

Differences in the root system can often explain varietal differences in ability 

to withstand water stress tXramer 1974). Depth of rooting and degree of branching can 

be significant with respect to water absorbing ability. 

The capacity for root development is especially critical for early growth and 

survival of seedlings under limited water (Hassanyar and Wilson 1978). The ability of 

roots to rapidly elongate allows root growth to advance beyond the soil drying front so 

that the seedling can avoid desiccation (Harris and Wilson 1970). The response of 

germinating seeds to drought has been extensively studied, but the influence of drought 

and other environmental factors on seedling root morphology has received limited 

attention (Aguirre and Johnson 1991). 

Root system morphology varies considerably among species, among individuals 

within a species, and even within individual root systems (Russell 1977). Although root 

branching pattern is genetically determined, environmental factors modify root 

morphological characteristics (Zobel 1975, Torrey and Clarkson 1975, Russell 1977). 

The structural organization of a root system influences a plant's ability to capture water 

and nutrients from the soil (Caldwell and Richards 1986). 

Numerous researchers have compared the root system of different crops (Miller 

1916, Martin 1930, Mayaki, Stone and et ale 1976, Burch, Smith and Manson 1978), 

but very limited work is done to characterize and compare root system of rangeland 

shrubs and trees at the seedling stage. 
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Martinsson (1986), a Swedish scientist, investigated tap root formation and early 

root/shoot ratio of Pinus contorta and fin.Y.s sylvestris. He found that tap root 

formation was more frequent and the root/shoot ratio was higher on scotch pine than 

on lodgepole pine. 

However, only a few scientists have investigated root morphology of legumes 

(Phillips 1963, Mooney et aI. 1977, Nilsen et aI. 1983) reported that in many arid and 

semi-arid regions of the southwestern USA, honey mesquite has deep tap roots which 

enable the plant to avoid drought. These plants are able to maintain stomatal 

conductance and continue carbon flxation during summer drought (Felker 1979). 

In successful plant establishment, seedling root morphology can be related to 

shoot development. In those species that do not become established, root elongation, 

root development patterns, and seedling shoot and root development should be studied. 

The Use of Line-Source Sprinkler Irrigation 

Gradient System (LSSIGS) 

Backeround Information. Use and Advantaees 

The line-source sprinkler system was flrst developed by Hanks et aI. (1976). 

This system has been found by many researchers to create a continuous, variable water 

gradient from the water source and is a very useful system to apply various levels of 

irrigation to experiments (Hanks et aI. 1976, Sorensen et aI. 1980). 

The line-source sprinkler system has been successfully used with com [l&a 

Mays] (Sorensen et aI. 1980, Blad et aI. 1980), cowpeas [Vigna unguiculata] (Tum et 
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al. 1980), sugar beets £Veta vul~are]. (Miller and Hang 1980), sorghum [Sor~hum 

bicolor] (Blad et al. 1980) and screening studies (ICRISAT 1982) to impose a water 

application gradient and enable measurement of various physiological and agronomic 

characteristics over a wide range of available soil moisture. 

This system is simple to set up and minimizes land required since no border 

rows between plots are needed, as well as allowing for a continuous variation of 

irrigation from excess to no irrigation (Fernandez 1991). The LSSIGS provides water 

application in field plots that is uniform parallel to the irrigation line, but continuously 

declines across the plots perpendicular to the line. This provides a controlled range of 

different moisture regimes within a relatively small area. 

Hanks et al. (1976) suggested that the design criteria for the water application 

pattern from a line sprinkler plot irrigation system is to obtain the desired "triangular 

pattern line-source" effect. To acquire this effect, the sprinkler should be spaced as 

closely as practical on the water supply line with spacing not exceeding 25 % of the 

wetted diameter. Furthermore, the individual sprinklers should produce a triangular 

shaped profile when operated in low winds at the design pressure. Field plot layouts 

using LSSIGS have also been published elsewhere (Hanks et al. 1980, Johnson et al. 

1983). 

The experimental design is similar to strip-plot or split-block design (Steel and 

Torrie 1980) except that irrigation levels are systematically arranged without 

randomization. The treatments are applied to a right angle to the irrigation gradients. 
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Data Analysis 

Line-source sprinkler irrigation gradient system (LSSIGS) generally reduces the 

amount of experimental area needed to acquire significant variation in treatment level 

of irrigation. As mentioned, the experimental design is a strip plot or split-block design 

(Steel and Torrie 1980) with the levels of irrigation being systematically arranged with 

no randomization. Most often the treatment factor plots such as different plant 

materials are described as whole plots and the various levels of irrigation are considered 

to be subplots within the whole plots. The treatments are applied at a right angle to the 

irrigation gradient. Although the tests on treatments are statistically valid, no valid 

univariate statistical tests are available to test the main effects of irrigation and the 

interaction between irrigation and treatment effects (Hanks et al. 1980), unless the 

Huynh-Feldt (H-F) condition is satisfied (Huynh and Feldt 1970). Experiments with 

data collected at several points (irrigation subplots) are called repeated measure 

experiments (Freund et al. 1986, Little 1989). According to Johnson et al. (1983), any 

set of repeated measures on the plot unit is a multivariate set of responses. Thus, he 

proposed multivariate methods to test the joint effects of irrigation levels and 

treatments. 

Repeated measure analysis of variance found in many statistical computing 

packages such as statistical analysis system (SAS) general linear model (GLM) and 

analysis of variance (ANDV A) procedures can be used on the analysis of line-source 

sprinkler experiments (SAS 1988, Fernandez 1991). It is essential to know that 
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repeated measures analysis of variance procedures in the statistics programs are subsets 

of the multivariate analysis of variance. 

Re,peated Measure Experiments 

Repeated measure experiments involve measurements on the same experimental 

units when data are collected at several points over time or space. The sampling unit 

can be a plant in a greenhouse experiment, plot in the field experiment or systematically 

arranged plots in LSSIGS experiment. 

The general pattern of a repeated measure experiment is that a random sample 

of N independent experimental units (random-effect factor), and each group receives 

a treatment or treatment combination. Then each individual's response(s) is (are) 

measured over some nonrandom points of time. These experiments are very effective 

in reducing experimental error and objectives are usually to investigate response over 

time, such as plant growth. Repeated measure experiments have been usually analyzed 

as split plot design considering time as the split-plot factor (Steel and Torrie 1980). 

Huynh-Feldt CH-Fl Condition 

Huynh and Feldt (1970) showed under certain conditions that a univariate 

analysis of variance can be used for the repeated measures design. These conditions are 

that mean square ratios have exact F-distributions. The univariate analysis of variance 

can be used to obtain valid tests of contrasts among repeated measures and their 

interactions with the whole plot treatment factors if the Huynh-Feldt condition is met. 

Another model that can be used for the analysis of the repeated measures design is the 
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random effects model frequently used for longitudinal studies (Laird and Ware, 1982). 

These models assume the individual whole plots are random representatives that 

received a particular whole plot treatment. Maximum likelihood or a modified version, 

residual maximum likelihood, are used to estimate the variance and covariance 

components required to test hypotheses about the repeated measures contrasts. 

Any of the analytical methods may be viable alternatives for the analysis of 

LSSIGS experiments provided the statistical model assumptions required by the method 

are exhibited by the data. Only limited information is available on the comparative 

validity of the various methods of analysis and the extent to which they differ in the 

inferences provided for the LSSIGS experiments. The key to the analysis of such 

experiments is the structure of the variance and covariance matrix of spatially repeated 

measures on field plots under the line-source sprinkler system (Kuehl 1991). 



52 

CHAPTER 3 

MATERIALS AND METHODS 

Seed Collection 

For both 1992 and 1993 experiments, seeds of 2 tree and 2 shrub species were 

collected at different locations. Catclaw and blue paloverde were collected at the 

arroyo adjacent to the Las Placita town homes, north of east Broadway Blvd., between 

Brown and Gollob Streets, Tucson, Arizona. Elevation was approximately 80 meters. 

Seeds of jojoba were collected at the Maricopa Agriculture Center in Maricopa, 

Arizona. Elevation is 600 meters. Seeds of velvet mesquite were collected by Ajo Way 

in southeast Tucson, Arizona. Elevation is approximately 720 meters. 

Laboratory Germination Tests 

An initial germination test was conducted to determine possible needs for 

scarification of seeds. A single replication of 10 seeds of each of the 4 plant species, 

catclaw, paloverde, mesquite, and jojoba was placed on a single thickness of 

germination paper in petri dishes and kept moist with tap water. The seeds that 

imbibed water and germinated 1 - 2 mm long radicles in 4-5 days were considered 

germinable. Seeds of species that did not imbibe water nor germinate were scarified by 

hand using sand paper. 
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Germination tests were conducted to determine percent of pure live seeds (PLS) 

in order to calculate bulk seeding rates for the field experiment. Germination tests 

were conducted in an incubator which adjusted diurnal temperature to those of wet 

seedbeds during the summer rainy season in the desert grassland (Biedenbender 1994). 

Germination was tested in the dark. Maximum and minimum temperatures were 41 and 

19°C, respectively. 

Four replications of 25 seeds of each species were placed on filter papers in 10 

cm petri dishes. The papers were moistened with distilled water, and the dishes were 

covered and placed in a growth chamber. Seeds with 2 mm long radicles were 

considered germinated. The number of germinated seeds were recorded every day for 

14 days after the initiation of each experiment. The number of pure live seeds was 

calculated by multiplying the total number of seeds in a gram by the germination 

percentage. Seeds were stored in cold storage until planting time. 

Field Experiments 

A LSSIGS experiment was initiated during the summers of 1992 and 1993 at the 

USDA Plant Materials Center in Tucson, Arizona. The experimental site elevation is 

773 meters, located within Major Land Resource Area (MLRA) D40, which includes 

both Phoenix and Tucson (Jordan 1981). Mean annual precipitation at the site is 294 

mm with 54% (159 mm) falling between July and October (Sellers et al. 1985). Soil 

at the site is the Anthony Series, a member of the coarse-loamy, mixed, calcareous, 

thermic family of Typic Torrifluvents. Typically, these soils are deep and light 
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colored, contain less than 1 % organic matter, are well drained with medium surface run 

off and moderately rapid permeability, and are moderately coarse-textured (pater 1992). 

The site was disced and floated prior to planting. The line-source sprinkler system was 

used to germinate residual barley seed that remained in the soil from a previous 

planting and glyphosate (N-(Phosphouomethyl) glycine) herbicide was applied to 

eliminate the barley seedlings. 

Seventeen species considered to be adapted to the Phoenix Desert Shrub Land 

Resource area (Jordan 1981) were directly seeded using a 4-row no-till planter in mid

July of 1992 and 1993, the time of traditional onset of summer rainfall. Grasses, 

shrubs and trees were seeded at rates of 66,33, and 16 pure live seeds (PLS) per m of 

row, respectively. Rows 16.5-m long were placed 41-cm apart and perpendicular to 

the line-source sprinkler. 

My particular research focused on responses of acacia, jojoba, velvet mesquite 

and blue paloverde. An extra sacrifice row of each species was seeded next to each 

row in 2 of the 6 total replications for morphological measurements. The experimental 

design was similar to strip-plot or split-block design (Steel and Torrie 1980) with 6 

replications and 7 water applications 1.5, 4.5, 6.0, 7.5, 10.5, 13.5 and 16.5 m 

(unirrigated) from the irrigation line. 

Gypsum block soil moisture sensors were buried at 2 replications of 3 depths, 

1-3, 8-10, and 18-20 cm and 1 replication of 2 depths, 38-40 and 58-60 cm in each of 



55 

3 blocks at distances of 1.5, 6, 10.5 and 16.5 m from the sprinkler line. Soil 

temperature sensors (copper-constantan thermocouples) were buried at 1-cm deep at 

4 distances of 1.5, 6, 10.5, and 16.5 m (un irrigated) from the line-source sprinkler on 

each of 3 blocks. An electronic weather station was installed to record windspeed, air 

temperature, solar radiation, relative humidity and precipitation. Soil moisture, soil 

temperature, and meterological variables were measured every minute and hourly 

averages (and total rainfall) were recorded by Campbell Scientific Inc. CR-I0 

microloggers. Thirty-nine catch cans were also placed at the line, 1.5, 4.5, 7.5, 10.5, 

13.5 and 16.5 m (un irrigated) from the line-source sprinkler at 25 cm above the soil 

surface in an unplanted row in all 6 replications to record water delivered to that point 

in the gradient. 

Irrigation water was applied daily for 10 days after sowing to maintain available 

moisture in the upper 3 cm of soil nearest the line-source sprinkler. After initial 

irrigations, frequency and quantity of irrigation was scheduled to replace moisture 

nearest the line source to approximately 75 % of the cumulative reference 

evapotranspiration. 

In order to determine cumulative reference evapotranspiration, the amount of 

water applied at 1.5 m from the line-source sprinkler at the last irrigation plus total rain 

(mm) after the last irrigation was divided by reference evapotranspiration (mm) of the 

previous day reported by Azmet weather station. 
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Measurements such as natural precipitation and applied water, soil moisture and 

temperature, seedling emergence and survival, twig xylem water potential, apparent 

photosynthesis, and morphology and growth were taken. 

Data from water application was used to determine if the line source created 

different periods of water availability within summer establishment season. 

PMR data were taken weekly to determine effects of irrigation and dynamics of 

available soil moisture on emergence and survival. Apparent photosynthesis and xylem 

water potential were measured to determine effects of irrigation on carbon uptake and 

plant water stress, as well as to determine ability of different species to photosynthesis 

under different levels of water stress. Plant height and root data were collected to 

determine effects of irrigation and soil moisture on growth, as well as to determine 

ability of roots to grow ahead of the soil drying front. 

Apparent photosynthesis was compared among species grown under different 

water additions to see if photosynthetic ability varied in relation to soil moisture. Xylem 

water potential was measured to determine effects of irrigation on plant water stress. 

LSSIGS Desi2n and Water Application Considerations 

Our line-source sprinkler system had 9 sprinklers placed at approximately 6 m 

apart which produced an overall wetted radius of approximately 13.5 m. 

The length of the overall experiment was 41 m running north to south and the 

width was 33 m at each side of the irrigation line running east to west. The 

experimental area was laser leveled prior to seeding and sprinklers were placed on 160 
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cm high by 2.5 cm diameter risers. The supply line was quick coupling portable 

aluminum with rubber gaskets in the pipe junctions to minimize water leak. 

Water application considerations of the line source system were among the 

important experiences in our experiment. For example, although rubber gaskets were 

used in the pipe junction of the supply line, water leakage occurred frequently and was 

enough to create a puddling problem a short time after the beginning of each irrigation. 

To minimize the leakage problem, silicon sealant was frequently used prior to each 

irrigation, but it did not completely eliminate this problem. Data from the 2 sides (each 

side 50 cm wide) next to the sprinkler line were not taken because of the leakage from 

the pipe junction. 

Wind drift was also an important consideration. Irrigation was usually done only 

on days and at the early morning hours when the wind was dead or at least very slight. 

This was not always possible; for example, on a few occasions we waited several days 

for a calm period but it did not occur so irrigation was done. The calmest period was 

during very early hours around 4:00 a.m. to 6:00 a.m. 

Even when the wind was completely dead, a slightly greater area was wetted on 

the west side of the experiment than on the south side. This could have been caused by 

some nozzles leaning toward the west side. To minimize this problem, the nozzles were 

secured by T posts. 

Impurities such as sand or dirt in the water caused 1 or more nozzles to plug up 

during the irrigation period. This could create problems in the uniform water 
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distribution to all plots. To eliminate this problem, pipeline filters were used at the first 

few meters of the line source next to the pump or gauge. Also irrigation was 

temporarily stopped to clear plugged nozzles. 

Finally, despite laser levelling of the field plot, small unevenness on the soil 

surfaces were enough to cause localized puddles which could affect soil surface 

moisture and temperature data as well as emergence and seedling growth. To eliminate 

this problem, extra effort is needed to insure that laser levelling of the field is done 

properly and precisely without leaving any small areas unlevelled. 

Seedlina Emeraence and Survival 

Plants per meter of row (PMR) were counted every 7 days starting 

approximately a week after seeding until plant growth ceased in late fall. The meter 

stick was placed at the different irrigation application lines, 1.5, 4.5, 6.0, 7.5, 10.5, 

13.5 m (unirrigated) from the line source. The total number of seedlings in 1 meter 

of row was carefully counted and recorded in all 6 replications. 

Plant Heiaht 

Plant height was measured using a ruler 1 week after seedling emergence and 

once every 2 weeks for 45 days at 3 different irrigation levels, high (l.5 m), medium 

(7.5 m), and un irrigated (13.5 m) from the line-source sprinkler in all 6 replications. 

PMR at 45 days after sowing was considered to be indicative of establishment response 

to available moisture. Plant height was measured every 7 days on the same 5 plants 
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which were marked at each irrigation level by sticking colored tooth picks next to the 

plants. 

Field Measurement or Apparent Photosynthesis 

Photosynthetic rates were measured using 2 specially constructed, air-tight 

chambers which allow the atmospheric gases to circulate within a closed system. One 

of the chambers is equipped with a battery-powered motor and fan which facilitates the 

movement of gases within the closed system. This chamber is called the "circulation 

chamber." This motorized chamber is attached to the second chamber with 2 small 

hoses made of surgical tubing. This second chamber is called the "leaf chamber." To 

measure the apparent photosynthetic rates, a branch stem was carefully inserted in a 

rubber cork; then the branch was inserted through the length of the leaf chamber and 

the bottom end of the leaf chamber was sealed by rubber cork. Pliable clay material 

which allows for an air-tight seal was used. The circulation chamber is also fitted with 

2 rubber septa (Plugs) through each of which a needle and syringe, with their plungers 

depressed, is placed. After allowing approximately 6 seconds for air circulation, at the 

onset of the process (at O-time) a sample was taken by pulling back the plunger of the 

first syringe. This first sample was then removed from the circulation chamber and the 

needle was inserted in a rubber stopper to prevent the sample from being contaminated 

with outside gases. After the gases have circulated within the system for 30 seconds, 

the second sample was taken. Photosynthesis readings were taken on 10 September, 

7 October, and 4 November in 1992. All measurements were made between 10:00 
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a.m. and 2:00 p.m. on sunny days. Sample measurements were taken from 24 plants, 

6 plants of each species in 2 replications at 3 irrigation levels of high (1.5 m), medium 

(7.5 m), and less irrigated (13.5 m) treatments and distances from the line source. The 

twigs inserted into the chamber for these tests were harvested and transported to the 

laboratory in an ice chest along with the syringes for measurement of C~ concentration 

differences between each pair of samples for each plant as well as measurement of leaf 

area. The CO2 concentration differences in each pair of syringes was measured using 

a Beckman model 865 infrared gas analyzer. Three milliliters of the gas within each 

pair of syringes was individually injected into a nitrogen gas carrier flowing at 1 liter 

per minute through the analyzer. The peak output was measured with a Heath

Schlumberger model SR-205 strip chart recorder. The system was calibrated with 

standard gases of known CO2 concentration. The differences in CO2 concentrations 

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

uptake. 

Leaf areas were determined following the gas exchange experiments using 

a leaf area meter. Leaflets were detached from the stem of all samples. However, 

only 1 sample of medium irrigation level (7.5 m) was used to calculate specific leaf 

weight (SLW) which was used to calculate leaf area for the other sample in a species. 

Leaflets and stem samples were then dried for 24 hours in a 75°C air-dry oven and dry 

weights were measured in mg to determine specific leaf weight to calculate 

photosynthesis rate. Specific leaf weight was calculated by dividing the dry weight by 
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the leaflet surface area and was expressed as mg/cm2
• The photosynthetic rates 

(",mollm2/s) were then calculated. 

Twie Xylem Water Potential 

Twig Xylem water potential was measured in the field using a pressure bomb 

immediately following apparent photosynthetic measurements. The twigs inserted into 

the chamber for photosynthetic tests were subsequently placed in a plastic bag, 

harvested and inserted immediately into the pressure chamber to measure twig xylem 

water potential. Twigs were approximately 5-10 cm in length. 

Measurements for twig xylem water potential were made midday on 10 

September, 7 October, and 27 October and predawn on 27 October in 1992. For 1993, 

these measurements were made midday on 9 September, 6 October, and 31 November 

and predawn on 6 October and 31 November. 

Morpholoeical and Growth Measurements 

Root excavation was made following apparent photosynthesis and twig xylem 

water potential measurements on the same plants. All roots were carefully hand 

excavated to avoid any breakage and loss of tap or fine roots. 

Shoot length of each excavated plant was measured in the field following 

excavation. Shoots then were cut and separated from the roots. Roots were placed in 

plastic bags to keep them from drying and bending. In the lab roots were carefully 

rinsed with warm tap water to remove dirt and sand particles. 
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Tap root length, fine root length, and total root length (tap root and fine root) 

as well as shoot length of each plant was measured using rulers of various sizes. 

Samples of shoots and roots were then dried for 24 hours at 75°C and weighed. 

Root and shoot measurements were made on 14 September, 30 October, and 21 

November 1992 and 14 September, 30 October, and 21 November 1993. 

Statistical Analysis 

Significance (p-values) of distance and species x distance were based on Wilk's 

Lamda from multivariate repeated measures analysis of variance. Significance of species 

was based on F ratios from standard analysis of variance. Means of species were 

compared by conducting a post hoc mean comparison, using least significant difference 

method (LSD at p < 0.05) at each distance from the line source for each sample date. 
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CHAPfER4 

RESULTS 

Precipitation, Irrigation, Soil Moisture and Temperatures 

Amount of irrigation water applied varied significantly with distance from the 

sprinkler for different dates during both 1992 and 1993 (Appendix, Tables 1 and 2). 

There were no significant differences in amount of water applied among the 

experimental blocks (Appendix, Tables 1 and 2). Lower p-values on some dates for the 

block effect may have been due to wind. 

1992 Experiment 

Total natural precipitation for July and August 1992 after the 13 July sowing 

date was 76 mm (Fig. 1). A total of 280.5, 268.4, 188.9, 133.6 and 30.7 mm of 

irrigation water was applied at 1.5, 4.5, 7.5, 10.5, and 13.5 m from the line-source 

sprinkler, respectively. Soil water input patterns included frequent irrigation in July and 

early August and natural rainfall spread fairly evenly throughout August (Fig. 2). 

Irrigation was applied almost every day during the first 7 days after sowing (15-22 July) 

and less frequently thereafter until 16 August, the last day of irrigation. Irrigation was 

applied on 15 October to create a moisture gradient for physiological measurements 

(Fig. 3). Natural precipitation was limited in September. 



64 

400 
356.7 

i 

344.6 1 6 JULY - .31 AUGUST 1 992 

300 265.1 ~ IRRIGATION . 
C:=:J PRECIPITATION 

.--.. 
~ 
~ 209.8 
'-'" 
0::: 200 
L.U 
to-
e::( 
;: 

106.9 
100 76.2 . 

o 
1.5 4.5 7.5 10.5 1 3.5 16.5 

400r---~----~------~----~----~----~--~ 

22 JULY - 31 AUGUST 1993 

300 285.2 

252.6 .--.. 
~ 
~ 207.7 
'-'" 

0::: 200 186.6 
L.U 
to-
e::( 
;: 

106.6 
100 ~ 68.1 

1.5 4.5 7.5 10.5 13.5 16.5 

DISTANCE FROM LINE SOURCE (M) 

Fig. 1. Irrigation and precipitation (mm) at 6 distances from a line-source sprinkler. 



65 

20 

,.. 

o 
15 18 21 24 27 30 33 36 39 42 .45 48 51 

DAYS SINCE 1 JULY 1992 

'1"1 
~" 

DISTANCE FROM 
LINE SOURCE (M) -- 1 .5 
~ 4.5 

20 ~ 7.5 """' ~ I2ZZZ2l 10.5 
~ c:::::J 13.5 ......, ..... 
0::: c::::::J 16.5 w -« 
3: 

~ ~ 

. 5 , 8 21 24 27 30 33 36 39 42 45 48 51 

. DAYS SINCE 1 JULY 1 993 

Fig. 2. Total water applied (mm) aL 6 distances from a line-source sprinkler. A 
distance of 16.5 m is out of range of the sprinkler and indicates natural precipitation 
only. 



30 
66 

DISTANCE FROM 
LINE SOURCE (M) 

__ 1.5 

20 ~ 4.5 ....... ~ 7.5 :::E 
:::E ~ 10.5 
'-" c::=:J 13.5 e::: 
w 16.5 
I-
oCt 
~ 

10 ~ 
~ 
~ 
~ 
~ 

n ~ 
0 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 

DAYS SINCE 1 SEPTEMBER 1 992 

....... 
~ 
:::E 20 
'--' 

z 
0 
i= 
oCt 
I-
Cl.. 
U 

1 0 w 
e::: 
Cl.. 

o~~~~~--~~--~~~~~~~----~~~-~~~ 
5 10 15 20 25 30 35 40 45 50 55 60 65 70 

DAYS SINCE 1 SEPTEMBER 1 993 

Fig. 3. Water application (1992) and predpitation (mm)(1993) at 6 dist4nces from a 
line-source sprinkler. A distance of 16.5 m is out of range of the sprinkler and 
indicates natural precipitation only. 



67 

Frequent irrigation and lack of rainfall in July resulted in high and similar soil 

water potential for all irrigation levels but low soil water potential on unirrigated soils 

at depths of 1-3 and 8-10 cm (Fig. 4). Rainfall increased near-surface soil water 

potential on unirrigated soils throughout August and once in early September (Figs. 2-

5). Subsurface water potentials were high and similar for all irrigation levels and 

un irrigated soils throughout July and August (Fig. 4). These high soil water potentials 

were associated with precipitation and initial irrigation which essentially brought the 

upper 60 cm of soil to field capacity before seeds were planted in July. Lack of 

irrigation and rainfall after mid August resulted in drying of the soil profile. which was 

interrupted by rainfall in mid September and by the October irrigation (Figs. 3 and 5). 

Drying subsurface water potentials in September were negatively rather than positively 

associated with the irrigation gradient. Water potentials were lower at the higher 

irrigation levels than at the lower levels of irrigation (Fig. 5). However, subsurface 

water potentials of unirrigated soils decreased more rapidly and were lower than 

irrigated soils in September and October. 

1993 Experiment 

Total natural precipitation for July and August after the 20 July sowing date was 

68 mm. A total of217.1, 184.5,139.6,118.5, and 38.5 mm of irrigation was applied 

at 1.5, 4.5, 7.5, 10.5, and 13.5 m from the line-source sprinkler (Fig. 1). Total 

precipitation plus irrigation after sowing in July and August ranged from 285.2 to 68.1 

mm. 
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Soil water input patterns included daily irrigation during the first 11 days after sowing 

(22 July to 1 August) and natural rainfall spread throughout the first half of August 

(Fig. 2). Limited precipitation occurred in September and October (Fig. 3). As in 1992, 

near surface and subsurface water potentials were high and similar at all irrigation 

levels in July and August (Fig. 6). Lack of rain and frequent irrigation in July resulted 

in much lower water potentials at 1-3 em and slightly lower water potentials at 8-10 em 

for unirrigated compared to irrigated soils. After early August rains near-surface water 

potentials were similar for irrigated and unirrigated soils and followed rainfall patterns 

(Figs. 6 and 7). Subsurface water potentials were generally high throughout July and 

August and decreased, especially at 8-20 cm in September and October. 

Water potential in irrigated soils at 18-20 em in September and October 

generally reflected the irrigation gradient, with decreasing water potential with distance 

from the line source sprinkler. Water potential at 38-40 em was lower for unirrigated 

than irrigated soils in July through October. Soils at 10.5 m from the line source began 

to dry out at the 38-40 em depth in October but water potential for all soils was high 

throughout the summer and fall at 58-60 em. 

Seedbed Soil Temperature 

Seedbed soil treatment at 1 em deep and at all 4 distances from the line-source 

sprinkler fluctuated diurnally about 20°C throughout July and August 1992 and 1993 
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(Figs. 8 and 9). Maximum temperatures were about 5°C greater for dry unirrigated soil 

than for irrigated soil. Near surface temperatures were similar among irrigation levels. 

Standard deviations of soil temperatures at 1 em ranged from 2°C to 7°C in July 

and August. Temperature fluctuations were less at soil depths below 9-cm deep during 

mid-July to 10 November 1992 and 1993 than at near surface depths (Figs. 8 and 9). 

Temperatures were satisfactory for germination of acacia, mesquite, and paloverde in 

July and August. 

Seedling Emergence and Establishment 

1992 Experiment 

Plants per meter of row (PMR) differed significantly for species on 4 out of 12 

sample dates and for distance from the line source sprinkler on all sample dates in 1992 

(Appendix, Table 3). The species x distance interaction was significant for sample dates 

in July, September, and October. The main difference in species PMR was between 

jojoba and the other 3 species while the main difference in PMR with distance was 

between irrigated and unirrigated soils (Fig. 10). Jojoba delayed emergence until early 

August and generally achieved similar PMR as the other species on irrigated soils by 

mid August. 

Seeds in non irrigated soils germinated after natural rainfall in early August. 

Eventual PMR was generally lower for nonirrigated than irrigated soils. Acacia, 

mesquite, and paloverde generally had similar PMR under the highest irrigation levels 

(Fig. 10). After mid August, PMR of these species varied more at the lower than 
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higher irrigation levels. At the lowest irrigation or on nonirrigated soils, PMR was 

generally greatest for mesquite, followed by paloverde, acacia, and jojoba. All 

irrigation levels produced acceptable stands (at least 2 PMR) of all 4 species. Natural 

precipitation produced acceptable stands of mesquite, paloverde, and acacia, but not 

jojoba. 

1993 Experiment 

PMR differed significantly for species and distance from the line source for all 

8 sample dates in 1993 (Appendix, Table 4). The interaction of species x distance was 

not significant except for the last sample date. PMR varied more among the 4 species 

in 1993 than 1992 (Figs. 10 and 11). High and frequent post-seeding irrigation 

produced high initial PMR of mesquite and paloverde as in 1993, but acacia PMR was 

lower in 1993 than 1992. Jojoba seedling emergence was delayed in 1993 as in 1992. 

There was a trend toward decreasing PMR with the lowest level of irrigation for 

mesquite, paloverde, and acacia (Fig. 11). August rains germinated seeds in 

nonirrigated soils and eventually produced higher PMR of paloverde and jojoba for 

nonirrigated soils than for soils receiving the lowest irrigation. Mesquite PMR generally 

decreased over time for all distances from the line source and therefore had fewer 

established PMR in 1993 than 1992. Paloverdc and jojoba had the highest seedling 

establishment in 1993. Establishment of all species was acceptable, even on nonirrigated 

soils. 
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Plant Height 

Plant height varied significantly for species, distance, and species x distance 

interaction for all dates in 1992 (Appendix, Table 5). Plant height decreased with 

decreasing irrigation (Fig. 12). 

Paloverde and jojoba, respectively, had the largest (55 cm) and smallest (6 cm) 

plant height at high, medium and low irrigation levels (Fig. 12). Acacia, mesquite and 

paloverde plant height increased over time but at a higher rate for plants closer to the 

line source than for those at the edge of the irrigated area. In contrast, jojoba plant 

height had the same pattern in all irrigation levels. Jojoba plant height increased slowly 

during early summer until (he middle of summer, then leveled off (Fig. 12). 

Apparent Photosynthesis 

Apparent photosynthesis showed no significant difference for species, distance, 

and the species x distance interaction for 10 September and 7 October, and for species 

on 10 November 1992, while distance and species x distance interaction for 10 

November 1992 varied significantly (Appendix, Table 6). 

On 4 November 1992 photosynthetic rates increased with decreasing irrigation 

for acacia, mesquite, and paloverde (Fig. 13). The greatest photosynthetic rate (11.5 

p. mollm2/s) was for paloverde with a xylem water potential of -2.2 MPa in soil 

receiving no irrigation (Figs. 13 and 14). Jojoba had consistently lower photosynthetic 

rates than the other species. 



6°rr=======~==CI--~--~------~---' 

50 

~ 40 ... 
:%: 
t:J 
~ 30 

~ 20 

10 

_ ACACIA 1 .5 t.t FROM UNE SOURCE ./ • 

.... - JOJOBA /' 
- ..... MESQUITE /I. 
-.- PALO VEROE B /' ./ 1-_____ -'/1. C./ 

A 
A 
B 

/ 

B 0 /' 
B t,..."...,... ..... 
C __ ~ ... '" / /'" 

/I. 

B 
C 
o 

...... -._._.-.-._._._._.-
~~0~~~~--~5~0---6~0---7~0~.--~BO~~9~O--~1~00~ 

60~--~--~--~--~--~--------~--~ 

50 

S' u 40 ...... 
!i: 
15 30 
:%: 

~ 20 
a.. 

10 

A 
B 
C 
o 

7.5 M F'ROI,. UNE SOURCE 

/I. 
B 

• ./ 

/ ... 
./ / 

// 
A C./ / 
B 0 /// 

/ 

C t-/ 
o -.~ _-'7 ... ./ 

'=::::::i' 

A 

B 
B 
C 

...... -._._.-.-._._._._.-
020 .30 40 50 60 70 BO 90 100 

60~--~--~------~--~--------~--~ 

50 

S' u 40 ...... .... 
:%: 

~ .30 
:%: 

~ 20 

10 
A 
A 
B 

1 3.5 M FROM UNE SOURCE 

A 

A 
B 
C 
o 

B .... 
C ,../ 

A 0/ .... / 

A B "'~ 
B B ./ 

'" C C ~ __ -
C ....-!..-o:::::. ___ ._.- .. -._._._._.-. 

~LO-t;3~0~al40~~5~O--~6~0---7~O~~BO~~9~O--~1~00~ 
DAYS SINCE 1 JULY 1 992 

Fig. 12. Plant height (cm) for 4 woody species at 3 distances from a line-source 
sprinkler during summer 1992. Similar letters in vertical order indicate no 
difference3 for species at :hat date and distance by LSD (P < 0.05). 

80 



-

12~----~--~--__ --~----~--~--~ 

10 

8 

6 

4 

2 

1 CI SEPTEMBER 1 992 

... ----------+ ..... -

. .,..-' .-
• .:a................... ___ ----. ......... -r---------,- ---. --------

- ACACIA 
--- JOJOBA 
.... - IoIESQUI'TE 
- ~. PAl.O VEROE 

~ O~==~==~::~--~--~--~~~ 
;:;..... 3 5 7 9 11 13 15 

~ 
" 12~----~--~------~----~--~--~ 
o 
E 10 
::t 

"-" 
w e 
f-

~ 
U 6 
~ 
W 4 
:I: 
f-

~ 2 
Vl 

.---------
7 OCTOBER 1992 

- ..... _--------

.-.-.-.-.-.-.-.- .. ~ . ---- -----. ---------. ............... " .... - ---

~ 0 1.-1.. ____ ...... _"'"-_-'-__ --1. ___ '--__ ....... _-' 

o 3 5 7 9 11 13 15 

:I: 
~ 12~----~--~--__ --~----~--~--~ 

10 

8 

6 

4 

2 

4 NOVEMBER 1992 

A 
AB ;' .. -.-._._._._. 
• ,c· .... • -,- , _ .... ' / .-' / 
B ;' . . ----~----------.------/ -- ............ 
c / ---A .. 

O~ ____ L.-__ ~ __ ~ __ ~ ____ L.-__ ~ ___ ~ 

3 5 7 9 11 13 15 

DISTANCE FROM LINE SOURCE (M) 

Fig. 13. Apparent photosynthesis (J,tmoIlM2/S) for 3 distances from a line-source 
sprinkler ir. lute summer and fall 1992. Similar letters in vertical order indicate no 
differences for species at that distance by LSD (P < 0.05). 

81 



~ 

o 
Q. 

~ 

.J 
c( 

~ 
z 

~ 
Q. 

0: 
w 
!;( 
~ 

0, Ii 

-1 

-2 

10 SEPTEMBER 1992 - ACACIA 
- -. - JOJOBA 
-- MESQUITE 

- ... - PAlOVERDE 

;.- -..: -. -. - :. - -. -:a-- -" . -' -' -' -. 
A 

A A 
A A 

A A 

A 
A 
B 

~ -3 B B . ---- ------------ ... ---------- --- --- ... .J 

~ 

-4'~~----~----~------~----~----~----~----~ .} 5 7 9 11 13 15 

°l~----~-----r-----r----~----~~--~---' 
27 OCTOBER 1992 

0' 
Q. 

~ -1 
.J 
c( 

~ 
Z 

~ 
Q. 

0: 

ti 
~ 

-2 

~ -3 
.J 

~ 

-'- -:.. 
-~----

1--· ._. __ 

:--= --------------• --
A A 
A A 
A A -,. 

A 
A A 
A 
B 

-4' , I , , • I 

.} 5 7 9 11 --1,) 

DISTANCE FROMUNE SOURCE (M) 

1 
15 

Orl~~--,_----~~--~~--r_~~----~--~_, 

-1 

-2 

-3 

7 OCTOBER 1 992 

A 
A 
A A 
.- A ___ ~ 
J - • =- • _.---. ._ B _._0_0-0 A 

'-._0-' A B 

B A 

-.------ ---- ------ ~ 

6- ___ _ 

-4~1~----~----~------~----~----~----~----~ 3 5 7 9 11 13 15 

O,~-r-----r--~-'--~ __ ~~--~~--'-~---r--__ -' 

2 NOVEMBER 1992 

-1 

-2 

~~_o-:.::-.::~ -=:-- 0 _._ 

------1 --
A A 
A B 

-31 
A B 

-,. 
B A 

A 
A 
B 

-4' , I I I 
.} 5 7 9 11 13 15 

DISTANCE FROMUNE SOURCE (M) 

Fig. 14. Midday xylem water potential (MPa) for 4 woody species at 3 distances from a line-source sprinkler in late 
summer and fall 1992. Similar letters in vertical order indicate no differences for species at that distance and date by 
LSD (P<O.05). 

00 
tv 



83 

Xylem Water Potential 

In 1992, species differed statistically in xylem water potential (Appendix, Table 

7). The magnitude of these differences was small except for jojoba, which generally had 

lower water potential than the other species (Fig. 14). Xylem water potential varied 

little among irrigation levels for these species. Iojoba had lower water potentials in less 

irrigated than highly irrigated soils in midfall (Figs. 14 and 15). The largest xylem 

water potential decrease was in jojoba, changing from -1 MPa at a high irrigation level 

to -3.2 MPa at the least irrigation level on 27 October 1992 (Fig. 15). 

In 1993, analysis of variance for xylem water potential showed significant 

differences among species; however, the magnitude of these differences was even 

smaller than in 1992 (Appendix, Table 7; Figs. 16 and 17). Xylem water potential 

showed little difference among irrigation levels. As in 1992, in 1993, predawn and 

midday, water potential for jojoba was lower than for other species at all irrigation 

levels, but for all species water potential in mid fall 1993 was lower on less irrigated 

than highly irrigated soils. 

Morphological and Growth Measurements 

In 1992 and 1993, there were highly significant differences among species in tap 

Toot depth. Tap root depth varied with distance from the line source on 11 September 

and 7 October 1992 (Appendix, Table 8). The species x distance interaction was 

significant on 11 September 1992 and 30 October 1993. In 1992 tap root depth was 

generally similar for mesquite, paloverde and acacia and shorter for jojoba (Fig. 18). 
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In 1993 tap root depth was more variable among species and shorter for acacia than in 

1992. Jojoba had shorter tap roots than the other species in 1993 as in 1992. Paloverde 

and jojoba tap root length decreased with decreasing irrigation while that of mesquite 

and acacia tended to increase with decreasing irrigation. 

Ratio of tap root to shoot length differed significantly for species, distance, and 

species x distance interaction in both 1992 and 1993, depending on the date (Appendix, 

Table 9). In general, paloverde and mesquite had similar ratios which increased slightly 

with less irrigation (Fig. 19). Acacia and jojoba had higher ratios than paloverde and 

mesquite which also generally increased from high or moderate to lower irrigation 

levels. 

Fine root length differed significantly for species on 7 October 1992 and 30 

October 1993, but did not differ with distance or species x distance interaction 

(Appendix, Table 10). Fine root length was highest for mesquite and lowest for jojoba 

(Fig. 20). 

Total root length differed significantly for species on all dates in 1992 and 1993, 

but distance and species x distance interaction were significant only on 11 September 

1992 (Appendix, Table 11). Total root length ranged from 20 cm for jojoba in 

September to 175 cm for mesquite in October 1992 and from 50 cm for jojoba in 

October to 325 cm for mesquite in November 1993. Jojoba had less total root length 

than other species at all irrigation levels in late summer and fall 1992 and 1993 (Fig. 

21). There was no consistent trends in total root length with respect to distance from 

the line source. 
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Shoot dry weight differed significantly for species, distance, and the species x 

distance interaction in 1992 and 1993 (Appendix, Table 12). Shoot dry weight was 

highest for paloverde and decreased greatly from moderate to limited irrigation (Fig. 

22). Shoot dry weight of the other species did not differ consistently or greatly with 

irrigation. 

Root dry weight generally was significantly different for species, distance, and 

the species x distance interaction (Appendix, Table 13). Paloverde and mesquite 

generally had the highest root dry weight (Fig. 23). Root dry weight of paloverde 

decreased with decreasing irrigation but was not consistent in response to irrigation for 

the other species. 

Root to shoot dry weight ratio did not differ significantly for species, distances, 

and the species x distance interaction in 1992 and 1993 except for species on 7 October 

1992 (Appendix, Table 14). Acacia generally had the highest root/shoot dry weight 

ratio (Fig. 24). 
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CHAPTER 5 

DISCUSSION 

Effectiveness of Irrigation 

Our first objective was to investigate adaptation and effectiveness of the line

source sprinkler irrigation gradient system (LSSIGS) to create different periods of 

available water in the seed bed to evaluate establishment of these woody species under 

different moisture conditions. 

Irrigation created available moisture differences between irrigated and 

unirrigated soils for certain rainless periods but generally created little difference in soil 

water availability within the irrigation system at different distances (Figs. 2, 3, 4, 5, 

6, and 7). 

Rainless periods in 1992 (July through early August and mid September through 

October) and 1993 (July, late August through early September, late September, and late 

October) accounted for available moisture differences of irrigated and unirrigated soils. 

Small and few differences in soil water availability within the irrigation system 

at different distances were associated with an initially wet soil profile resulting from 

irrigation prior to sowing and daily irrigation after sowing. Evidently, soil water lost 

by evaporation during seedling emergence was sufficiently replaced by even the lowest 

irrigation level and possible soil water movement from wetter subsoils to surface soils. 

Gradients in soil water potential were created by irrigation at some depths during 
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certain drying periods in 1993 (Figs. 6 and 7). These occurred briefly in 1993 in late 

July at 8-10 cm and in September at 18-20 and 38-40 cm. Differences in soil water 

potential later in the season after irrigation was discontinued may have been related to 

PMR and transpiration outputs. For example, lower soil water potential at 18-20 cm 

deep for soils nearer the line source in September 1992 (Fig. 5) may have been due to 

higher transpiration associated with higher PMR (Fig. 10), greater plant height (Fig. 

12), or both for plants on these soils compared to those on unirrigated soils or at 

greater distance from the line source. 

Seedling Emergence and Establishment 

Seedling emergence and survival were expected to vary in relation to a gradient 

in water availability created by the line-source sprinkler. Both in 1992 and 1993, all 4 

species had higher seedling emergence and initial PMR at the higher irrigation levels 

than at the lowest level or no irrigation. Even jojoba, which had delayed emergence that 

coincided with early August natural rainfall (Figs. 1, 2, 10 and 11), had greater 

emergence associated with higher irrigation. This suggests that jojoba seeds began 

germinating with irrigation in July even though they did not emerge until later. Early 

soil moisture conditions apparently affect slow-emerging species and these effects may 

show up in final establishment densities. There was also a trend in slightly lower initial 

seedling emergence at the highest irrigation level, compared to lower levels of irrigation 

(Figs. 10 and 11). Highest PMR was generally associated with distances of 4.5 to 10.5 

m from the line-source sprinkler. These subtle differences in initial emergence are not 
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necessarily explained by near-surface soil water measurements, which generally 

indicated high soil water availability for all irrigation treatments during emergence 

(Figs. 4 and 6). Gypsum blocks were 2 cm diameter and measured sOil moisture at the 

1-3 cm interval. They may not have sensed moisture accurately at the scale and depth 

of germinating seeds which were sown at less than l-cm deep. Call and Roundy (1991) 

have noted the limitations of currently-available instruments for soil moisture at the 

scale of a seed. 

Another interesting trend was that of greater seedling establishment of some 

species on nonirrigated soils than on soils receiving the lowest irrigation (Figs. 10 and 

11). This trend occurred slightly for acacia in 1992 and for mesquite and jojoba in 

1993. The lower PMR of these species at the lowest irrigation was generally associated 

with lower initial seedling emergence. Subsequent natural rainfall especially in 1993 

apparently germinated more seeds than the lowest irrigation level. This pattern 

illustrates the importance of rainfall distribution in plant establishment. 

The relatively high density of established plants in this study suggests a possible 

strategy for revegetating abandoned farmlands with similar soils in the Sonoran desert. 

Irrigation could be applied to initially bring the soil profile to field capacity. Subsequent 

post-sowing irrigations would not have to add high amounts of water but should be 

frequent enough during the first 2 weeks to germinate seeds and allow seedlings to 

emerge. Most of these shrubs would then survive on soil water stored in the profile. 
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Drought Tolerance Characteristics I 

Our second objective was to determine morphological and physiological 
! 

characteristics associated with successful establishment under water-limited conditions. 

Lack of an obvious water availability gradient limited our ability to test the importance 
I 
I 

of these characteristics to plant establishment under drought conditions. Largest 

differences in PMR were associated Wi~ seedling emergence rather than plant survival 

and associated drought tolerance characteristics. 

Physiolo2icaI Parameters 

Inability to create an obvious soil moisture availability difference prohibited 

determination of species that are more drought tolerant and can photosynthesize at 

lower water potentials. Generally, greater photosynthesis of paloverde, acacia, and 

mesquite than jojoba (Fig. 13) was also associated with higher xylem water potentials 

(Fig. 14) and greater tap root length (Fig. 18) for these species than for jojoba. Jojoba 

roots in 1992 ranged from less than 20 to 50-cm deep, while roots of the other species 

ranged from 30 to over 80 cm-deep (Fig. 18). The deeper roots would have been in soil 

with a higher water potential, especially in the zone of irrigation (Fig. 5). 

Xylem Water Potential 

Predawn and midday xylem water potential measurements were taken for 5 dates 

in 1992 and 1993 to determine effects of irrigation on plant water stress. However, 

irrigation and precipitation patterns generally produced no differences in plant water 
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stress on the sample days. As expected, predawn water potentials were relatively 

greater than midday water potentials (Figs. 14 - 17). 

The lower xylem water potential of jojoba compared to acacia, mesquite, and 

paloverde are associated with less root growth for this species (Fig. 18). Measurements 

of xylem water potential and photosynthesis were intentionally delayed to permit an 

irrigation on 15 October 1992 to create differences in water stress (Fig. 3). Although 

this irrigation increased subsurface water potential (Fig. 5), it generally only increased 

xylem water potential of jojoba at the higher irrigation levels (Fig. 14). Jojoba roots 

would have been shallow enough to respond to this irrigation (30-cm deep on 7 October 

1992) while roots of the other species (>50-cm deep on 7 October 1992) would have 

already been in contact with high soil water potentials (Fig. 5). 

Morphological and Growth Parameters 

Morphological and growth measurements taken at 4 dates in 1992 and 1993 were 

used to determine effects of irrigation on root growth. Although there were significant 

differences among species in morphological and growth measurements, irrigation and 

precipitation patterns generally produced no differences in tap root growth on a given 

sample day. Root measurements in August 1992 indicated that paloverde had the fastest 

initial tap root growth (mean = 20.5 cm and standard deviation = 8.8 cm) at a high 

irrigation level, while jojoba had the slowest initial tap root growth (mean = 14.0 cm 

and standard deviation = 2.0 cm) at the same irrigation level. The rapid tap root 
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growth of these species helps explain how they were able to establish so well with 

minimal irrigation or precipitation on an initially-wet soil profile. 

Other morphological measurements such as root/shoot length ratio, fine root 

length, total root length (tap plus fine root length), shoot dry weight, root dry weight, 

and root/shoot dry weight ratio for all species differed at various irrigation levels on 

sample days. Because of the initial wet soil profile, these differences may have been 

due to other biological aspects of these species rather than their drought tolerance 

characteristics. 

Our experiment represents the first time that LSSIGS has been used to measure 

water requirements of desert-adapted plant species during seedling establishment. Use 

of LSSIGS has allowed accurate control of applied water within irrigation levels, but 

due to irrigation prior to sowing and wet soil profile, as well as frequent irrigation after 

sowing, we were unable to create large soil moisture availability differences necessary 

for testing our physiological and morphological objectives. Future research is suggested 

to test water requirements for establishment when the soil profile is initially dry. 

Appropriate measures must be taken to minimize the leakage problem of the pipe 

junction of the sprinkler-source, and wind drift and proper laser levelling of the field 

to provide precise water application. This is essential for determining appropriate 

minimal irrigation strategies for establishment of these species. It will also provide 

insights into relative drought tolerance of different native species. 
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Table 1. P-values for analysis of variance for block and distance from a line-source 

sprinkler on amount of water applied for different dates in the summer of 1992. 

Irrigation date 

16 July 

17 July 

18 July 

19 July 

20 July 

21 July 

22 July 

23 July 

24 July 

27 July 

29 July 

31 July 

2 Aug 

4 Aug 

11 Aug 

16 Aug 

Block 
- - - - - pi-value 

0.4171 

0.4039 

0.2868 

0.1865 

0.1149 

0.1071 

0.1003 

0.0742 

0.1038 

0.2132 

0.0839 

0.0721 

0.0769 

0.0903 

0.6769 

0.6489 

Distance 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

IP-value for block and distance based on standard analysis 
of variance. 
P-value (probability value) of a hypothesis test is the smallest level of signifance for which the observed sample 
information becomes significant provided the null hypothesis is true. 
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Table 2. P-values for analysis of variance for block and distance from a line-source 

sprinkler on amount of water applied for different dates in the summer of 1993. 

Irrigation date Block DistAnce 

- - - - - pi-value - - - -
22 July 0.0655 0.0001 

23 July 0.0600 0.0001 

24 July 0.0563 0.0001 

25 July 0.0707 0.0001 

26 July 0.0850 0.0001 

27 July 0.1421 0.0001 

28 July 0.2217 0.0001 

29 July 0.0935 0.0001 

30 July 0.0776 0.0001 

31 July 0.0806 0.0001 

1 Aug 0.0804 0.0001 

I P-value for block and distance based on standard analysis of variance. 
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Table 3. P-values for analysis of variance for plants per meter of row for 4 woody 

species at 7 distances from a line-source sprinkler for different dates in the summer 

of 1992. 

Date Species Distance Species x Distance 

- - - - - - - - pi-Value - - - - - -
23 July 0.0001 0.0001 0.0001 

30 July 0.0001 0.0001 0.0001 

6 Aug 0.0358 0.0001 0.1748 

14 Aug 0.0909 0.0001 0.1674 

22 Aug 0.1700 0.0001 0.1181 

28 Aug 0.0162 0.0001 0.3566 

5 Sep 0.2959 0.0001 0.0034 

11 Sep 0.2919 0.0001 0.0038 

20 Sep 0.1657 0.0001 0.0047 

27 Sep 0.1585 0.0001 0.0063 

3 Oct 0.1648 0.0001 0.0117 

9 Oct 0.1473 0.0001 0.0105 

IP-value based on Wilk's Lamda for distance and species x distance from repeated 

measure analysis of variance and based on F ratio for species from standard analysis 

of variance. 
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Table 4. P-values for analysis of variance for plants per meter of row for 4 woody 

species at 7 distances from a line-source sprinkler for different dates in the summer 

of 1993. 

Date Species Distance Species x Distance 

- - - - - - - - pi-Value - - - - - -
30 July 0.0001 0.0005 0.0648 

6 Aug 0.0001 0.0003 0.478 

13 Aug 0.0023 0.0035 0.4675 

23 Aug 0.0001 0.0029 0.1270 

30 Aug 0.0129 0.0018 0.0530 

18 Sep 0.0403 0.0048 0.1111 

11 Oct 0.0181 0.0073 0.2494 

29 Oct 0.0001 0.0081 0.0038 

lP-value based on Wilk's Lamda for distance and species x distance from repeated 

measure analysis of variance and based on F ratio for species from standard analysis 

of variance. 
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Table 5. P-values for analysis of variance for plant height for 4 woody species at 3 

distances from a line-source sprinkler for different dates in the summer of 1992. 

Date S};!ecies Distance S};!ecies X Distance 

- - - - - - - - pI-Value - - - - -
25 July 0.0064 0.0024 0.0032 

8 Aug 0.0001 0.0001 0.0001 

23 Aug 0.0001 0.0001 0.0001 

11 Sep 0.0001 0.0001 0.0001 

8 Oct 0.0001 0.0001 0.0001 

1 P-value based on Wilk's Lamda for distance and species x distance from repeated 

measure analysis of variance and based on F ratio for species from standard analysis 

of variance. 
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Table 6. P-values for analysis of variance for apparent photosynthesis for 4 woody 

species at 3 distances from a line-source sprinkler for different dates in the summer 

of 1992. 

Date S12ecies Distance S12ecies x Distance 

- - - - - - - - pi-Value - - - - -
10 Sep 0.4562 0.6355 0.7022 

7 Oct 0.2681 0.3928 0.7053 

10 Nov 0.1999 0.0097 0.0380 

IP-value based on Wilk's Lamda for distance and species x distance from repeated 

measure analysis of variance and based on F ratio for species from standard analysis 

of variance. 
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Table 7. P-values for analysis of variance for xylem water potential for 4 woody 

species at 3 distances from a line-source sprinkler for different dates in the summers 

of 1992 and 1993. 

Time of 
Date Measurement sQecies Distance SQecies x Distance 

1992 - - - - - - pi-value - - - -
10 Sep Midday 0.0019 0.7614 0.9887 

7 Oct Midday 0.0033 0.1863 0.5817 

27 Oct Predawn 0.0017 0.0200 0.0862 

27 Oct Midday 0.0289 0.0019 0.0341 

4 Nov Midday 0.0189 0.0140 0.0513 

1993 

9 Sep Midday 0.0015 0.0486 0.6483 

6 Oct Predawn 0.0681 0.8589 0.3949 

6 Oct Midday 0.0058 0.8049 0.3369 

31 Nov Predawn 0.0606 0.0033 0.3318 

31 Nov Midday 0.0001 0.0495 0.8599 

IP-value based on Wilk's Lamda for distance and species x distance from repeated 

measure analysis of variance and based on F ratio for species from standard analysis 

of variance. 
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Table 8. P-values for analysis of variance for tap root depth for 4 woody species at 

3 distances from a line-source sprinkler for different dates in the summers of 1992 

and 1993. 

Date Species Distance Species x Distance 

1992 - - - - - - - - pi-Value - - - - -
11 Sep 0.0012 0.0011 0.0286 

7 Oct 0.0003 0.0522 0.2746 

1993 

30 Oct 0.0053 0.5506 0.0360 

21 Nov 0.0003 0.9023 0.2095 

IP-value based on Wilk's Lamda for distance and species x distance from repeated 

measure analysis of variance and based on F ratio for species from standard analysis 

of variance. 
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Table 9. P-values for analysis of variance for tap root length to shoot length ratio 

for 4 woody species at 3 distances from a line-source sprinkler for different dates in 

the summers of 1992 and 1993. 

Date S12ecies Distance S12ecies x Distance 

1992 - - - - - - - - pI-Value - - - - -
11 Sep 0.0004 0.2298 0.1363 

7 Oct 0.0052 0.0001 0.0003 

1993 

30 Oct 0.0008 0.3067 0.0400 

21 Nov 0.0001 0.0339 0.2359 

I P-value based on Wilk's Lamda for distance and species x distance from repeated 

measure analysis of variance and based on F ratio for species from standard analysis 

of variance. 
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Table 10. P-values for analysis of variance for fine root length for 4 woody species 

at 3 distances from a line-source sprinkler for different dates in the summers of 1992 

and 1993. 

Date Seecies Distance Seecies x Distance 

1992 - - - - - - - - pI-Value - - - - -
7 Oct 0.0514 0.1153 0.2537 

1993 

30 Oct 0.0001 0.1093 0.1269 

21 Nov 0.0731 0.8935 0.0717 

1 P-value based on Wilk's Lamda for distance and species x distance from repeated 

measure analysis of variance and based on F ratio for species from standard analysis 

of variance. 
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Table 11. P-values for analysis of variance for total root length for 4 woody species 

at 3 distances from a line-source sprinkler for different dates in the summers of 1992 

and 1993. 

Date S12ecies Distance S12ecies x Distance 

1992 - - - - - - - - pi-Value - - - - -
11 Sep 0.0012 0.0011 0.0286 

7 Oct 0.0054 0.2129 0.1160 

1993 

30 Oct 0.0001 0.1983 0.0644 

21 Nov 0.0266 0.8428 0.0614 

IP-value based on WiIk's Lamda for distance and species x distance from repeated 

measure analysis of variance and based on F ratio for species from standard analysis 

of variance. 
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Table 12. P-values for analysis of variance for shoot dry weight for 4 woody 

species at 3 distances from a line-source sprinkler for different dates in the summers 

of 1992 and 1993. 

Date S12ecies Distance S12ecies x Distance 

1992 - - - - - - - - pi-Value - - - - -
11 Sep 0.0017 0.0018 0.0087 

7 Oct 0.0001 0.0007 0.0036 

1993 

30 Oct 0.0015 0.0132 0.0027 

21 Nov 0.0016 0.0121 0.0121 

lP-value based on Wilk's Lamda for distance and species x distance from repeated 

measure analysis of variance and based on F ratio for species from standard analysis 

of variance. 
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Table 13. P-values for analysis of variance for root dry weight for 4 woody species 

at 3 distances from a line-source sprinkler for different dates in the summers of 1992 

and 1993 

Date S}2ecies Distance S}2eci~s ~ Distance 

1992 - - - - - - - - pi-Value - - - - -
11 Sep 0.0009 0.0033 0.0517 

7 Oct 0.0020 0.0005 0.0023 

1993 

30 Oct 0.0002 0.0893 0.0156 

21 Nov 0.0031 0.0512 0.0520 

·P-value based on Wilk's Lamda for distance and species x distance from repeated 

measure analysis of variance and based on F ratio for species from standard analysis 

of variance. 
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Table 14. P-values for analysis of variance for root to shoot dry weight for 4 

woody species at 3 distances from a line-source sprinkler for different dates in the 

summers of 1992 and 1993. 

Date S12ecies Distance S12ecies X Distance 

1992 - - - - - - - - pI-Value - - - - -
11 Sep 0.3897 0.5351 0.8998 

7 Oct 0.0152 0.0811 0.1721 

1993 

30 Oct 0.3176 0.5979 0.9240 

21 Nov 0.3493 0.7614 0.6612 

IP-value based on Wilk's Lamda for distance and species x distance from repeated 

measure analysis of variance and based on F ratio for species from standard analysis 

of variance. 
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